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Cover Image: Scanning Electron Microscope image of a Ni/Cu front contact cross-
section surrounded by nanostructures on a laser-doped selective emitter, black Si solar
cell. The nanostructures were made by maskless reactive ion etching and the contact
cross-section was defined by a focused ion beam. The metal contact was formed by
light-induced plating subsequent to laser-doping. This type of cell reached the highest
efficiency for black Si solar cells in this work.
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”Vast Power of the Sun is Tapped by Battery Using Sand Ingredient.” 1

Front page headline of the New York Times, April 26, 1954

1Attributed to Professor Martin A. Green (UNSW) who used this quote in his lecture ”Evolution of
Silicon Solar Cells” at UNSW in April, 2013.



Abstract

Solar energy is by far the most abundant renewable energy source available, but the
levelized cost of solar energy is still not competitive with that of fossil fuels. Therefore
there is a need to improve the power conversion efficiency of solar cells without adding
to the production cost.

The main objective of this PhD thesis is to develop nanostructured silicon (Si) so-
lar cells with higher power conversion efficiency using only scalable and cost-efficient
production methods. The nanostructures, known as ’black silicon’, are fabricated by
single-step, maskless reactive ion etching and used as front texturing of different Si solar
cells. Theoretically the nanostructure topology may be described as a graded refractive
index in a mean-field approximation between air and Si. The optical properties of the de-
veloped black Si were simulated and experimentally measured. Total AM1.5G-weighted
average reflectance well below 1% was measured for different crystalline grades of Si.
Furthermore, the reflectance of RIE-textured Si remains below that of KOH-textured
Si at all incident angles below 70◦. RIE- and conventionally textured, screen-printed Si
solar cells were fabricated on 156x156 mm2 CZ Si wafers and characterized for compar-
ison. Power conversion efficiency of 16.5% was obtained for this batch of RIE-textured
Si solar cells. The efficiency of the KOH-textured reference cell was 17.8%. Quantum
Efficiency measurements and carrier loss analysis show that the lower efficiency of the
RIE-textured cells is primarily due to increased emitter and surface recombination. The
large-area screen-printed solar cells were furthermore characterized at varying incident
angles. The angle-dependent analysis shows that RIE-textured cells have a higher nor-
malized power output averaged over the range of incident angles between 0 and 90◦. This
result indicates the potential of improved cell performance and higher output power at
diffuse light conditions and during daily and yearly operation. A second batch of RIE-
textured solar cells with laser-doped selective emitters (LDSE) was fabricated. A power
conversion efficiency of 18.1% and a fill factor of 80.1% were obtained by laser doping
and subsequent Ni/Cu plating in combination with RIE-texturing. This result shows
the potential of improved efficiency of RIE-textured compared to conventionally tex-
tured cells, especially when laser doping on black Si is combined with improved surface
passivation schemes such as atomic layer deposition (ALD) of Al2O3. ALD Al2O3 pas-
sivation on black Si yields surface recombination velocity (SRV) below 80 cm/s and
implied open-circuit voltage (iVOC) of 680 mV. Surface recombination velocity of 20
cm/s and implied open-circuit voltage of 695 mV is obtained for black Si passivated by
doped poly-Si and a tunnel oxide.



Dansk Resumé

Solenergi er den energikilde med den største tilgængelige mængde energi, men den nor-
maliserede omkostning for solenergi er stadig ikke konkurrencedygtig med fossile brænd-
sler. Derfor er der behov for at forbedre solcellers effektivitet uden at forøge produk-
tionsomkostningen.

Hovedform̊alet med denne PhD afhandling er at udvikle nanostrukturerede silicium
(Si) solceller med højere effektivitet kun ved hjælp af skalérbare og omkostningseffek-
tive produktionsmetoder. Nanostrukturerne, ogs̊a kaldet ’sort silicium’, produceres med
en et-trins, maskeløs reaktiv ion æts (RIE) og bliver brugt som forside teksturering af
forskellige Si solceller. Teoretisk kan nanostruktur topologien beskrives som et gradueret
brydnings-indeks i en gennemsnits-felt approksimation mellem luft og Si. De optiske
egenskaber af det udviklede sorte Si blev simuleret og m̊alt eksperimentelt. Den to-
tale AM1.5G-vægtede gennemsnitlige reflektans blev m̊alt til markant under 1% for
forskellige typer krystallinsk Si. Ydermere er reflektansen af RIE-tekstureret Si la-
vere end for KOH-tekstureret Si for alle indfaldsvinkler under 70◦. RIE- og konven-
tionelt teksturerede, screen-printede Si solceller blev fabrikeret p̊a 156x156 mm2 CZ
Si skiver og karakteriseret til sammenligning. En effektivitet p̊a 16.5% blev opn̊aet
for denne batch RIE-teksturerede Si solceller. Effektiviteten af de KOH-teksturerede
reference-celler var til sammenligning 17.8%. Kvante-effektivitets m̊alinger og analyse af
ladningsbærer-tab viser at den lavere effektivitet for de RIE-teksturerede celler primært
skyldes forøget overflade- og emitter-rekombination. De store screen-printede solceller
blev desuden karakteriseret ved varierende indfaldsvinkel. Den vinkel-afhængige anal-
yse viser at RIE-teksturerede celler har en højere normaliseret udgangs-effekt i gennem-
snit over indfaldsvinkler i intervallet 0-90◦. Dette resultat indikerer et potentiale for
forbedret ydeevne og højere udgangs-effekt ved diffust lysindfald og i løbet af daglig
og årlig operation. En anden batch RIE-teksturerede solceller med laser-doteret se-
lektiv emitter (LDSE) blev fabrikeret. En effektivitet p̊a 18.1% og en fill factor p̊a
80.1% blev opn̊aet via laser-dotering og efterfølgende Ni/Cu-plettering i kombination
med RIE-teksturering. Dette resultat viser potentialet for endnu højere effektivitet for
RIE-teksturerede solceller, især hvis laser-dotering p̊a sort Si kombineres med forbedret
overflade passivering som fx atom-lags-deponering (ALD) af Al2O3. ALD Al2O3 pas-
sivering p̊a sort Si resulterer i overflade rekombinations hastighed (SRV) under 80 cm/s
og antaget tomgangs-spænding (iVOC) p̊a 680 mV. Overflade rekombinations hastighed
p̊a 20 cm/s og antaget tomgangs-spænding p̊a 695 mV er opn̊aet for sort Si passiveret
med doteret poly-Si og tunnel oxid.



Acknowledgements

First of all I would like to acknowledge and thank my main supervisor, Professor Ole
Hansen. His expertise, thorough understanding and detailed knowledge within every
aspect of photovoltaics has been crucial for the realization of this thesis. I would also like
to thank and acknowledge my supervisors, Professor Anja Boisen and Senior Researcher
Michael Stenbæk Schmidt. Their expertise and deep knowledge within nanotechnology
has been extremely valuable for the outcome of this work. I have certainly learned a
lot from and been inspired by my three supervisors - not only about nanostructures
and solar cells, but everything from project management and innovation to theoretical
semiconductor physics! For this I am truly grateful.
I would also like to thank all of my fantastic colleagues at DTU Nanotech, especially
members of the Silicon Microtechnology and Nanoprobes research groups. You have
created a creative and inspiring environment, which makes it joyful and motivating to
work on challenging projects every day.
Several very talented people from DTU Danchip have helped me a lot in the cleanroom
work, which has formed the basis for this rather experimental PhD project. Especially
Jonas M. Lindhard, Roy Cork, Peter Windmann, Conny Hjort, Helle V. Jensen, Majken
Becker, Mikkel D. Mar, Evgeniy Shkondin and Søren M.B. Petersen. Without all your
help and patience, I would have been lost in the cleanroom!
Furthermore, I would like to thank Professor Martin A. Green for accepting me as a
visiting PhD-student at the University of New South Wales (UNSW) and Professor
Stuart R. Wenham and Professor Allen Barnett for excellent supervision during my 4
months at UNSW. Several researchers and PhD-students also helped me at UNSW and
I owe them all a big acknowledgement, but especially PhD-students Alexander To and
Hongzhao Li supported me a lot in the laboratory. Without their constant and patient
support, the outcome of my external research stay would not have been as positive as
it turned out.
I would also like to thank the funding bodies Thomas B. Thriges Fond, P.A. Fiskers
Fond, Marie og M.B.Richters Fond, Oticon-fonden and the Idella Foundation for funding
my external research stay in Sydney. I would like to thank Ørnulf Nordseth and Sean
Erik Foss from IFE, Norway, for a very fruitful collaboration and for their significant
contribution to the results in this PhD project.
Finally I would like to thank my family, friends and Cecilie for supporting me every day
of the three years. You have all been very patient with me and my constant talk about
pn-junctions, nanostructures, etc. Without your support, this project would not have
been possible.

vii





Contents

Preface iii

Abstract v

Acknowledgements vii

Contents viii

List of Figures xiii

List of Tables xvii

Abbreviations xix

Physical Constants xxi

Symbols xxiii

1 Introduction 1

1.1 Sunlight . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 Photovoltaic Effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 Silicon Solar Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.3.1 Advanced Si Cell Types . . . . . . . . . . . . . . . . . . . . . . . . 8

1.3.2 Laser Doping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.4 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2 Theory 13

2.1 PN-junction Diode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.1.1 Carrier Lifetime and Surface Recombination . . . . . . . . . . . . . 14

2.2 Recombination . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.2.1 Radiative Recombination . . . . . . . . . . . . . . . . . . . . . . . 18

2.2.2 Auger Recombination . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.2.3 Shockley-Read-Hall Recombination . . . . . . . . . . . . . . . . . . 20

2.3 Derivation of the ideal diode equation . . . . . . . . . . . . . . . . . . . . 21

2.3.1 Derivation of the pn-junction diode equation . . . . . . . . . . . . 22

2.3.2 Finite width solution to Diode Equation . . . . . . . . . . . . . . . 24

2.4 Operation Principle of Solar Cells . . . . . . . . . . . . . . . . . . . . . . . 25

2.5 Black Silicon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

ix



Contents x

2.5.1 Graded Refractive Index Model . . . . . . . . . . . . . . . . . . . . 28

2.5.2 Black Silicon formation . . . . . . . . . . . . . . . . . . . . . . . . 31

3 Optical Properties of Black Si 37

3.1 Reflectance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.1.1 Simulation of Reflectance Properties . . . . . . . . . . . . . . . . . 42

3.2 Absorption and Light Trapping . . . . . . . . . . . . . . . . . . . . . . . . 44

4 Large-Area screen-printed black Si solar cells 47

4.1 Fabrication Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.2 Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.4 Angle-Resolved Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

5 LDSE black Si solar cells 61

5.1 Laser Doping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

5.2 Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.3 Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

5.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

6 Emitter and Passivation 81

6.1 Passivation by Atomic Layer Deposition . . . . . . . . . . . . . . . . . . . 81

6.2 Tunnel oxide and doped poly-Si passivation . . . . . . . . . . . . . . . . . 88

6.2.1 PC1D calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

6.3 Emitter Diffusion on Nanostructured Si . . . . . . . . . . . . . . . . . . . 95

6.3.1 Experimental Results . . . . . . . . . . . . . . . . . . . . . . . . . 95

6.3.2 Comparison with KOH-textured Si . . . . . . . . . . . . . . . . . . 101

6.3.3 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

7 Outlook 109

7.1 New Cell Concepts with Black Si . . . . . . . . . . . . . . . . . . . . . . . 109

7.1.1 LDSE cell with ALD passivation . . . . . . . . . . . . . . . . . . . 109

7.1.2 Heterojunction Cell . . . . . . . . . . . . . . . . . . . . . . . . . . 114

7.1.3 Thin Black Si Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

7.2 Maskless RIE for rear local contact openings . . . . . . . . . . . . . . . . 117

7.3 Industrial Application . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

8 Conclusion 127

A Publications 143

A.1 Papers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

A.2 Posters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

A.3 Patents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145



Contents xi

B Black Silicon Laser-Doped Selective Emitter Solar Cell with 18.1%
Efficiency 147

C Simulation and Measurement of Angle Resolved Reflectance from Black
Si Surfaces 157

D Angle resolved characterization of nanostructured and conventionally
textured silicon solar cells 163

E Inkjet Patterned ALD Aluminium Oxide for Rear PERC Metal Con-
tacts 171

F Improvement of Infrared Detectors for Tissue Oximetry using Black
Silicon Nanostructures 177

G Plasma etching on large-area mono-, multi- and quasi-mono crystalline
silicon 183

H Plasma texturing on large-area industrial grade CZ silicon solar cells 185

I Maskless Nanostructure Definition of Submicron Rear Contact Areas
for Advanced Solar Cell Designs 189

J Athena Silvaco script used for diffusion simulations 197

K SciLab script used for angle-resolved measurements 201





List of Figures

1.1 Levelized cost of electricity . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Optical loss analysis of different types of Si solar cells . . . . . . . . . . . 3

1.3 AM1.5G Solar Spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.4 Sketch of the bandgap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.5 Efficiency vs Bandgap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.6 Photographs of mono, multi and quasi-mono crystalline Si . . . . . . . . . 7

1.7 Advanced Cell Types . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.8 Sketch of laser doping mechanism . . . . . . . . . . . . . . . . . . . . . . . 10

2.1 Schematic drawing of a pn-junction . . . . . . . . . . . . . . . . . . . . . . 15

2.2 Sketch of generation and recombination in semiconductors . . . . . . . . . 16

2.3 Example of photoconductance decay . . . . . . . . . . . . . . . . . . . . . 17

2.4 Equivalent Circuit of a Solar Cell . . . . . . . . . . . . . . . . . . . . . . . 26

2.5 Schematic drawing of IV-curve . . . . . . . . . . . . . . . . . . . . . . . . 27

2.6 Sketch of the graded refractive index of black Si . . . . . . . . . . . . . . . 30

2.7 Schematic drawing of RIE chamber . . . . . . . . . . . . . . . . . . . . . . 32

2.8 Sketch of black Si formation . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.9 SEM-images of different black Si surfaces . . . . . . . . . . . . . . . . . . 35

3.1 Total reflectance of RIE- and KOH-textured Si as function of wavelength 38

3.2 Average reflectance of black Si . . . . . . . . . . . . . . . . . . . . . . . . 39

3.3 Reflectance of black Si for different nitride thicknesses . . . . . . . . . . . 40

3.4 Average reflectance of black Si as function of position . . . . . . . . . . . 41

3.5 Angle dependent reflectance of black Si and KOH . . . . . . . . . . . . . . 42

3.6 Measured specular and total reflectance at varying incident angle . . . . . 43

3.7 Simulated reflectance at varying incident angle . . . . . . . . . . . . . . . 43

3.8 Light Absorptance of Black Si . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.9 Path-length enhancement of Black Si . . . . . . . . . . . . . . . . . . . . . 46

4.1 SEM-images of RIE-textured Si surfaces . . . . . . . . . . . . . . . . . . . 49

4.2 (J-V)-curve of screen-printed RIE- and KOH-textured Si cells . . . . . . . 50

4.3 EQE and IQE of RIE- and KOH-textured mono-cr Si cells . . . . . . . . . 51

4.4 Angle-resolved IV measurement data . . . . . . . . . . . . . . . . . . . . . 53

4.5 Angle-resolved apparent efficiency vs model . . . . . . . . . . . . . . . . . 55

4.6 Angle-resolved normalized electrical power output of RIE- and conven-
tionally textured Si cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.7 Average normalized electrical power output in the range 0-90◦ and 0-40◦ . 58

5.1 Microscope images of passivated Si processed at different laser powers . . 62

xiii



List of Figures xiv

5.2 Sketch of beam coupling on KOH-textured Si . . . . . . . . . . . . . . . . 64

5.3 Sketch of the black Si LDSE solar cell structure . . . . . . . . . . . . . . . 65

5.4 SEM-image of the RIE-textured Si surface before any further processing . 67

5.5 J-V-characteristic of the best black Si LDSE cell . . . . . . . . . . . . . . 68

5.6 Pseudo-J-V and Suns-VOC measurement of the best black Si LDSE cell . 69

5.7 Suns-VOC measurement for three different laser speeds . . . . . . . . . . . 70

5.8 Dark IV-characteristic of three different black Si LDSE cells . . . . . . . . 71

5.9 Photographs of two of the final black Si LDSE solar cells . . . . . . . . . . 72

5.10 Optical microscope images of the laser-doped lines . . . . . . . . . . . . . 73

5.11 SEM-image of the cross-section of a Ni/Cu-plated metal line . . . . . . . 74

5.12 SEM-images of the interface between black Si and plated Ni/Cu . . . . . 75

5.13 SEM-images of the cross-section and interface between black Si and plated
Ni/Cu . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.14 EQE and IQE of the best black Si LDSE cell . . . . . . . . . . . . . . . . 77

5.15 Total reflectance of the RIE-textured Si surface before and after laser
doping plating . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

5.16 PL-image of the black Si LDSE cell after Ni plating . . . . . . . . . . . . 79

6.1 Ellipsometer measurement of Al2O3 thickness after ALD . . . . . . . . . . 82

6.2 SEM-image of ALD-passivated black Si . . . . . . . . . . . . . . . . . . . 83

6.3 µ-PCD measurement of ALD-passivated black Si . . . . . . . . . . . . . . 84

6.4 Sinton QSSPC measurement of ALD-passivated black Si . . . . . . . . . . 85

6.5 PL measurement of ALD-passivated black Si . . . . . . . . . . . . . . . . 86

6.6 PCD lifetime measurement of black Si passivated by tunnel oxide and
doped poly-Si . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

6.7 PL measurement of ALD-passivated black Si . . . . . . . . . . . . . . . . 91

6.8 Injection dependent lifetime measurement of black Si passivated by tunnel
oxide and doped poly-Si . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

6.9 ECV-measurement on nanostructured and planar Si . . . . . . . . . . . . 96

6.10 Micro-four-point probe measurement on nanostructured and planar Si . . 97

6.11 Micro-four-point probe measurement on nanostructured and planar Si
across wafer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

6.12 Hall measurements on nanostructured and planar Si . . . . . . . . . . . . 100

6.13 Sheet resistance of differently diffused KOH- and RIE-textured Si . . . . . 102

6.14 Sheet resistance of KOH- and RIE-textured Si as function of thermal budget103

6.15 Carrier lifetime of differently diffused KOH- and RIE-textured Si . . . . . 104

6.16 Sketch of the modelled nanostructured surface used in Athena simulations 105

6.17 Simulated sheet resistance for different diffusion processes . . . . . . . . . 106

6.18 Simulated junction depth for different diffusion processes . . . . . . . . . . 107

6.19 Simulated junction depth and sheet resistance at different points within
single nanostructure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

7.1 Sketch of the ALD-passivated, LDSE black Si cell . . . . . . . . . . . . . . 110

7.2 Initial IV-results of ALD-passivated, LDSE black Si cell . . . . . . . . . . 111

7.3 EQE measurement of the ALD-passivated, LDSE black Si cell . . . . . . . 112

7.4 SIMS-measurement of laser-doped Al region . . . . . . . . . . . . . . . . . 113

7.5 Schematic drawing of three different proposed HIT-type black Si cells . . 115

7.6 Photograph of 20 µm thin black Si solar cells . . . . . . . . . . . . . . . . 116



List of Figures xv

7.7 Calculation of rear surface recombination velocity and series resistance . . 119

7.8 Calculation of rear surface recombination velocity and specific series re-
sistance for high SRV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

7.9 Sketch of the process flow for rear nanoscale contacts . . . . . . . . . . . . 122

7.10 SEM-images of the nanopillar surface before and after isotropic RIE . . . 123





List of Tables

4.1 IV-data for screen-printed cells . . . . . . . . . . . . . . . . . . . . . . . . 50

4.2 Carrier loss analysis of screen-printed cells . . . . . . . . . . . . . . . . . . 52

4.3 Average normalized electrical power output . . . . . . . . . . . . . . . . . 57

5.1 IV results for the black Si LDSE cells . . . . . . . . . . . . . . . . . . . . 67

5.2 State-of-the-art black Si cell results . . . . . . . . . . . . . . . . . . . . . . 76

6.1 List of ALD-passivated black Si samples . . . . . . . . . . . . . . . . . . . 87

6.2 Lifetime Results of ALD passivated black Si . . . . . . . . . . . . . . . . . 88

6.3 Lifetime Results of tunnel oxide and doped poly Si passivated polished
and black Si . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

6.4 PC1D calculation results for different passivation schemes . . . . . . . . . 94

6.5 Four point probe measurement on nanostructured and planar Si . . . . . 96

6.6 List of POCl3 diffusion processes . . . . . . . . . . . . . . . . . . . . . . . 101

6.7 List of diffusion processes simulated with Athena . . . . . . . . . . . . . . 105

7.1 Parameters used in calculations of specific series resistance and effective
rear surface recombination velocity, respectively. . . . . . . . . . . . . . . 118

xvii





Abbreviations

ALD Atomic Layer Deposition

AM Air Mass

AR Anti Reflective

BS Black Silicon

BSF Back Surface Field

CZ Czochralski

DTU Danmarks Tekniske Universitet (Technical University of Denmark)

ECV Electrochemical Capacitance-Voltage

EQE External Quantum Efficiency

FF Fill Factor

FIB Focused Ion Beam

FZ Float-Zone

HF HydroFluoric acid

HIT Heterojunction with Intrinsic Thin layer

IBC Interdigitated Back Contact

ICP Inductively Coupled Plasma

IPA Iso-Propyl Alcohol

IQE Internal Quantum Efficiency

ISC Short-Circuit Current

IV Current-Voltage

iVOC Implied open-circuit Voltage

KOH Potassium Hydroxide

LDSE Laser Doped Selective Emitter

LED Light Emitting Diode

LPCVD Low-Pressure Chemical Vapour Deposition

xix



Abbreviations xx

MACE Metal-Assisted Chemical Etching

MPP Maximum Power Point

NP Non-Polished

µ-PCD micro-PhotoConductance Decay

PECVD Plasma Enhanced Chemical Vapour Deposition

PE Path-length Enhancement

PERC Passivated Emitter and Rear Cell

PERL Passivated Emitter, Rear Locally diffused

PERT Passivated Emitter, Rear Totally diffused

pFF Pseudo Fill Factor

PL PhotoLuminescence

POCl3 Phosphorus Oxy-tri-Chloride

PSG Phosphor-Silicate Glass

QSSPC Quasi-Steady-State PhotoConductance decay

RF Radio Frequency

RIE Reactive Ion Etching

RTP Rapid Thermal Processing

SDR Saw Damage Removal

SEM Scanning Electron Microscope

SERS Surface-Enhanced Raman Spectroscopy

SF6 Sulphur Hexafluoride

SIMS Secondary Ion Mass Spectroscopy

SiNx:H Hydrogenated Silicon Nitride

SRH Shockley-Read-Hall

SRV Surface Recombination Velocity

SSP Single-Side Polished

TE Transverse Electric

TM Transverse Magnetic

TMA Tetra Methyl Aluminium

UNSW University of New South Wales



Physical Constants

Avogradro’s constant NA = 6.022 140 857 74× 1023 mol−1

Boltzmann constant k = 1.380 648 52× 10−23 m2 · kg · s−2 ·K−1

Dirac constant (Planck’s reduced) ~ = 1.054 571 80× 10−34 J · s
Electronic Charge q = 1.602 176 62× 10−19 C

Planck’s constant h = 6.626 070 04× 10−34 J · s
Speed of Light c = 2.997 924 58× 108 m · s−1

xxi





Symbols

A absorptance %

Ac cell area m2

B radiative recombination coefficient cm3 s−1

B magnetic flux density V·s·m−2 or T

C dose cm−2

Cn0 electron Auger coefficient cm3 s−1

Cp0 hole Auger coefficient cm3 s−1

d thickness of anti-reflective coating nm

Dn electron diffusivity cm2/s

Dp hole diffusivity cm2/s

E electric field V/m

Eph photon energy W

f metal coverage %

fp photon frequency Hz

fi fraction of silicon to air in the i’th layer -

G generation rate cm−3 s−1

H magnetic field A/m

h sheet thickness m

I current A

IL photo-current A

IPL photoluminescence intensity -

I0 thermal recombination current A

Jd total diffusion current density through pn-junction mA/cm2

Jgen generation current density mA/cm2

Jn electron current density mA/cm2

xxiii



Symbols xxiv

Jp hole current density mA/cm2

Jtotal total current density through pn-junction mA/cm2

J0 thermal recombination current density mA/cm2

JSC short-circuit current density mA/cm2

k0 wavenumber in vacuum m−1

Ln diffusion length of electrons m

Lp diffusion length of holes m

MW molar mass g/mol

NA acceptor concentration cm−3

ND donor concentration cm−3

Nph spectral photon flux density -

n electron density cm−3

ni,eff refractive index of effective medium -

nair refractive index of air -

ni intrinsic carrier density cm−3

nid ideality factor -

nr refractive index -

ni=1,2,.. refractive index of layers i = 1, 2.. -

nint refractive index of intermediate layer -

nSi refractive index of silicon -

NS sheet carrier density cm−2

p hole density cm−3

pc contact pitch µm

Pin incident power density W/m2

P incident optical power W

P0 optical power at normal incidence W

Pel electrical output power W

R reflectance %

RS series resistance Ω

RSH shunt resistance Ω

Rs reflectance of s-polarized light %

Rp reflectance of s-polarized light %

RH Hall coefficient -



Symbols xxv

rsp rate of spontaneous emission cm−3s−1

rH Hall scattering factor -

S Poynting’s vector W/m2

Srear,eff effective rear surface recombination velocity cm/s

Scont contact surface recombination velocity cm/s

Spass passivated surface recombination velocity cm/s

T absolute temperature K

Tr transmittance %

U recombination rate cm−3 s−1

UA Auger recombination rate cm−3 s−1

UR radiative recombination rate cm−3 s−1

V voltage V

Vj junction voltage V

VOC open-circuit voltage V

W wafer thickness µm

We edge length of cell m

α absorption coefficient cm−1

αBB black-body absorptivity %

∆η separation of quasi Fermi levels eV

η power conversion efficiency %

ηint internal efficiency %

ηapp apparent efficiency %

θ incident angle degrees

λ wavelength nm

µH Hall mobility cm2 V−1 s−1

ρ resistivity Ωcm

ρb density g/cm3

τeff effective minority carrier lifetime s

τbulk bulk minority carrier lifetime s

τsurface surface minority carrier lifetime s

τrad radiative minority carrier lifetime s

τAuger Auger minority carrier lifetime s



Symbols xxvi

τSRH Shockley-Read-Hall minority carrier lifetime s

τp minority carrier lifetime of holes s

τn minority carrier lifetime of electrons s

Φ0 optical intensity W/m2

φ rotation angle around θ-tilted cell plane degrees

Ψav average normalized electrical power output %

ω angular frequency s−1



Chapter 1

Introduction

Climate change and global warming [1, 2] caused by burning of fossil fuels and the
resulting increase in CO2 emissions [3] has led to an urgent need for abundant and cost-
efficient renewable energy sources. This need becomes even more urgent considering the
projected increase in the global population by 2 to 4 billion people, which is expected by
2050 [4]. Solar energy is by far the most abundant renewable energy source available [5]:
The surface of the Earth receives in the range of 89 [6] to 120 PW [7]1 from the Sun. In
comparison, the global power consumption in 2012 was 17.7 TW [8]2. In other words, we
constantly receive much more energy from the Sun than we consume and only have to
use a small fraction of the available solar energy to cover our total energy consumption.
However, the cost of transforming the energy in sunlight into usable electrical energy
must be comparable to the cost of energy from fossil fuels such as gas and coal in order
for solar energy to be truly cost-competitive.

A cost-efficient source of electrical energy must have a levelized cost of electricity3

lower than the average cost of power in the grid. This level is also referred to as ’grid
parity’. The average levelized cost of electricity for photovoltaics is still higher than
the cost of electricity generated from fossil fuels such as coal and gas [9]. Figure 1.1
shows the levelized cost of electricity from different power sources for comparison. The
cost of solar cell electricity or power, typically given in terms of $/Wp,4 may only be
lowered by decreasing the production cost, increasing the power output or preferably
both simultaneously. In order to decrease cost and increase power output simultaneously
novel processes must be introduced in the conventional production of solar cells. These
processes must result in an increased power conversion efficiency of the solar cells, while
making the fabrication process itself cheaper. At the same time only sufficiently cheap
and abundant materials may be used in the cell production in order to be able to scale
the production to the order of magnitude of the global power consumption, that is the
TW range.

This thesis investigates the use of nanostructures on the surface of silicon (Si) solar
cells. The nanostructure topology - also referred to as black silicon - changes the interface
between air and Si, such that reflection from the solar cell surface may be suppressed

1One PW is 1015 Watt
2One TW is 1012 Watt
3The levelized cost of energy or electricity is defined as the average total cost of an energy or electricity

source per kWh over its lifetime.
4US $ per Watt peak output power equivalent

1
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Figure 1.1: Levelized cost of electricity from different power sources for comparison.
The average levelized cost of electricity from photovoltaics (PV) is still higher than
that of coal and gas. [9]

completely. This leads to a reduced optical loss for the solar cell, which may lead
to increased power conversion efficiency, if the additionally absorbed photons generate
additional power output.

Nanoscale texturing of Si surfaces has been shown [10–16] to reduce the total
weighted average optical reflectance to well below 1% over a broad range of wavelengths
and incident angles. Compared to the typical front surface reflectance of ∼ 2 and ∼ 8%,
from conventionally textured mono- [17] and multi-crystalline [18] Si solar cells, respec-
tively, nanoscale texturing such as described in [19–23] offers a potential for improved
power conversion efficiency of Si solar cells due to reduced reflectance loss. Glunz [24]
quantified the optical losses in terms of current density for different types of Si solar
cells. The result is shown in Figure 1.2.

Figure 1.2 shows that the current density of Si solar cells may be increased by several
mA/cm2 by reducing the optical losses. Optical losses may not be avoided completely,
but the analysis indicates the potential for improved cell performance by reducing op-
tical losses, such as reflectance loss. Therefore the proposed nanostructure process may
replace texturing in conventional Si solar cell production. Since the proposed black Si
process is a dry, single step, maskless and scalable texturing process, it may also lead
to a reduction of the overall production cost of Si solar cells by replacing conventional
texturing and/or anti-reflective (AR) coating. Thus, the technology has the potential
of improving the levelized cost of electricity for Si photovoltaics and thereby making so-
lar cells a more cost-competitive energy source and potentially the dominant, abundant
renewable energy source of the future.
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Figure 1.2: Optical loss analysis given in terms of current densities for different
types of Si solar cells [24]

However, this requires a confirmed improvement of the power conversion efficiency
of nanostructured Si solar cells and a successful transfer of the nanostructure texturing
process to industrial Si solar cells. This thesis aims to achieve both of these milestones.

1.1 Sunlight

The Sun emits electromagnetic radiation in the wavelength range ∼ 250 − 2500 nm.
The flux density of this radiation varies with wavelength as seen in Figure 1.3 [25]. The
integral of the spectral density curve gives the wavelength weighted value of irradiance
just outside the Earth’s atmosphere - known as the Solar Constant - and is 1.361 kW/m2

[26]. Due to absorption and scattering of the light through the atmosphere the irradiance
is lower at the surface of the Earth. On a clear day, at sea level, the irradiance at the
surface of the Earth is ∼ 1000 W/m2. The actual irradiance at the surface of the Earth
depends on the path length of the light travelling through the atmosphere and this
path length further depends on the incident angle of the light. Thus, a representative
parameter called air-mass (AM) has been defined as:

AM =
1

cos(θ)
, (1.1)

where θ is the angle of the light compared to zenith, which is defined as perpendicular
to the surface of the Earth. A standard spectrum has been defined to an air-mass of 1.5
including diffuse and direct radiation globally. This spectrum is called AM1.5G and may
also be referred to as ’1-sun’ when measurements are performed using this spectrum.
The spectrum just outside the atmosphere is referred to as ’AM0’.
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Figure 1.3: Standard solar spectrum, AM1.5G, shown as spectral irradiance as
function of wavelength. The AM0 spectrum and the direct part of the AM1.5G
spectrum are also shown. [25]

1.2 Photovoltaic Effect

The French physicist Alexandre-Edmond Becquerel was the first to discover the photo-
voltaic effect in 1839 [27] (at the age of 19) by immersing platinum electrodes into an
acidic solution and illuminating the solution, which resulted in measurable current and
voltage and thereby the first photovoltaic cell. Later work by Adams and Day [28], Fritts
[29] and Grondahl [30] introduced solid solar cell devices using materials like Cu and
Se, until Russell Ohl in 1941 [31] produced the first Si pn-junction solar cell. This lead
to the first ’modern’ Si solar cell with a significant power conversion efficiency around
4% developed by Chapin, Fuller and Pearson at Bell Labs in 1954 [32]. This cell was
the starting point for the development of modern Si solar cells. In the following, the
photovoltaic effect will be briefly explained.

When a photon with energy, Eph, is incident on a piece of semiconductor material
it may be reflected away from, transmitted through or absorbed in the material. The
photon energy is given by:

Eph =
hc

λ
, (1.2)

where h is Planck’s constant, c is the speed of light and λ is the photon wavelength.
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A photon is absorbed in semiconductor material by delivering its energy to an elec-
tron, which is then excited to a higher energy state. In semiconductors the range of
energy states in which electrons cannot exist is called the bandgap, defined as the en-
ergy difference between the top of the valence band and the bottom of the conduction
band. Figure 1.4 shows a schematic drawing of the bandgap. Only photons with energy

Figure 1.4: Schematic drawing of the bandgap in semiconductors.

higher than the bandgap of the semiconductor may excite electrons from the valence
band to the conduction band. If Nph is the spectral photon flux density, the maximum
generation current density, Jgen, of the solar cell may be calculated according to

Jgen = q

∫ ∞

Eg

NphdE, (1.3)

where q is the electronic charge and Eg is the bandgap energy. The maximum gener-
ation current density of a Si solar cell is 46 mA/cm2. Si has a bandgap of ∼ 1.12 eV
corresponding to photons with a wavelength of ∼ 1.11 µm. According to equation 1.2
photon energy is inversely proportional to the wavelength, meaning that only photons
with a wavelength below ∼ 1.11 µm contribute to the excitement of electrons. Since Si is
an indirect bandgap semiconductor even photons with energy higher than the bandgap
may require additional momentum from phonons in order to excite electrons to the con-
duction band. This explains the weaker absorption of photons in Si compared to direct
bandgap materials such as gallium arsenide (GaAs) and cadmium telluride (CdTe), also
applied as photovoltaic materials by several groups [33–38].

When an electron is excited to the conduction band it leaves behind a covalent bond
able to move freely in the crystal lattice. This absence of an electron is denoted a ’hole’
and is treated as a positive charge similar to but with opposite charge as the electron.
Thus, an electron-hole pair has been generated. These charge carriers diffuse and in
presence of a pn-junction - two adjacent regions of the semiconductor with an excess of
holes and electrons, respectively - the electron and hole will be separated by the built-
in electric field due to their opposite charge. The charge separation creates a voltage
difference and a photocurrent between the two sides of the pn-junction. This current
and voltage can be collected by external terminals connected to the p- and n-side of the
junction, respectively. An electron on the p-side of the junction will be a minority carrier
until it crosses the junction and becomes a majority carrier on the n-side. There is a risk
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that the electron recombines with one of the holes on the p-side. Thus, it is crucial that
the minority carriers are swept across the junction before they recombine in order to be
successfully collected at the terminals and contribute to the generated photo-current and
-voltage. The collection probability of the charge carriers is a function of the diffusion
length, the distance from the depletion region, where the collection probability is unity,
and the surface passivation [39, 40].

1.3 Silicon Solar Cells

More than 90% [41] of commercial solar cells are made from a Si substrate. Even
though other materials, typically III-V semiconductors, theoretically have more ideal
band gaps for photovoltaic power conversion, as seen in Figure 1.5, Si remains the
dominant material in the solar industry. The reasons for this include the abundance of
Si raw material5, the stability of Si over time, the fully developed large-scale production
of Si wafers and cells, relatively high power conversion efficiency and as a result the
competitive $/Wp cost of Si solar cells compared to other types of solar cells. The
competitive $/Wp cost is attributed to a combination of inexpensive raw materials,
economies of scale and relatively high power conversion efficiency. The record efficiency
for mono-crystalline Si solar cells is 25.6% [42] and 20.8% for multi-crystalline Si solar
cells [33], while the theoretical maximum efficiency, known as the Shockley-Queisser
limit [43], is ∼ 33% for single-junction Si solar cells under AM1.5G illumination at a
temperature of 300 K. Including free carrier absorption and Auger recombination, which
is arguably more realistic, the maximum efficiency for Si cells is 29.8% [44].

The industrial Si solar cell production consists of ∼ 62% multi and ∼ 38% mono
crystalline Si [41]. Due to increased recombination at the grain boundaries and the lack
of effective texturing multi crystalline Si cells have lower power conversion efficiency than
mono crystalline Si [33]. However, since multi-crystalline Si wafers are cast directly into
the square shape matching the desired shape of the final cells, multi crystalline Si is
cheaper to manufacture compared to mono crystalline Si, which is grown in cylindrical
ingots using the Czochralski method. Recently a third type of Si has gained interest
in the solar industry and research; quasi-mono (or cast mono) crystalline Si [45–48].
Quasi-mono crystalline Si is cast like multi crystalline, but the crucible contains a mono
crystalline seed, which results in a high degree of mono-crystallinity. This technique
potentially offers efficiencies comparable to that of mono and cost comparable to that of
multi crystalline Si, making it a very promising candidate material for future Si wafer
and cell production. Figure 1.6 shows photographs of mono, multi and two different
quasi-mono crystalline Si wafers. As mentioned multi crystalline Si cells are not as
effectively textured as mono crystalline Si, since conventional alkaline texturing takes
advantage of the difference in etch rates for different crystal planes in mono crystalline
Si. Since crystal planes are randomly oriented in multi crystalline Si, alkaline texturing
is not effective and isotropic acidic texturing is used instead. For the same reason,
a suitable texturing process for quasi-mono crystalline Si has not yet been developed,
due to the multi-crystalline nature of that material. Interestingly, the maskless RIE-
texturing investigated in this work enables texturing of all three types of Si material
with no or minimal changes of the texturing process.

5Si is the second must abundant element in the Earth crust after oxygen. Si makes up ∼ 28% of the
Earth crust.
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Figure 1.5: Maximum theoretical power conversion efficiency of solar cells as
function of band gap energy at 300 K. The efficiency is shown for AM0 and AM1.5
spectral intensity, respectively. Selected materials are indicated at their respective
band gap energies. Courtesy www.pveducation.org.

Figure 1.6: Photographs of (left) mono, (right) multi and (middle) two different
quasi-mono crystalline Si wafers with different mono-crystallinity. Courtesy of JA
Solar.

Conventional Si solar cells are typically produced on 156x156 mm2, ∼ 200 µm thin
Si substrates by the following process steps:

• Saw Damage Removal (SDR)

• Front Surface Texturing

• Emitter Diffusion
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• Deposition of Anti-Reflective (AR) Coating

• Screen-printing of front (Ag) and rear (Al) contacts

• Co-Firing of Front and Rear Contacts

• Edge Isolation

Conventional Si cells are made from p-type Si with a phosphorus-doped n-type emitter
on the front. Saw damage removal and texturing are typically done in the same bath:
For mono-crystalline Si the bath is alkaline typically consisting of potassium hydroxide
(KOH) or sodium hydroxide (NaOH) [49–51, 84] with the addition of iso-propyl alco-
hol (IPA) or similar [52] in the case of texturing. For multi-crystalline Si the bath is
acidic typically consisting of hydrofluoric (HF) and nitric acid (HNO3) [53, 54]. Emitter
diffusion is typically done in a tube furnace at temperatures in the range 800-900 ◦C
using liquid POCl3 as dopant source. The AR-coating, which also serves as front passi-
vation, typically consists of ∼ 60-75 nm hydrogenated silicon nitride, SiNx:H, deposited
by plasma enhanced chemical vapour deposition (PECVD) [55–57]. Typical process
parameters will be provided in more detail in later chapters.

1.3.1 Advanced Si Cell Types

The most dominant advanced Si cell types focus on optimization of the rear of the
cell, which for conventional cells simply consists of fully-metallized Si with a doped
back-surface field (BSF) on the entire rear, resulting from Al-doping when the screen-
printed rear Al is fired [58]. Such rear design is not ideal, since Si-metal interfaces are
recombination centers. Thus, the metal to Si ratio on the rear should be minimized,
while maintaining sufficiently low series resistance of the rear contact. This requires
a passivated rear with local contact openings. If local openings in the rear dielectric
are made without any additional doping, the cell is called Passivated Emitter and Rear
Cell (PERC) [59]. If the rear is highly doped at the local openings, the cell structure
is called Passivated Emitter, Rear Locally diffused (PERL) [60]. If the rear contains
selective doping, such that the back-surface field is highly doped at the local contacts,
but more lightly doped on the remaining rear surface, the structure is called Passivated
Emitter Rear Totally diffused cell (PERT)[60]. The doping level must be minimized in
order to minimize Auger recombination, but a highly doped area is needed at the metal-
Si contacts in order to shield minority carriers and ensure good ohmic contacts between
metal and Si. Therefore, the PERL structure is in principle ideal, if the rear contact
spacing allows for sufficient lateral conduction of charge carriers leading to high fill
factors. However, the PERC structure might be more suitable for industrial solar cells,
since the cell processing is typically more simple. Figure 1.7 shows a sketch of PERT,
PERC and PERL cell structures, respectively. While the PERx structures optimize the
rear of the cell, certain advanced cell structures optimize the front of the cell: Due to a
similar balance between minimized Auger recombination, good ohmic contact between
metal and Si and shielding of minority carriers, the optimal front structure of the cell is a
selective emitter, which consists of a lightly doped emitter with local, highly doped areas
underneath the front contacts. The main challenge when forming a selective emitter is
the need of scalable, low-cost processes that open dielectrics and diffuse dopants locally.
For PERL cells and similar high-efficiency laboratory concepts this is typically done
by means of photolithography and additional thermal diffusion steps. However, such
processes are too expensive and not scalable enough for the solar industry.
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Figure 1.7: Sketches of standard (top, left), PERC (bottom, left), PERL (top,
right) and PERT (bottom, right) type Si solar cells, respectively.

1.3.2 Laser Doping

A promising solution to this problem is the use of laser doping in order to form a
laser doped selective emitter (LDSE) solar cell [61]. Laser doping was first described
by Fairfield in 1968 [62]. In LDSE cells a laser beam is used to locally melt Si in the
pattern of the front contacts. The melting point of Si is 1414 ◦C and when Si is heated
and melted the resulting thermal mismatch between Si and the dielectric passivation
layer induces a stress in the thin dielectric film, which removes the dielectric layer. If
dopant atoms are placed in the vicinity of the molten Si region, liquid phase diffusion of
these dopants into Si ensures high doping levels in these locally defined regions. Dopant
atoms are typically spun on top of the dielectric layer in a liquid solution (such as
phosphoric acid in case of phosphorus doping) prior to the laser process, but could also
be incorporated into the dielectric film, such as aluminium, which is a p-type dopant
to Si, in Al2O3. Since the liquid phase diffusion rate is much higher than solid state
diffusion, high doping levels can be achieved in less than a second. After the laser beam
is removed, the molten Si recrystallizes and the dopant atoms are incorporated into the
Si crystal, leaving the Si highly-doped in these local areas defined by the laser. Figure
1.8 shows a sketch of the mechanism behind laser doping. Since the dielectric layer has
been removed exactly in the desired pattern of the front contacts, laser doping allows
for subsequent electroplating of metals such as Ni and Cu. Since the surface is only
electrically conducting in the laser-doped regions, the metal ions will only plate in the
locally defined openings, making the contact formation selective. Furthermore, since
the diffusion process itself happens in a fraction of a second, laser doping can be a very
fast and scalable process. In principle only the hardware of the laser system, such as
the speed of moving the laser beam across wafer surfaces, limit the throughput of the
process.
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Figure 1.8: Sketch of the mechanism behind laser doping. The laser beam heats Si
to above its melting point. The expansion caused by the molten Si results in removal
of the overlying dielectric. If doping atoms are present in the vicinity of the molten Si,
the dopants diffuse into the liquid phase Si and finally re-solidification of Si
incorporates the dopants in the Si lattice, when the laser is removed.

The primary reason for the relatively low efficiencies reported for black Si solar
cells so far is the significant emitter and surface recombination [20, 63] resulting from
increased surface area, defects from the texturing process and increased emitter doping
through the nanostructured surface yielding increased Auger recombination. These ef-
fects usually lead to reduced short-circuit current and open-circuit voltage. Therefore
this thesis focuses on the optimization of nanostructured Si solar cells by combining
nanoscale texturing with complementary processes and cell designs such as laser doped
selective emitters.
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1.4 Thesis Outline

The objective of this work is to demonstrate and optimize the use of nanostructures as
a texturing method for Si solar cells and to improve the power conversion efficiency of
nanostructured solar cells, while applying only processes and materials that are scalable
to the throughput of the solar industry. The objectives are to understand, analyze,
design, fabricate and characterize nanostructured Si solar cells. The contents of each
chapter of the thesis are outlined below.

Chapter 2
Chapter 2 describes the theory of solar radiation, pn-junction diodes, solar cell operation
and the theory behind the formation and optical properties of black Si.

Chapter 3
Chapter 3 presents and discusses the experimentally measured optical properties of black
Si including reflectance, absorption and light trapping properties.

Chapter 4
Chapter 4 presents the design, fabrication, results and discussion of industrial-sized
screen-printed black Si solar cells. Furthermore, a detailed angle-resolved characteriza-
tion of the solar cells is presented.

Chapter 5
Chapter 5 presents the design, fabrication, results and discussion of laser-doped selective
emitter (LDSE) black Si solar cells.

Chapter 6
Chapter 6 discusses different passivation schemes and emitter formation on nanostruc-
tured Si.

Chapter 7
Chapter 7 presents an outlook for the nanostructured Si solar cells and their potential
industrial application. The outlook includes suggestions for further improved cell designs
to be tested in research, but also the potential for application of nanostructured solar
cells in the solar industry.

Chapter 8
Chapter 8 concludes the thesis by summarizing the obtained results and observations.





Chapter 2

Theory

2.1 PN-junction Diode

The physical basis for a solar cell is a pn-junction. A pn-junction is formed, when semi-
conductor material with an excess of holes (p-type) is put in contact with semiconductor
material with an excess of electrons (n-type). Due to the gradient in electron and hole
concentration at the interface, charge carriers diffuse from regions of high concentration
to regions of low concentration, according to Fick’s first law. However, since electrons
and holes are charged, they leave behind oppositely charged ions on each side of the junc-
tion. The region containing these charged ions is called the depletion region, because
each side of the junction in this region is depleted for charge carriers. The oppositely
charged ions lead to a built-in potential due to the electric field formed between the op-
positely charged ion cores fixed in the crystal lattice. This built-in potential counteracts
the diffusion of charge carriers across the junction, since the direction of the electric
field - by nature - is opposite to the diffusive flow of charge carriers. Thus in thermal
equilibrium there are two currents, drift and diffusion current, with equal magnitude
and opposite sign, resulting in zero net current of the device.

When an external input, such as applied voltage or illumination, affects the pn-
junction device, the built-in potential either increases or decreases: In forward bias,
when a positive voltage is applied to the p-side and negative voltage to the n-side,
the net electric field is decreased since the applied electric field has opposite polarity
to the built-in electric field. This increases the diffusion current across the junction.
The diffusion current consists of majority carriers that become minority carriers when
injected on the opposite side of the junction. Minority carriers will diffuse away from
the junction until they eventually recombine with majority carriers. Thus, the diffusion
current is actually a recombination current and a direct measure of the recombination in
the device. This will be used extensively when referring to the ’saturation current’, I0,
or ’saturation current density’, J0. Since the recombination allows for further diffusion
current flow across the junction, the recombination or saturation current is constant
under steady-state conditions.

In reverse bias, when a negative voltage is applied to the p-side and positive volt-
age to the n-side, the built-in potential is increased, which consequently decreases the
diffusion current. Since solar cells are operated under forward bias, this work primarily
focuses on forward bias.

13
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A solar cell is essentially a pn-junction diode in forward bias under illumination.
When the pn-junction diode is illuminated, electron-hole pairs are generated as described
in Chapter 1. Electrons on the p-side and holes on the n-side of the junction are then
swept across the junction due to the built-in electric field, unless they recombine before
they diffuse to the vicinity of the junction, where they are affected by the built-in
potential. Thus, from a current perspective the illumination generates an additional
current, the photocurrent, in the opposite direction than the diode current.

The basic equations for pn-junction diodes are the transport equation 2.1 and the
continuity equation 2.2, both shown here for electrons, but hold similarly for holes if n
is replaced with p and proper sign changes are made:

Jn = qµnnE + qDn∇n (2.1)

∂n

∂t
=

1

q
∇ · Jn + (G− U) = 0, (2.2)

where µ is the mobility, q is the electronic charge, D is the diffusivity, E is the electric
field, p and n are the carrier densities on each side of the junction and U and G are
the recombination and generation rate, respectively. Equations 2.1 and 2.2 are given
in three dimensions, but will be treated in one dimension only in the following. This
is sufficient in the case of a pn-junction diode solar cell. The transport equation 2.1
basically describes that the current density consists of a drift and diffusion term as
described previously. Figure 2.1 shows a schematic drawing of a pn-junction.

2.1.1 Carrier Lifetime and Surface Recombination

An actual solar cell can be considered a slab of semiconductor material with finite
thickness, W , and bulk minority carrier lifetime [64, 65], τb, defined as the time it takes
before excited minority carriers recombine in the bulk. We consider a situation with
a generation rate of excess charge carriers, G, and surface recombination velocity at
the front and rear, Sf and Sr, respectively. The situation is sketched in Figure 2.2.
The charge carrier variation may then be described by combining the transport and
continuity equations 2.1 and 2.2, such that

∂∆n

∂t
=

1

q

∂Jn

∂x
+G− ∆n

τ
' Dn

∂2∆n

∂x2
+G− ∆n

τb
, (2.3)

where ∆n is the excess electron density, Dn is the electron diffusivity and the electric
field is assumed zero.

We may integrate equation 2.3 with respect to x from x = 0 to x = W in order to
evaluate the mean excess electron density as function of time, 〈∆n(t)〉, such that

〈∂∆n

∂t
〉 =

1

W

∫ x=W

x=0

∂∆n

∂t
dx =

1

W

∫ x=W

x=0
Dn

∂2∆n

∂x2
+G− ∆n

τb
dx, (2.4)

which yields

W 〈∂∆n

∂t
〉 = Dn

∂∆n

∂x

∣∣∣∣
x=W

−Dn
∂∆n

∂x

∣∣∣∣
x=0

+ 〈G〉W − 〈∆n〉
τb

W, (2.5)
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Figure 2.1: Schematic drawing of a pn-junction. Jn,p are the electron and hole
diffusion current densities and Jph,n and Jph,p are the electron and hole photo-current
densities, respectively. E is the electric field and V is the built-in voltage of the
junction. The bottom part of the image shows the band diagram of the junction, the
direction of the photo currents and the band gap.

where 〈u〉 is the average value of u. The boundary conditions due to the surface recom-
bination velocities are

−Dn
dn

dx

∣∣∣∣
x=W

= Sf∆nx=W (2.6)

and

Dn
dn

dx

∣∣∣∣
x=0

= Sr∆nx=0. (2.7)

Using the boundary conditions in equation 2.6 and 2.7 yields

W 〈∂∆n

∂t
〉 = (−Sf∆nx=W − Sr∆nx=0) ∆n+ 〈G〉W − 〈∆n〉

τb
W, (2.8)
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Figure 2.2: Sketch of generation and recombination in semiconductors

which may be rewritten by dividing with 〈∆n〉 and W

1

〈∆n〉〈
d∆n

dt
〉 =

〈G〉
〈∆n〉 −

1

τb
−
(

1

W

−Sf∆nx=W − Sr∆nx=0

〈∆n〉

)
=
〈G〉
〈∆n〉 −

1

τeff
(2.9)

where we have introduced the effective recombination lifetime given by

1

τeff
=

1

τb
+

(
1

W

Sf∆nx=W + Sr∆nx=0

〈∆n〉

)
(2.10)

If the change in excess carrier density does not vary much through the sample, such that
∆nx=W ' ∆nx=0 ' 〈∆n〉, which is the case for thin samples, equation 2.10 simplifies to

1

τeff
=

1

τb
+

(
Sf + Sr

W

)
(2.11)

Charge carrier recombination at the surface is typically the dominant recombination
mechanism, since surfaces represent an abrupt termination of the semiconductor crystal
lattice. This termination allows for energy states within the bandgap, at which charge
carriers may recombine.

The average distance charge carriers diffuse before recombining - either at a surface
or in the bulk - is an important measure called the diffusion length, L, defined as

L =
√
Dτb, (2.12)

where D is the diffusivity and τb is the bulk minority carrier lifetime, which is the
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time it takes for the charge carrier to recombine. For a slab of semiconductor material
with width, W , surface recombination dominates for W << L, but can be neglected
for W >> L. This will be used when calculating the ideal diode equation in the next
section.

The effective minority carrier lifetime is generally characterized by the change in
carrier density, when excess charge carriers are generated for instance by illumination
such as in solar cells. The effective lifetime may be defined from the continuity and
transport equations 2.1 and 2.2, where the recombination rate, U , is given by the change
in carrier density divided by the effective lifetime according to

U =
n(t)− n0

τeff
. (2.13)

Since the recombination rate may be expressed as the difference between the generation

rate, G(t), and the change in minority carriers with time,
dn(t)

dt
, we may write the

effective lifetime as

τeff =
n(t)− n0

G(t)− dn(t)

dt

. (2.14)

If the change in carrier density is zero or negligible and the generation term, G(t),
is known, equation 2.14 simplifies and the effective lifetime may be measured directly
as a function of time, by measuring the carrier density via photoconductance. This
method is called Quasi-Steady-State Photoconductance Decay (QSSPC). Quasi-steady
state conditions are typically obtained by applying a flash of light with a decay, which is
longer than the carrier lifetime of the sample. Since the light intensity decays over time
as seen in Figure 2.3, the measured lifetime will be a function of carrier density, which
enables injection-dependent characterization of the carrier lifetime. Since the lifetime is

Figure 2.3: Example of photoconductance decay measurement such as in
quasi-steady-state photoconductance decay (QSSPC) measurements of minority
carrier lifetime.
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a direct measure of recombination in the material, the bulk lifetime may be described
as a combination of the three different recombination mechanisms in semiconductor
material according to

1

τbulk
=

1

τrad
+

1

τAuger
+

1

τSRH
, (2.15)

where τrad refers to the radiative, τAuger to the Auger and τSRH to the Shockley-Read-
Hall recombination, respectively. These terms depend differently on the doping density
of the material. For instance Auger recombination scales with the square of the carrier
density according to equation 2.22, which means that the Auger term in equation 2.15
dominates for highly doped material.

Charge carriers may recombine in the bulk or at the surface of the material. The
effective lifetime, defined in equation 2.11 takes into account both bulk and surface
recombination according to

1

τeff
=

1

τbulk
+

1

τsurface
(2.16)

SRH-recombination is a result of defects in the material. Since a surface is essentially a
completely defected crystal lattice, recombination at the surface is typically very impor-
tant and dominates the effective lifetime. From equation 2.12 it appears that the lifetime
depends on the thickness of the wafer with respect to the diffusion length, since charge
carriers in thicker wafers on average have a longer way to the defected surface. For this
reason a surface-recombination velocity (SRV) [66–68] or effective surface recombination
velocity, Seff , is conveniently defined directly from equation 2.11, as a measure of surface
recombination, which is comparable for wafers with different thicknesses according to

Seff =

(
1

τeff
− 1

τbulk

)
W

2
, (2.17)

where W is the thickness of the wafer (i.e. assuming equal recombination velocities at
both surfaces).

2.2 Recombination

As described previously it is crucial that the excited charge carriers are collected before
they recombine in Si solar cells. An excited charge carrier, for instance an electron in
the conduction band, exists in a meta-stable state, which means that it will move to a
lower, stable energy state after a certain time. In case of an electron in the conduction
band it will eventually move back to the valence band and occupy an empty state. This
effectively means that a free hole in the valence band is simultaneously removed. This
process is called recombination and results in loss of free electron-hole pairs. In general,
there are three different types of recombination mechanisms in Si. These will be briefly
covered in the following.

2.2.1 Radiative Recombination

In radiative recombination the electron directly combines with a hole in the valence
band. Therefore radiative recombination is a band-to-band recombination mechanism.
The excess energy from the recombination event must correspond to the band gap of the
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semiconductor and is released as a photon. This also implies that the emitted photon
has an energy equal to or very close to the band gap and therefore has a very small
absorption coefficient in the material. This means that the photon most likely escapes
and the energy does not contribute to the electron-hole pair generation in the solar cell.
However, it should be mentioned that re-absorption of emitted photons does occur and
the positive effect of this re-absorption is enhanced by effective light trapping schemes.

Radiative recombination is essentially a result of the detailed balance for solar cells
[43], which dictates that all processes must be balanced by their reverse processes at
thermal equilibrium. This means that the optical generation rate of electron-hole pairs
is exactly balanced by the radiative recombination rate. The radiative recombination
may be described as the blackbody radiation of the semiconductor material. Kirchhoff’s
law dictates that all bodies at a temperature, T , radiates electromagnetic energy and
that the emission only depends on the wavelength, λ, (or photon frequency, fp) and
temperature, T . Planck’s law [69] quantifies the emitted spectral radiance, b(fp, T ), of
a body in thermal equilibrium at a temperature, T , given by

b(fp, T ) =
2hf3

p

c2

1

e
hfp
kT − 1

, (2.18)

where fp is the photon frequency.

The Sun is an example of a body emitting black body radiation at a temperature of
∼ 6000 K. A solar cell may also be described as a black body emitting electromagnetic
energy. In this case the solar cell may be described by the emission it would have as
a black body, its external quantum efficiency, Qext, and exponentially enhanced by the
cell voltage, V , as explained in [70] such that

ΦL = QextΦBBe
qV/kT , (2.19)

where ΦL is the luminescence emission of the cell and ΦBB is the emission of the cell
if it were a perfect black body. Interestingly, it follows from equation 2.19 that a good
radiative emitter must also be a good solar cell. This explains why a photoluminescence
(PL) measurement is a useful indication of the solar cell performance [71].

If the system is not in thermal equilibrium the radiative recombination rate is given
by

UR = B(np− n2
i ) (2.20)

where B is the radiative recombination coefficient, n and p are the electron and hole
concentrations, respectively, and ni is the intrinsic electron concentration. The radiative
recombination coefficient, B, is related to the total recombination rate per unit volume,
UR,t, given by the Shockley-van-Roosbroeck equation [40, 72]:

UR,t = n2
iB = 8πc(kT/hc)3

∫ ∞

0
[(αn2

ru
2)/(eu − 1)]du (2.21)

where α is the absorption coefficient, nr is the refractive index and u = hfp/kT . Equa-
tion 2.21 may be derived from Planck’s law seen in equation 2.18.

It appears from equation 2.20 and 2.21 that the radiative recombination rate only
depends on temperature and constant material parameters of the semiconductor such as
absorption coefficient, refractive index and intrinsic carrier concentration. This means
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that at a given temperature and photon frequency, radiative recombination per unit
volume will be constant and independent of any solar cell design changes. However, the
total radiative recombination of the cell may be reduced via re-absorption of emitted
photons by improving light trapping in the cell. The practical implication is that most
efforts of improving solar cell structures aim at reducing all non-radiative recombination
mechanisms, since radiative recombination can not be avoided. On the other hand, mea-
suring radiative relative to non-radiative recombination events, such as in PL, directly
indicates the optical generation rate due to the detailed balance of reverse processes, as
described.

Since radiative recombination is a direct band-to-band recombination mechanism,
it is dominant for direct band gap materials. For indirect band gap materials, such as
Si, a phonon is needed to complete the recombination process. This reduces the effect
of radiative recombination in Si. Radiative recombination is mostly known from light-
emitting diodes (LED) typically made from direct band gap semiconductors, in which
the photon emission from radiative recombination is more effective due to the direct
band gap.

2.2.2 Auger Recombination

Auger recombination is also a band-to-band recombination mechanism, but differs from
radiative recombination in that the excess energy released from the recombination event
is transferred to a third charge carrier instead of an emitted photon. The third charge
carrier may be an electron in the conduction band or a hole in the valence band. In both
cases the third charge carrier is excited to a higher energy state within its respective
band and subsequently relaxes by phonon emission thus releasing heat.

It follows that the Auger recombination becomes more important when the concen-
tration of charge carriers is high. This is the case in two scenarios, namely (a) highly
doped material and (b) high injection. The Auger recombination rate is given by

UA = (pCp0 + nCn0)(np− n2
i ), (2.22)

where Cn0,p0 are the electron and hole Auger coefficients, respectively. It is seen from
equation 2.22 that the Auger recombination rate scales quadratically with carrier con-
centration, with the first term in the first parenthesis in equation 2.22 dominating for
highly doped p-type material and the second term dominating for highly doped n-type
material. Thus, in order to minimize Auger recombination doping level must be mini-
mized. Obviously, other constraints on doping levels for the bulk and emitter of the solar
cell means that certain doping levels are needed and a compromise between minimized
Auger recombination and other effects must be found.

2.2.3 Shockley-Read-Hall Recombination

Shockley-Read-Hall (SRH) recombination occurs through energy states within the band
gap. These energy levels arise from impurities or defects in the lattice. Any semicon-
ductor surface will by definition contain a large number of defects, since the lattice is
abruptly changed. Thus, SRH recombination is the dominant recombination mechanism
at the surface. The SRH recombination process is a two-step process, in which (1) a
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charge carrier is trapped at the energy state within the band gap, (2) a charge carrier
from the opposite band moves to the same energy level, where the two charge carriers re-
combine before the first charge carrier is thermally re-emitted to its original band. Since
recombination only happens if the first charge carrier is not re-emitted before the second
charge carrier moves to the same energy level, the distance from the intermediate energy
state to the band edge is important, since it changes the probability of re-emission before
recombination takes place. Thus, defect levels close to the conduction or the valence
band are the least critical, while mid-gap defect levels are the most critical. An example
of a mid-gap defect, which is relevant for Si solar cells, is the contamination with heavy
metals such as iron, copper or gold.

As mentioned SRH recombination is dominant at the surface, but especially for
nanostructured surfaces SRH recombination plays a dominant role: First of all the
effective surface area is significantly enhanced due to the nanostructures. This simply
results in a higher number of defect states compared to a flat surface. Furthermore,
additional defects and impurities may be introduced in the plasma texturing process.
This will be the case for all texturing methods to some degree, but may be larger
for some texturing methods e.g. RIE-texturing, if ion bombardment results in a more
defected surface and impurities are incorporated during texturing. However, impurity
incorporation is also an issue for alkaline texturing, in which potassium ions are critical
due to the risk of increased SRH recombination.

2.3 Derivation of the ideal diode equation

If we consider the semiconductor slab in Figure 2.2 and assume only radiative and Auger
recombination, an ideal solar cell may be described. The one dimensional continuity
equation 2.2 in steady state is given by

∂n

∂t
=

1

q

∂Jn

∂x
+G− b(pn− p0n0) = 0 (2.23)

for electrons and
∂p

∂t
= −1

q

∂Jp

∂x
+G− b(pn− p0n0) = 0 (2.24)

for holes, where b represents Auger and radiative recombination. If we let JL be the
current density through the solar cell and assume that the solar cell has carrier selective
contacts, such that electrons exit the cell at one end (at x = 0) and holes at the opposite
end (at x = W ), integration of the continuity equation gives

Jn(W )− Jn(0) = −q
∫ W

0
G dx+ q

∫ W

0
b(pn− p0n0) dx = −JL (2.25)

for electrons and

Jp(W )− Jp(0) = q

∫ W

0
G dx− q

∫ W

0
b(pn− p0n0) dx = JL (2.26)

for holes, since Jn(W ) = 0 and Jp(0) = 0 due to the assumed carrier selective contacts.
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Since the integral
∫W

0 G dx is the total number of absorbed photons per unit area,
the first term in equation 2.25 and 2.26 is the photocurrent density

Jph = q

∫ W

0
G dx. (2.27)

The last term in equation 2.25 and 2.26 is the total recombination current density, JD:

JD = q

∫ W

0
b(pn− p0n0) dx, (2.28)

since b was assumed to represent Auger and radiative recombination.

If electron and hole distributions are assumed thermalized such that quasi-Fermi
levels, EFn and EFp, can be assigned and the Fermi-Dirac distribution may be approx-
imated by a Maxwell-Boltzmann approximation, such that

n ' Nc exp
Ec − EFn

kT
(2.29)

for electrons and

p ' Nv exp
EFp − Ev

kT
(2.30)

for holes, where Nc and Nv are the effective density of states function for conduction
and valence band, respectively.

Then the recombination current density may be described by quasi-Fermi levels

JD = q

∫ W

0
b(pn− p0n0)dx = qbp0n0

∫ W

0

(
exp

EFn − EFp
kT

− 1

)
dx. (2.31)

If the quasi-Fermi levels do not vary significantly across the slab, the recombination
current term may be written as

JD = qbp0n0W

(
exp

EFn − EFp
kT

− 1

)
= J0

(
exp

EFn − EFp
kT

− 1

)
, (2.32)

where J0 is the saturation current density. Then the current through the solar cell, JL

may be written as

JL = Jph − JD = Jph − J0

(
exp

EFn − EFp
kT

− 1

)
= Jph − J0

(
exp

qV

kT
− 1

)
, (2.33)

which is the well-known ideal Shockley diode equation.

2.3.1 Derivation of the pn-junction diode equation

In order to describe the solar cell quantitatively, the current through the pn-junction
diode must be described. In the following derivation, current densities rather than
currents will be considered. The current density through the pn-junction is the sum
of the electron current density, Jn, at the edge of the depletion region on the p-side,
−xp, and hole current density, Jp, at the edge of the depletion region on the n-side, xn,
of the junction assuming no recombination in the depletion region. This leads to the
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expression
Jd = Jn(−xp) + Jp(xn). (2.34)

When diffusion dominates the transport of charge carriers, the current densities in the
quasi-neutral p- and n-region of the junction, Jp and Jn, are described by Fick’s first law
according to equation 2.35 and 2.36. Quasi-neutral means that the electric field does
not affect the charge carriers sufficiently far from the junction and therefore the drift
term in the transport equation 2.1 is zero and the diffusion term dominates.

Jn = qDn
d∆np(x)

dx
(2.35)

Jp = −qDp
d∆pn(x)

dx
(2.36)

In order to calculate the spatial variation in minority carrier density, n(x) and p(x), we
differentiate the current density in equation 2.35 and 2.36 and insert into the continuity
equation 2.2, which results in the second order differential equations

d2n(x)

dx2
=
U(x)−G(x)

Dn
(2.37)

d2p(x)

dx2
=
U(x)−G(x)

Dp
. (2.38)

It is noted that the second order derivatives of n(x) and p(x) equal the second order
derivatives of the change in carrier concentration, ∆n(x) and ∆p(x), respectively, since
∆n(x) = np − np0 , where np0 is assumed constant.

The general solution to the differential equations 2.37 and 2.38 obviously depend on
the form of U(x) and G(x). The recombination term, U(x), is given by

U =
∆p

τp
, (2.39)

for holes in the n-type region, where τp is the bulk minority carrier lifetime of holes.
In the case of constant generation and some bulk recombination according to equation
2.39 the general solution to equations 2.37-2.38 is given by equation 2.40, here shown
for holes in the n-type region.

∆p(x) = C1e−x/
√
Dpτp + C2ex/

√
Dpτp +Gτp, (2.40)

where C1 and C2 are constants, τp is the hole lifetime and G is a constant generation
term.

In order to solve the differential equations 2.37 and 2.38, boundary conditions are
needed; in this case in terms of the change in minority carrier densities, p(xn) and n(xp),
at the edges of the depletion region. These are each given by the equilibrium density
multiplied by the Boltzmann factor, in which the energy is defined as the electronic
charge, q, times the applied potential, V , as shown in equation 2.41 and 2.42.

∆n(xp) =
n2

i

NA

(
e

qV
kT − 1

)
(2.41)
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∆p(xn) =
n2

i

ND

(
e

qV
kT − 1

)
(2.42)

Furthermore, a second boundary condition must apply, since the minority carrier con-
centration must be finite, even as x goes to infinity. This means that C2 in equation
2.40 must equal zero. Using this boundary condition and the expression for U(x), the
general solution simplifies to

∆p(x) = C1e−x/
√
Dpτp +Gτp, (2.43)

where
√
Dpτp is the diffusion length of holes, Lp. Using the first boundary condition to

evaluate C1 yields the solution

∆p(x) =

(
n2

i

ND

(
e

qV
kT − 1

)
−Gτp

)
e−x/Lp +Gτp. (2.44)

Now the current density can be evaluated by inserting equation 2.44 into equation 2.36
and differentiate with respect to x, which yields

Jp(x) =
qDp

Lp

[
n2

i

ND

(
e

qV
kT − 1

)
−Gτp

]
e−x/Lp . (2.45)

Finally, the total current density through the junction is the sum of the electron and hole
current densities at the edges of the depletion region (x=0), which yields the expression
for the total current

Jtotal =

(
qDp

Lp

n2
i

ND
+
qDn

Ln

n2
i

NA

)(
e

qV
kT − 1

)
− qG

[
Lp + Ln

]
, (2.46)

where the factor,

(
qDp

Lp

n2
i

ND
+ qDn

Ln

n2
i

NA

)
, is the saturation current density, J0, and the

generation term is the short-circuit current density, JSC, which gives the ideal diode
equation in the usual form

J = J0

(
e

qV
kT − 1

)
− JSC. (2.47)

In [73] Cuevas et al. suggest to refer to J0 as the thermal recombination current density
or simply recombination parameter, since J0 actually varies with illumination and from
reverse to forward bias. Equation 2.46 shows that the injection dependence of J0 is
related to the diffusion length, which depends on the injection-dependent carrier lifetime.
Therefore J0 does not represent a saturation of the output current as such, but is rather
a cumulative representation of the different recombination currents in the device.

2.3.2 Finite width solution to Diode Equation

Equation 2.46 was derived for a pn-junction in which both p- and n-regions were assumed
infinitely wide. This was used in the second boundary condition, which led to the
requirement C2 = 0 in equation 2.40. A more realistic scenario for solar cells, is a pn-
junction with the two regions being much smaller than the diffusion length, such that
Wn << Lp in the case of holes in the n-type region. In this case, the diffusion equation
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2.38 simplifies because the recombination rate, U(x), is assumed to be zero, such that

d2p(x)

dx2
=
−G(x)

Dp
. (2.48)

The general solution to equation 2.48 now takes the form

∆p(x) =
−G(x)

2Dp
x2 +Ax+B (2.49)

The device now has a surface at which charge carriers recombine and we may assume
infinite surface recombination velocity, S. From equation 2.6-2.7 this implies zero excess
minority carrier concentration at the surface, ∆pn,s, which means that

pn,s = pn,0 (2.50)

for holes in the n-type region and similarly for electrons in the p-type region.

Using this boundary condition and the first boundary condition in equation 2.42,
which is still valid, leads to the solution for the excess hole concentration, ∆p(x), in a
device with a finite (n-type) emitter width, Wn << Lp:

∆p(x) =
G(x)

2Dp
x2 +

(
G(x)

2Dp
Wn −

n2
i

NDWn

(
e

qV
kT − 1

))
x+

n2
i

ND

(
e

qV
kT − 1

)
(2.51)

Again the current density is found by differentiating with respect to x according to
equation 2.36, which then gives the solution

Jp = qDp
d∆p(x)

dx
= qDp

(
G(x)

Dp
x+

G(x)

2Dp
Wn −

n2
i

NDWn

(
e

qV
kT − 1

))
(2.52)

A similar expression can be derived for the electron current density in the p-region by
replacing the emitter width, Wn, with the p-type base width, Wp, in this case. The total
current density is then the sum of electron and hole current densities at the edges of the
depletion region

Jtotal =

[
qDp

n2
i

NDWn
+ qDn

n2
i

NAWp

](
e

qV
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)
− qG

(
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2
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2
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)
, (2.53)

where Wdep is the width of the depletion region. The factor

[
qDp

n2
i

NDWn
+ qDn

n2
i

NAWp

]
is

then the recombination current density, J0, and the generation term, −qG
(
Wn
2 +

Wp

2 +Wdep

)

is the photocurrent.

2.4 Operation Principle of Solar Cells

An ideal silicon solar cell under illumination can be modelled as a pn-junction diode
in parallel with a current source. The current source represents the photo-generated
current, which has an opposite direction compared to the diode current. Furthermore,
the equivalent electrical circuit contains a shunt resistor in parallel and a series resistor



2 Theory 26

in series with the diode. A schematic of the equivalent circuit is shown in Figure 2.4. If

Figure 2.4: Equivalent electrical circuit of a solar cell. The circuit consists of a light
source in parallel with a pn-junction diode and a shunt resistor, and in series with
another resistor.

the diode is not ideal, the circuit may be modelled with a second diode in parallel with
the pn-junction diode. This is referred to as the two-diode model. The non-ideality of
the diode is typically accounted for by an ideality factor, nid. The current through the
pn-junction diode is described by the Shockley diode equation:

Id = I0

(
exp

(
qVj

nidkT

)
− 1

)
, (2.54)

where Id is the current through the diode, I0 is the reverse saturation current, q is the
elementary charge, Vj is the voltage across the diode and shunt resistor, nid is the ideality
factor, k is Boltzmann’s constant and T is the absolute temperature. The Shockley diode
equation in 2.54 may also be written in terms of current density rather than current by
simply replacing I with J . When the diode is illuminated, a photocurrent is generated
in the opposite direction as the diode current. This gives rise to the Shockley diode
equation under illumination given in equation 2.55. This expression was derived for
current density in the previous section and is analogous to equation 2.47.

I = IL − I0

(
exp

(
qVj

nidkT

)
− 1

)
, (2.55)

where the total current, I, and the photocurrent, IL, are defined with the same sign,
which is opposite to the diode current, for convenience. Based on equation 2.55 and
the equivalent circuit in Figure 2.4, the current of the solar cell is described by the
characteristic equation, which includes series resistance, RS, and shunt resistance, RSH:

I = IL − I0

(
exp

(
q [V +RSI]

nidkT

)
− 1

)
− V +RSI

RSH
, (2.56)
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where Vj has been replaced by V + RSI, because the current and series resistance con-
tribute to the voltage across the diode in addition to the terminal voltage. Similarly,
the current through the shunt resistor must be ISH =

Vj
RSH

according to Ohm’s law. This
explains the last term in equation 2.56. It appears that equation 2.56 is a transcenden-
tal equation with no general analytical solution for I or V . However, the characteristic
equation contains a lot of useful information about the solar cell operation.

In order to maximize the output power of the solar cell, the current and voltage
between the terminals must be maximized. Thus, it can be concluded from the circuit
in Figure 2.4 and equation 2.56 that

• Any currents in parallel with the photocurrent, such as I0, must be minimized

• Series resistance must be minimized

• Shunt resistance must be maximized

Figure 2.5 shows an example of the current-voltage (IV) characteristic of a solar
cell.

Figure 2.5: Schematic drawing of a current-voltage (IV)-characteristic of a solar
cell. The short-circuit current, ISC, is the current through the cell when the voltage is
0 and the open-circuit voltage, VOC, is the voltage across the cell when the current is
0. The maximum power point, PMPP, is defined as the largest product between
current and voltage on the IV-curve.
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The short-circuit current, ISC, is the current through the cell when the voltage is 0.
Similarly the open-circuit voltage, VOC, is the voltage across the cell when the current is
0. The expressions for ISC and VOC may be directly deducted from equation 2.56. The
power is the product between current and voltage and is therefore equal to zero at both
open-circuit and short-circuit. The solar cell is ideally operated at the maximum power
point, PMPP, defined as the largest product of current and voltage on the IV-curve. The
fill factor, FF, is given by:

FF =
PMPP

ISCVOC
(2.57)

The power conversion efficiency of the cell, η, is defined as:

η =
PMPP

PinAc
, (2.58)

where Pin is the incident power per area - typically 1000 W/m2 at standard conditions
- and Ac is the area of the cell.

2.5 Black Silicon

Black silicon is the term used for nanostructured Si, which appears visibly black, because
the reflection of visible wavelengths is very low. The reflectance of the surface depends
on the exact dimension and shape of the nanostructure topology. In general, the nanos-
tructured surface may be described optically by a graded refractive index, because the
nanostructured surface region is made up by some fraction of Si and air-filled voids sur-
rounding the nanostructures, respectively. Therefore the effective refractive index within
the nanostructured region must lie between the refractive index of Si and the refractive
index of air and this leads to the explanation of the unique optical properties of black
Si. The graded refractive index model for black Si will be described in the following.

2.5.1 Graded Refractive Index Model

The reflectance of light incident at an angle, θ, on an interface between two materials
with different refractive indices, n1 and n2, can be described by the Fresnel equations
2.59-2.60 derived directly from Maxwell’s equations:

Rs =

∣∣∣∣∣∣∣

n1 cos(θ)− n2

√
1− (n1

n2
sin(θ))2

n1 cos(θ) + n2

√
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∣∣∣∣∣∣∣

2

(2.59)

Rp =
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√
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∣∣∣∣∣∣∣

2

, (2.60)

where Rs and Rp denote reflectance of the s- and p-polarized light, respectively. If the
electromagnetic radiation consists of equal amounts of s- and p-polarized waves, the
total reflectance is:

R =
Rs +Rp

2
(2.61)
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which for normal incidence simplifies to

R =

∣∣∣∣
n1 − n2

n1 + n2

∣∣∣∣
2

(2.62)

From equation 2.62 it is clear that the reflectance is minimized when the difference
between the refractive indices of the two media is minimized.

In the case of Si photovoltaics the material interface consists of air with refractive
index nair = 1 and Si with refractive index nSi ' 41. This abrupt change in refractive
index at the Si-air interface results in a reflectance of 36% at normal incidence according
to equation 2.62 assuming nSi = 4. For a Si solar cell this would imply a 36% optical
loss. In order to minimize the reflectance from this Si-air interface, it is advantageous to
introduce intermediate layers with refractive indices between nair and nSi, since part of
the waves propagating through multiple media will destructively interfere with reflected
waves from the other interfaces. This is the mechanism behind anti-reflection coatings
(ARC). If the reflection is zero, the intensity of the wave reflected from the Si-ARC
interface must be equal to the intensity of the wave reflected from the ARC-air interface.
At the same time the phase-shift, ϕp, between the two reflected waves must equal π times
an integer in order to achieve destructive interference. The phase shift is given by two
times the optical path length in the material with refractive index, nint, in this case.
This requirement leads to the quarter-wavelength restriction

ϕp = mπ = 2dnintk0 = 2d

(
2π

λ

)
⇔ d =

λ

4
m, (2.63)

where d is the thickness of the AR-coating, k0 is the wavenumber in vacuum, λ is the
wavelength and m is an integer. In order to minimize parasitic absorption in the AR-
coating itself, m = 1 yields the ideal solution, d = λ

4 .

Equation 2.63 shows that reflectance can be minimized at a given wavelength by
adjusting the thickness of the intermediate layer to exactly 1

4 of the wavelength. Fur-
thermore, the restriction that the intensity of the two reflected waves must be equal
leads to equation 2.64, which is valid when the phase shift is an integer times π. In 2.64
n1 corresponds to the refractive index of air, n2 the refractive index of the AR-coating
and n3 the refractive index of Si.

R1 = R2 ⇔
∣∣∣∣
n1 − n2

n1 + n2

∣∣∣∣
2

=

∣∣∣∣
n2 − n3

n2 + n3

∣∣∣∣
2

(2.64)

Rearranging the expression in equation 2.64 yields the optimal refractive index of the
intermediate layer or AR-coating according to

(n1 − n2)(n2 + n3) = (n2 − n3)(n1 + n2)⇔ n2 = nint =
√
n1n3. (2.65)

Ideally, Fresnel reflectance is minimized over a broad range of wavelengths by applying
an infinite number of thin layers with refractive indices gradually changing from nair to
nSi. This is however not practical to realize if actual layers of different materials are to
be deposited! Instead, texturing the Si surface with structures of appropriate dimensions
and spacing may create a similar graded refractive index at the Si-air interface. Figure

1The refractive index of Si is wavelength dependent. The value given here is chosen as a representative
average value for the relevant part of the solar spectrum, i.e. λ = 300 − 1200 nm.
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2.6 shows a sketch of such graded refractive index. The nanostructured surface may be

Figure 2.6: Sketch of the graded refractive index of black Si. The refractive index,
nr, changes gradually from that of air to that of silicon at the Si-air interface.

modelled as a layered structure in a mean-field approximation, in which the i’th layer
has an effective refractive index, nr,i,eff weighted by the relative amount of Si and air,
respectively, in the i’th layer, such that

nr,i,eff = finSi + (1− fi)nair, (2.66)

where fi is the fraction of Si in the i’th layer.

In order to suppress reflectance the spacing between nanostructures should be small
enough to eliminate any abrupt change in refractive index on the entire surface. At the
same time the structures should be large enough to ensure that all incident photons are
subject to a gradually increasing refractive index. Thus, structures spaced too far apart
and structures that are too small both result in a surface, which in part is optically flat
i.e. part of the surface has an abrupt change in refractive index as opposed to a gradual
change in refractive index. This poses requirements of the nanostructure topologies in
order to realize minimal reflectance over a broad range of wavelengths.

From an optical perspective the broadband suppression of reflectance by a graded
refractive index may be explained by the, in principle, infinite number of layers with
different refractive index. This enables any phase difference according to equation 2.63
only restricted by the thickness of the graded refractive index. In other words, at any
given wavelength there is a combination of two layers in a graded refractive index, which
ensures destructive interference of the reflected beams. Thus, an interesting consequence
of the quarter-wavelength criterion is that the depth of black Si has a required minimum
value for a given wavelength range, say 300-1200 nm for Si solar cells, in order to ensure
destructive interference for the longest wavelengths in the range. At a wavelength of
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1200 nm the quarter-wavelength criterion dictates a black Si depth of 300 nm. This may
explain why black Si structures in practice need a certain depth in order to minimize
reflectance. However, it also indicates that structures much deeper than 300 nm are not
necessary in order to suppress broadband reflectance of Si, if proper spacing and shape
of nanostructures are realized. This is important, because surface recombination may
scale with total surface area. This explains the focus on ∼ 300 nm deep nanostructures
in this work.

2.5.2 Black Silicon formation

The black Si nanostructures in this work are fabricated by means of reactive ion etching
(RIE). In RIE the Si wafer is subject to a chemically reactive plasma at low pressure,
typically between a few and a few hundred milliTorr 2. The plasma is typically generated
by a radio-frequency (RF) electromagnetic field with a frequency of 13.56 MHz. The
frequency needs to be above a critical frequency, ∼ 100 kHz, at which electrons oscillate,
while ions are unaffected. Besides this, the requirement for the combination of frequency
and power is that typical molecules used in RIE must be ioniozed due to the kinetic
energy of electrons in the plasma. Typical ionization energies are on the order of 5-
20 eV. Microwaves may also generate suitable plasma for some applications, including
black Si for photovoltaics [74, 75]. The oscillations of the field ionize the gas molecules,
thus forming a plasma. The RIE chamber consists of two parallel plate electrodes and
the wafer is placed on the bottom electrode. Since the electric field is applied over
these two electrodes the positive reactive ions in the plasma will be accelerated towards
the bottom electrode and hit the wafer surface. Thus, the RIE process consists of an
anisotropic physical sputtering and an isotropic chemically reactive etch of the wafer
surface taking place simultaneously. The degree of chemical to physical etching may
be tuned by adjusting the platen power and the relative concentrations of the different
gas constituents. Figure 2.7 shows a sketch of a RIE chamber. In some cases the RIE
chamber further comprises a coil surrounding the chamber and inductively generating
the plasma. Such process is called inductively coupled plasma (ICP) RIE. This means
that the platen power only serves to accelerate the reactive ions towards the wafer, while
the coil generates and sustains the plasma. This makes certain ICP-RIE processes easier
to control, since plasma generation and ion acceleration may be controlled separately. It
was recently shown [76] that the combination of coil and platen power leads to improved
minority carrier lifetime of black Si compared to RIE processes only using platen power.

In this work, seed gas to the RIE plasma consists of SF6 and O2. The ionization of
SF6 and dissociation of O2 follows the reactions:

SF6 + e− → SFy+
6−x + xF∗ + (y + 1)e− (2.67)

O2 + e− → 2O∗ + e−. (2.68)

The fluorine radicals etch Si to form volatile gas such as SiF4, while oxygen radicals
react with these volatile products and passivate Si according to

xF∗ + Si(s)→ SiFx(g) (2.69)

yO∗ + SiFx(g)→ SiOyFx(s). (2.70)

2Torr is a commonly used non-SI unit for pressure, defined as exactly 1
760

of 1 standard atmosphere
or 133.3 Pa.
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Figure 2.7: Schematic drawing of a reactive ion etching (RIE) chamber.

The radicals are responsible for the chemical etching, while the ions are responsible for
the physical sputtering, which is anisotropic due to the direction of the electric field. Due
to the anisotropic nature of the etch, any side walls of structures formed on the surface
will be less exposed to the physical sputtering compared to the rest of the surface. This
leads to a self-enhancing mechanism of forming structures on the surface leading to more
vertical side walls and deeper trenches as the etch continues. The chemical reactions
in equation 2.69 and 2.70 occur at every exposed Si area on the surface and this self-
enhancing mechanism explains the formation of deeper and more vertical structures as
soon as some topology on the surface is formed. However, the underlying explanation
of why structures are formed at all and the seemingly random distribution of these, has
not yet been fully explained in literature. In other words, some micro-masking needs
to take place in order for the described etch to result in nanostructure formation. The
explanation proposed here basically relies on two fundamental assumptions:

• Native oxide is present on the Si surface, when the etching starts

• The surface has a non-zero roughness.

If these two assumptions are valid, parts of the surface - but not the entire surface per
definition - will be etched by the very first radicals to arrive at the surface. Statistically
phrased, the time of arrival of the ions and radicals has a non-zero standard deviation
averaged over a macroscopic surface area. The native oxide layer will be removed at
these randomly placed spots slightly faster than on the rest of the surface. Once the
oxide layer is removed the radicals will etch the underlying Si at these spots much faster
than the ongoing removal of oxide on the rest of the surface. The etch rate ratio (or Si
to SiO2 selectivity) in 1:1 SF6 and O2 plasma is in the range of 10-40 [77, 78]. Thus,
even if the deviation of oxide removal across the wafer is smaller than a fraction of
a second, the difference in oxide and Si etch rate results in some structure formation
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at these random spots. Figure 2.8 shows a sketch of the effect of surface roughness
and native oxide. One may argue that the role of native oxide can be removed from

Figure 2.8: Sketch of the formation of black Si nanostructures due to surface
roughness and native oxide on the Si surface.

the picture by performing a hydrofluoric (HF) acid pretreatment immediately prior to
the RIE process. However, even the transfer of the wafer into the chamber and any
stabilization time before processing will result in some oxidation of the Si surface. If the
arguments here are valid, it follows that black Si formation is not possible on a perfectly
flat surface with no surface roughness and no native oxide, assuming completely uniform
plasma. This is extremely difficult to verify in practice. This also explains why multiple
groups [11, 13, 20, 76, 89, 110] have been able to form black Si using different kinds
of RIE and ICP-RIE equipment on many different kinds of Si substrates with different
surface conditions e.g. with and without HF pretreatment. In other words, black Si
nanostructure formation will occur on all practical Si surfaces at appropriate process
conditions. Appropriate process conditions means that the gas flow ratio between SF6
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and O2 has to be controlled precisely in order for the self-enhancing etching mechanism
to occur in the first place. Too much SF6 creates an almost isotropic etch known from
isotropic dry etching of Si [79–81]. Too much O2 increases the passivation layer thickness
and at some point this eliminates the initial differences required to start the black Si
formation. Thus, the gas flow ratio control is paramount for the black Si formation. The
other controllable parameters in RIE, such as pressure, platen power and temperature,
all affect the ionization and etching reactions and therefore these must also be carefully
controlled to successfully form black Si on a given Si surface. Jansen et al. [83] explain
this as a ’black Si regime’ covering the combination of gas flow ratio, pressure and
power resulting in black Si formation. It has been observed in practice that an ideal gas
flow ratio for one particular RIE setup, including type of chamber and wafer, may not
create black Si at all in a different RIE setup. Besides achieving black Si formation, it
is obviously also important to adjust the specific nanostructure surface topology. This
applies especially for photovoltaic applications, in which the nanostructures need to be
sufficiently large and at a high area density for minimized reflectance, while minimizing
the overall surface area for minimized surface recombination. The chamber pressure
affects the topology, since higher pressure leads to more ion collisions and thus smaller
effective flux of ions reaching the surface per unit area. This results in a lower density of
structures, therefore a low pressure is typically ideal for solar cell applications. Increased
etch time mainly increases the structure height and makes the side walls more vertical.
Increased platen power increases the anisotropic part of the etch mechanism and may
lead to deeper and more vertical structures similar to increasing the etch time. However
changing the anisotropy of the etch, one way or the other, increases the risk of falling
outside of the regime for black Si formation [83]. Adjusting the etch time may therefore
be preferred if the gas flow ratio is on the limit of the regime. On the other hand, time
should typically be minimized in an industrial production, thus all other parameters
must be tuned to allow for this, while staying inside the black Si regime. Figure 2.9
shows SEM-images of different black Si surfaces fabricated by RIE.
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Figure 2.9: Scanning Electron Microscope (SEM) images of different black Si
surfaces. The top image is an example of the topology typically used for solar cells in
this work. The bottom image is an example of a topology with very low reflectance,
but not necessarily ideal electrical properties for solar cells.





Chapter 3

Optical Properties of Black Si

3.1 Reflectance

As described in Chapter 2, the nanostructured Si surface suppresses the reflectance
of light from the surface according to the graded refractive index model. In order to
optimize the power conversion efficiency of solar cells, the optical absorption in the cell
must be maximized. The absorbed light is by definition the amount of light, which is
neither reflected nor transmitted through the material according to

A = 1− Tr −R, (3.1)

where A is the absorptance, Tr is the transmittance and R is the reflectance.

For a solar cell light may be reflected from the Si surface (capped with AR-coating),
the metal fingers and busbars or even reflected from the rear of the cell and escape all the
way back through the front. The light may also be transmitted through the cell, which
typically means it will be absorbed in the rear metal. Light may also be parasitically
absorbed in the AR-coating itself. All these scenarios lead to optical losses that directly
reduce the amount of charge carrier generation and thereby the efficiency and power
output of the solar cell. Thus, it is critically important to minimize optical reflectance
and transmittance. The primary advantage of black Si is the significant reduction of
front surface reflectance, therefore reflectance measurements are in focus in this section.

Normal incidence reflectance measurements of the RIE-textured mono-, multi and
quasi-mono Si surfaces were performed using a broadband lightsource (Mikropack DH-
2000), an integrating sphere (Mikropack ISP-30-6-R), and a spectrometer (Ocean Optics
QE65000, 280-1000 nm). The reference solar spectral irradiance for AM1.5G was used
to calculate the weighted average reflectance in the wavelength range from 280-1000 nm.

Figure 3.1 shows the total (specular+diffuse) reflectance from a representative black
Si surface and a KOH-textured Si surface with ∼ 60 nm PECVD SiNx:H AR-coating
as function of wavelength in the relevant wavelength range for Si solar cells, 300-1000
nm. The result in Figure 3.1 shows total reflectance below 1% of black Si for most
wavelengths in the range 300-1000 nm. The reflectance of KOH-textured Si with AR-
coating is higher for all wavelengths in the range, especially for wavelengths below 500
nm, where the difference in reflectance is very pronounced.

37
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Figure 3.1: Total reflectance of RIE- and KOH-textured mono-crystalline Si,
respectively, measured as function of wavelength. Both Si samples had ∼ 60 nm
PECVD SiNx:H AR-coating and reflectance of the RIE-textured Si is shown with and
without the AR-coating for comparison. The inset shows the same reflectance
measurement focused on the reflectance range 0-2.5% for clarity.

The reflectance measurement in Figure 3.1 was measured on mono-crystalline black
Si with and without any AR-coating. However, for practical solar cell applications
the texturing method may be applied to mono-, multi- or quasi-mono-crystalline Si
substrates and will typically be coated with AR-coating. Furthermore the solar cell
needs an emitter (defined by the pn-junction), typically realized by thermal diffusion on
the front, which may affect the reflectance due to oxidation of the Si surface. Therefore
several reflectance measurements were performed on black Si made from mono-, multi-
or quasi-mono-crystalline Si substrates with and without AR-coating and before and
after emitter formation, respectively. The summary of these measurements is seen in
Figure 3.2.

The result in Figure 3.2 shows total weighted average reflectance of RIE-textured
Si below 1.1% for all three crystalline grades of Si, which is a clear improvement com-
pared to KOH- and acidic-textured Si used in standard industrial Si solar cells. With
AR-coating KOH-textured Si has a reflectance of 2% [17], while acidic-textured multi-
crystalline Si with AR-coating has a reflectance of 8% [18]. The results furthermore show
negligible increase in reflectance after emitter diffusion. The RIE-textured Si shows ∼
0.1% minimum reflectance independent of crystalline grade. Figure 3.2 shows that the
average reflectance is unaffected by the ∼ 60 nm PECVD SiNx:H AR-coating in this
case.

However, since the graded refractive index of black Si is fundamentally different from
that of conventionally textured or planar Si, it is not obvious, which thickness of SiNx:H
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Figure 3.2: Total weighted (AM1.5) average reflectance before and after emitter
diffusion as well as the minimum reflectance of mono-, multi- and quasi-mono Si
surfaces, respectively. The average reflectance of RIE-textured mono-crystalline Si
with ∼ 60 nm PECVD SiNx:H AR-coating is also shown. The error bars indicate the
standard deviation based on several different samples per measurement [86].

AR-coating is optimal for black Si. In order to investigate this the deposition time of the
PECVD SiNx:H deposition was varied in steps of 2 minutes from the ’standard’ time of
6 minutes and 30 seconds to 12 minutes and 30 seconds. The result is shown in Figure
3.3.

Figure 3.3 shows that a PECVD SiNx:H deposition time of 6 minutes and 30 seconds
yields the lowest reflectance of black Si. The deposition times are stated instead of the
SiNx:H thickness, because the thickness is not necessarily the same on black Si as on
conventionally textured or planar Si, due to the increased surface area, which may
change the deposition rate. Therefore the exact thickness on black Si is not fully known.
On conventionally textured Si a 6 minutes and 30 seconds deposition yields a SiNx:H
thickness of ∼ 60 nm.

In order to quantify the spatial uniformity of RIE-texturing, the reflectance was
measured at different positions on a 156x156 mm2 CZ wafer textured by maskless RIE.
The total reflectance was measured in the wavelength range 300-1000 nm and the in-
tegrated average reflectance is plotted as function of distance from the wafer center in
Figure 3.4.

The result in Figure 3.4 shows that the average reflectance is below 0.5% across
the entire 156x156 mm2 wafer. The average reflectance decreases towards the edge of
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Figure 3.3: Total reflectance of black Si with SiNx:H AR-coating as a function of
wavelength in the range 300-1000 nm for four different PECVD SiNx:H deposition
times representing four different SiNx:H thicknesses. The reflectance of black Si
without AR-coating is shown for comparison.

the wafer, but even though the relative difference in reflectance from center to edge is
significant, the absolute difference is on the order of 0.2%, which is smaller than typical
absolute reflectance variations across KOH-textured mono-crystalline Si wafers [84].

The reflectance measurements shown in Figure 3.1-3.4 were all measured at normal
incidence, meaning that the incident light beam is directed at an angle of 90◦ relative to
the solar cell plane. However, under realistic operating conditions solar cells are subject
to a broad range of different incident angles, representing daily, yearly and geographical
variations of the incident angle and furthermore diffuse light conditions, such as dur-
ing cloudy weather. For this reason, it is even more interesting to measure the total,
weighted reflectance at different incident angles. This has been done for black Si and
KOH-textured (’random pyramid’) Si with ∼ 75 nm SiNx:H AR-coating and the re-
sult is shown in Figure 3.5. The angle-dependent optical reflectance was measured with
monochromatic light from 350 nm to 1200 nm using an APEX monochromator illumina-
tor with an Oriel Cornerstone 260 1/4m monochromator. A quartz crystal achromatic
depolarizer from Thorlabs was used in the beam path to randomize the partly polarized
light from the monochromator. The sample was inserted inside a 150 mm integrating
sphere with a center mount configuration and rotated to any desired angle of incidence.
The result in Figure 3.5 shows that the reflectance of RIE-textured Si is significantly
below that of KOH-textured Si at all incident angles below 70◦. Furthermore the re-
flectance of KOH-textured Si increases more with incident angle up to 50◦ than the
reflectance of RIE-textured Si. For angles above 50◦ the reflectance of RIE-textured Si
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Figure 3.4: Total weighted (AM1.5) reflectance of RIE-textured Si averaged over
the wavelength range 300-1000 nm as function of the distance from the center of a
156x156 mm2 CZ wafer.

increases more with incident angle than that of KOH-textured Si. This result shows the
potential for improved solar cell performance using RIE-texturing at non-ideal incident
angles.

Besides investigating the angle-dependent total reflectance as seen in Figure 3.5, it
is also interesting to investigate the specular and diffuse part of this total reflectance.
Knowing the angle-dependent total reflectance, a relatively simple way of quantifying
the diffuse and specular part of the reflectance, respectively, is to measure specular re-
flectance at different incident angles. This may for instance be done with an ellipsometer.
Figure 3.6 shows the total and specular reflectance, measured with an integrating sphere
and a Woollam VASE1 Ellipsometer, respectively, as function of incident angle.

Figure 3.6 shows the measured specular and total reflectance as a function of the
incident angle. Both the average reflectance in the wavelength range 300-1000 nm and
the reflectance at 550 nm are shown. The reflectance is seen to be dominated by non-
specular (diffuse) reflectance. The specular reflectance is seen to be very low, even at
very high incident angles (i.e. below 0.1% at angles below 65◦). This indicates some
light scattering by the black Si nanostructures.

1Variable Angle Spectroscopic Ellipsometer
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Figure 3.5: Incident angle dependent total weighted average reflectance of
KOH-textured (squares) and RIE-textured (triangles) mono-crystalline Si substrates
[86].

3.1.1 Simulation of Reflectance Properties

After measuring the angle-dependent reflectance shown in Figure 3.5 and 3.6 it is in-
teresting to investigate whether the graded refractive index model may explain the ob-
served angle-dependent reflectance behaviour of black Si. To simplify modelling of the
reflectance of the black silicon nanostructure a mean field approach was used; here the
refractive index, nr, was varied gradually – either linearly or non-linearly – from that of
silicon, nsi, to that of air, nair, across a distance equal to the height, h, of the nanos-
tructures according to

nr(z) =





nSi , for z ≤ 0
nair , for z ≥ h
nairf(z, h,Λ) + nSi

[
1− f(z, h,Λ)

]
, for 0 < z < h

(3.2)

where Λ is a nonlinearity parameter. The index shape function was defined as f(z, h,Λ) =

ln
(
1 + z/Λ

)/
ln
(
1 + h/Λ

)
in case of a non-linear index profile and f(z, h,Λ) = z/h in

case of a linear index profile; here the parameters Λ = 10 nm and h = 300 nm were used.
With this index profile the time-harmonic Maxwell equations were solved in the form
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Figure 3.6: Measured specular and total reflectance as a function of incident angle.
The average reflectance in the wavelength range 300-1000 nm and the value at a
wavelength of 550 nm are shown to the left. The specular reflectance at incident
angles from 50-85◦ is shown to the right.

of the Helmholtz equations (e.g. ∇2E = −k2E, where k is the wave number) for the
electric and magnetic fields E and H, respectively. The calculation was done for the case
of a plane optical wave of wavelength λ = 550 nm incident at an angle θ to the surface
normal. The fields Poynting’s vector S = E × H and its time average z-components
〈S〉 ·ez were calculated at the source and the detector, from which the reflectance R was
calculated. The simulation was carried out using COMSOL software.

The results of the simulations are shown in Figure 3.7. In Figure 3.7 reflectances for

Figure 3.7: Simulated reflectance as function of incident angle at a wavelength of
550 nm for surfaces with nanostructures of 300 nm in height in case of (a) linearly
graded refractive index, (b) non-linearly graded refractive index. The insets in (a) and
(b) show the simulated reflectance at incident angles from 0-70◦. [88]

transverse electric (TE) and transverse magnetic (TM) waves are shown along with the
mean reflectance of a 50/50 mixture of TE and TM waves as a function of the incident
angle. The calculated reflectances in Figure 3.7(a) are for a linearly graded index, while
the reflectances for the nonlinear graded index are shown in Figure 3.7(b). As expected,
the reflectance is higher for TE than for TM waves. In all cases the reflectance is very
low (less than 1% for non-linear graded index and less than 5% for linearly graded index)
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for incident angles below 45◦. At larger incident angles the reflectance increases rather
steeply. We observe that the reflectance resulting from the non-linear graded index
is generally lower than the linear graded index and stays below 1% until the incident
angle is increased above 45◦. Thus, the trend of the simulated angle-resolved reflectance
corresponds well with the experimentally measured angle-resolved reflectance. However,
the experimentally measured specular reflectance is generally lower than the simulated
reflectance. In addition the difference in reflectance between TE and TM waves is less
pronounced for the non-linear graded index. We note, that the simple simulation model
- by construction - is unable to model real diffuse reflection; this can be accomplished
using a much more detailed model of the nanostructured surface, which is part of future
work.

3.2 Absorption and Light Trapping

As described earlier, not only reflectance, but also transmittance of light through the
cell is important for the solar cell efficiency. In this relation, texturing may also affect
transmittance, since the angle, at which the light is scattered into the Si bulk affects
the ’light trapping’ in the cell. Light trapping essentially means that light, which is not
reflected from the front surface, may be internally reflected on the rear and thereby the
path length of the light travelling within the material is increased and as a result the
probability for absorption within the solar cell is increased. In order for effective light
trapping to occur the scattering angle of the light must be larger than the minimum angle
required for total, internal reflection on the rear. This means that different texturing
techniques, besides affecting the front surface reflectance, may affect the total light
absorption due to changed light trapping properties.

Figure 3.8 shows the total light absorptance of RIE-textured Si without any further
processing as function of wavelength. The absorptance was measured using a center-
mount sample holder placed inside the integrating sphere. The incident angle of the light
source deviated 8◦ from normal incidence due to the geometry of the measurement setup.
Figure 3.8 shows that the absorptance of black Si is ∼ 99% in most of the solar spectrum
up to a wavelength of ∼ 1000 nm, at which the light starts to transmit through the 200
µm thick Si wafer. The integrated average absorptance is 99.2% in the wavelength
range 300-900 nm and the absorptance decreases to 91.7% at 1000 nm. The calculated
absorptance of a 200 µm Si wafer without any texturing but with an assumed reflectance
of 0% is plotted for comparison. Also, the simulated absorptance of a 200 µm Si wafer
textured with upright random pyramids with 75 nm SiNx:H AR-coating is shown for
comparison. The simulated absorptance was done with a Monte-Carlo ray tracer. It
is seen that RIE-texturing results in increased absorptance of wavelengths above 1000
nm compared to non-textured Si and similar absorptance of wavelengths above 1000
nm compared to conventionally textured mono-crystalline Si solar cells. This indicates
some path-length enhancement (PE) of longer wavelengths within the RIE-textured
wafer. Based on the absorption coefficient of Si [85] the path-length enhancement can
be calculated according to

PE(λ) =
A(λ)

α(λ)W
, (3.3)

where A is the measured absorptance, α is the absorption coefficient and W is the thick-
ness of the wafer. The path-length enhancement, based on the measured absorptance
in Figure 3.1, of RIE-textured Si is shown in Figure 3.9 in comparison with different
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Figure 3.8: Light absorptance of the black Si surface before cell processing as
function of the wavelength. The calculated absorptance of a 200 µm Si wafer with no
texturing but with an assumed reflectance of 0% and the simulated absorptance of a
200 µm Si wafer textured with upright random pyramids with 75 nm SiNx:H are
plotted for comparison. The absorptance was measured with a center-mount inside an
integrating sphere. The incident angle of the light source deviated 8◦ from normal
incidence due to the geometry of the measurement setup [93].

conventional texturing and AR-coating combinations. Path-length enhancements of con-
ventional texturing schemes were simulated using the Monte Carlo ray tracing calculator
of PVLighthouse 2. Figure 3.9 shows that RIE-textured Si yields path-length enhance-
ment comparable to that of upright and inverted pyramid texturing. RIE-textured Si
shows path-length enhancement up to 20 for a wavelength of ∼ 1160 nm.

It is noteworthy that the observed path-length enhancement and light trapping
properties correspond well with the reflectance measurements in Figure 3.6 showing
that the reflectance is dominated by diffuse reflectance. Both results indicate significant
light scattering by the black Si nanostructures.

2https://www.pvlighthouse.com.au/calculators/
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Figure 3.9: Path-length enhancement of Black Si calculated from the measured
absorptance in comparison with path-length enhancement of upright and inverted
pyramids with 30 nm Al2O3 and 75 nm SiNx:H AR-coating, respectively. The
path-length enhancements of all pyramid-textured schemes were calculated using a
Monte Carlo ray tracer.



Chapter 4

Large-Area screen-printed black
Si solar cells

This chapter contains results and discussion from the publication entitled ”Angle-resolved
characterization of nanostructured and conventionally textured silicon solar cells” [86]
seen in Appendix D.

In order to test the maskless RIE-texturing on industrially relevant solar cells and
compare with conventional texturing, a batch of 156x156 mm2 p-type, CZ mono-, multi-
and quasi-mono-crystalline Si cells was fabricated. The objective of this cell fabrication
was primariy to compare maskless RIE with conventional texturing methods in terms
of solar cell performance, but also to verify that black Si may be applied to full-size,
industrial Si solar cells.

4.1 Fabrication Approach

The maskless RIE process presented in this work is applied as the texturing step in the
following solar cell fabrication process:

• Saw damage removal by etching in 30% KOH at 75 ◦C for 2 minutes and subsequent
cleaning in 20% HCl at room temperature for 5 minutes and rinsing in deionized
water.

• Texturing using maskless RIE at room temperature in a O2 and SF6 plasma with
a gas flow ratio of O2:SF6 ∼ 1:1, chamber pressure of 28 mTorr, 13.56 MHz radio-
frequency platen power of 30 W using a STS RIE system.

• Emitter formation using a tube furnace from Tempress Systems with liquid POCl3
as dopant source and N2 as carrier gas at a temperature of 840 ◦C and atmospheric
pressure for 50 min in O2 ambient, followed by removal of phosphor-silicate glass
(PSG) in 5% hydrofluoric acid (HF).

• Plasma enhanced chemical vapour deposition (PECVD) of 60 nm hydrogenated
amorphous silicon nitride (SiNx:H) anti-reflective coating at 400 ◦C using a Plas-
maLab System133 from Oxford Instruments.

47
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• Screen-printing of Ag front and Al rear contacts with standard Ag and Al pastes
using an Ekra X5-STS screen printer, followed by co-firing of the front and rear
contacts at 800 ◦C using an RTC Model LA-309 belt furnace.

• Edge isolation by laser ablation using a J-1030-515-343 FS System from Oxford
Lasers Ltd.

The starting substrates were 156x156 mm2 p-type, CZ mono-, multi- and quasi-mono-
crystalline Si wafers with a thickness of 200 µm and a resistivity of 1-3 Ω cm.

4.2 Characterization

I-V curves and photovoltaic properties including short-circuit current, ISC, open-circuit
voltage, VOC, fill factor, FF, and electrical output power, Pel, were measured on complete
solar cells under 1 sun illumination (1000 W/m2, AM1.5G) using a Newport Oriel 92190
large-area Xe light source and a Keithley 2651A high-power source meter.

A LEO 1550 Scanning Electron Microscope (SEM) was used to characterize the
nanostructured surface topology.

4.3 Results

SEM-images of the nanostructured surfaces realized by maskless RIE in this work is seen
in Figure 4.1.

The nanostructures seen in Figure 4.1 are conical-like hillocks randomly distributed
across the entire solar cell surface. The nanostructures have an average height of 300-400
nm with an area density of ∼100 µm−2. The topology is shown with and without ∼60nm
PECVD SiNx:H in Figure 4.1. It is seen from Figure 4.1(a) that the SiNx:H AR-coating
does not change the RIE-textured topology significantly, but makes the nanostructure
edges slightly more round and smooth. The AR-coating may be seen in Figure 4.1(a)
as a thin layer, slightly lighter in colour, on top of the hillocks.

Current density-voltage (J-V) characteristics were measured on RIE- and conven-
tionally textured mono, multi and quasi-mono crystalline Si cells, respectively. Figure
4.2 shows the (J-V)-curves of the RIE- and conventionally textured mono crystalline cells
for comparison. Figure 4.2 shows that both short-circuit current density and open-circuit
voltage of the KOH-textured mono crystalline Si cell are higher than the RIE-textured
black Si cell. The short-circuit current density, JSC, open-circuit voltage, VOC, fill factor,
FF and power conversion efficiency at normal incidence of the fabricated screen-printed
solar cells are summarized in Table 4.1.

Table 4.1 shows that the RIE-textured cells have lower power conversion efficiency
than the conventionally textured cells primarily due to lower short-circuit current den-
sity, but also reduced open-circuit voltage. Figure 4.3 shows the externel (EQE) and
internal (IQE) quantum efficiency of the RIE- and KOH-textured mono-crystalline Si
cells, respectively. Figure 4.3 shows that the IQE at wavelengths below 700 nm is signif-
icantly lower for the black Si cell compared to the conventionally textured Si cell. This
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(a)

(b)

(c)

Figure 4.1: SEM-image at 45◦ (a,b) and 0◦ (c) tilt of the RIE-textured Si surface
with (a) and without (b,c) ∼ 60nm PECVD SiNx:H AR-coating, respectively.
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Figure 4.2: Measured current density as function of voltage ((J-V)-curve) of
screen-printed RIE- and KOH-textured Si cells, respectively.

Normal Incidence

Cell Efficiency [%] JSC [mA/cm2] VOC [mV] FF

Conventional Mono 17.8 36.8 619 0.78

Conventional Multi 16.5 34.4 619 0.77

RIE Mono 16.5 35.2 609 0.78

RIE Multi 14.5 31.7 592 0.77

RIE Quasi-Mono 13.0 30.0 575 0.75

Table 4.1: Power conversion efficiency, short-circuit current density, open-circuit
voltage and fill factor at normal incidence of conventionally and RIE-textured mono-,
multi- and quasi-mono-crystalline Si cells, respectively.
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Figure 4.3: External (EQE) and internal (IQE) quantum efficiency as function of
wavelength of the RIE- and KOH-textured mono-crystalline Si cells, respectively.
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Surface Total Carrier Loss Emitter Bulk Rear
[mA/cm2] [mA/cm2] [mA/cm2] [mA/cm2]

KOH 1.385 0.761 0.207 0.192

RIE 4.163 3.322 0.267 0.069

Table 4.2: ’Loss Analysis of Silicon Solar cells by IQE Evaluation’ (LASSIE)
quantifying the carrier losses in different parts of the RIE- and KOH-textured
mono-crystalline Si solar cells, respectively. All values are in units of mA/cm2.

indicates increased surface and emitter recombination, since the shorter wavelengths are
absorbed close to the surface. The absorption length of 700 nm photons is ∼ 4 µm, so
the increased recombination seems to occur in the top ∼ 4 µm part of the cell. Based on
the IQE result, a ’Loss Analysis of Silicon Solar cells by IQE Evaluation’ (LASSIE) was
performed in order to quantify the carrier losses in the differently textured cells for com-
parison. The result of this analysis is shown in Table 4.2. Based on IQE-measurements
and LASSIE analysis, the current and voltage losses may be explained by increased
emitter and surface recombination [11]. For the screen-printed cells presented here, the
texturing and thus reflectance was not fully optimized. Since the RIE-texturing has
been further optimized after these cells were fabricated, with a resulting weighted av-
erage reflectance below 1% as shown in Chapter 3, the power conversion efficiency of
screen-printed black Si solar cells may be improved in future work solely due to im-
proved texturing. In addition, it was found that the RIE-chamber used for texturing
these screen-printed cells may have been contaminated with heavy metals. This may
partly explain the increased emitter and surface recombination of the black Si cells.
Regardless of the underlying cause of the increased recombination, the result implies
that improved surface passivation and emitter design is necessary in order to achieve
comparable and preferably improved power conversion efficiency of black Si solar cells
compared to conventionally textured solar cells.

4.4 Angle-Resolved Results

In order to characterize the solar cell performance at varying incident angles, I-V curves
were measured on differently textured Si solar cells mounted and contacted on a stage,
which prior to each I-V curve measurement was tilted to a position given by two angles,
θ and φ, around two orthogonal axes: θ is the tilt of the cell plane with respect to the
original, horizontal x-axis and φ is the tilt of the cell plane with respect to the tilted
y-axis. The light source was fixed during all measurements. The measurement setup
including the two angles θ and φ is sketched in Figure 4.4. The incidence angle was
varied using two JVL QuickStep stepping motors connected to the solar cell stage. Each
angle was randomly varied in steps of 10◦ in the range 0−90◦ unless otherwise specified.
At each angle combination, (θ, φ), the I-V curve was measured under 1 sun and the
result collected using LabView, such that a total of 100 I-V curves were measured for
each cell. The measured I-V curves were then analyzed in order to determine ISC, VOC,
FF and Pel at each angle combination, (θ, φ), using SciLab. Finally the angle-resolved
photovoltaic properties were plotted and the average electrical power output normalized
to the normal incidence power output was calculated in order to compare the angle-
dependency of different cells.
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Figure 4.4: Angle-resolved measurement including short-circuit current, open-circuit
voltage, fill factor and power conversion efficiency. The result is for a RIE-textured
mono-crystalline Si solar cell. A sketch of the measurement and coordinate system is
seen in the top of the figure. The angles, θ and φ are indicated.

Figure 3.5 in Chapter 3 shows that the reflectance of RIE-textured Si is significantly
below that of KOH-textured Si at all incident angles below 70◦. This result indicates
the potential for improved solar cell performance using RIE-texturing at non-ideal inci-
dent angles. Figure 4.4 shows a sketch of the angle-resolved cell measurements and an
example of the output angle-resolved cell results including short-circuit current, open-
circuit voltage, fill factor and power conversion efficiency. There are two reasons for
measuring parameters such as ISC, VOC, FF and power output as function of two dif-
ferent incident angles and plotting the result in a 2-D plot such as in Figure 4.4: First
of all, the intention is to demonstrate a new and different method for characterization
of solar cells in general. By measuring IV-data as function of two orthogonal incident
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angles in combination, realistic angle-resolved scenarios such as diffuse light conditions
can be investigated in more detail. Secondly, this method allows for a quantification
of any asymmetric features of the solar cell with respect to incident angle of the light,
whether on the surface or inside the cell. Examples of this are isotropic compared to
anisotropic texturing methods and light trapping properties. We acknowledge that the
asymmetric behaviour seen in Figure 4.4 is not significant considering the uncertainties
of the measurement. Thus, the choice of a 2-D plot in this case is a demonstration of
the method and its capabilities, rather than a thorough analysis of asymmetric angle-
resolved behaviour.

Figure 4.4 shows that VOC and FF do not change significantly for angles below
80◦. ISC and consequently Pel decrease with increasing incident angle. This is expected
since the optical input power, P , on the solar cell decreases with cosine to the incident
angle, since the effective illuminated area decreases with cosine to the angle according
to equation 4.1. In the experimental setup the optical power incident on the cell for
angle variation θ is given by

P = P (θ) = Φ0W
2
e cos(θ) = P0 cos(θ) (4.1)

under ideal conditions. Here We is the edge length of the cell, Φ0 is the optical intensity
and P0 is the optical power incident on the cell at normal incidence. The efficiency of
the cell, which may be angle dependent, is

η(θ) =
Pel(θ)

P (θ)
(4.2)

where Pel is the electrical output power at optimal load conditions. Part of any angular
dependence in the efficiency is due to angular dependence of the reflection coefficient,
r(θ), and this dependency is made explicit, if an internal efficiency ηint is defined such
that

η(θ) = ηint(θ)[1− r(θ)] (4.3)

The internal efficiency, ηint(θ), could be angle dependent due to increased photon path
length within the silicon for increasing θ and consequently increasing collection proba-
bility.

These efficiencies are the physically relevant parameters for the cell. For convenient
presentation of the raw measurement data, an artificial apparent efficiency, ηapp, may
be defined as

ηapp(θ) =
Pel(θ)

P0
= η(θ) cos(θ) (4.4)

and from the rightmost expression in equation 4.4, it is seen that if the cell has an
efficiency without angular dependency, then the apparent efficiency has a cosine angular
dependency. The measured apparent efficiency for the RIE-textured mono-crystalline Si
cell is plotted in Figure 4.5; in the plot the expected apparent efficiency given in equation
4.4 assuming a constant η is also shown for comparison. For simplicity the results are
only shown with angle variation in one axis. Figure 4.5 shows that the experimentally
measured apparent efficiency is higher than expected for incident angles below 60◦. This
may in part be explained by divergence of the light source, which changes the actual
optical input power according to equation 4.5.

P (θ) = Φ0W
2
e

cos(θ)

1− (We
2L sin(θ))2

(4.5)
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Figure 4.5: Angle-resolved apparent efficiency measurement as function of the
incident angle in one axis in comparison with the expected apparent efficiency
decreasing with cosine to the angle. Experimental data for the RIE-textured
mono-crystalline Si solar cell are shown.

where L is a characteristic length parameter of the divergence. Note that the term
1− (We

2L sin(θ))2 is a possible correction term related purely to the measurement setup.
Equation 4.5 shows that divergence of the light source accounts for measured apparent
efficiency values higher than expected. However, efficiency values lower than expected,
as seen for incident angles higher than 60◦ in Figure 4.5, can not be explained by di-
vergence of the light source and are most probably a result of increased reflectance at
higher incident angles. Pel decreases according to equation 4.3 when the reflected part
of the optical input power, r(θ), increases with incident angle as shown in Figure 3.5.
In order to evaluate the actual angle dependency of the differently textured solar cells,
the measured electrical power output was normalized to the electrical power output at
normal incidence, (0,0). Figure 4.6 shows the angle-dependent normalized power output
for the RIE- and conventionally textured mono- and multi-crystalline Si cell, respectively,
for comparison. Figure 4.6 shows that the RIE-textured mono- and multi-crystalline cells
in general have slightly higher angle-resolved efficiency normalized to the efficiency at
normal incidence compared to the conventionally textured cells. For certain incidence
angles above 60o the conventionally textured mono-crystalline cell shows slightly higher
normalized efficiency compared to the RIE-textured. Figure 4.6 also shows an asymmet-
ric behaviour with respect to the two angles, θ and φ. The asymmetry occurs for both
RIE- and conventionally textured cells, which indicates that the asymmetric behaviour
is partly due to imperfections in the measurement setup. However, it is seen that the
asymmetry is slightly larger for the conventional cells for most angles. This might be
explained by the different rotational symmetries for the differently textured topologies:
The black silicon cell - due to the random nature of the surface nanostructures – should
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Figure 4.6: Angle-resolved electrical power output normalized to the power output
at (0,0) for the RIE-textured and conventionally textured mono- (top) and
multi-crystalline (bottom) Si cell, respectively.
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Ψav [%], [θ;φ] [0-90◦;0-90◦] [0-40◦;0-40◦]

RIE Mono 30.44 75.15

RIE Multi 31.13 75.69

RIE Quasi-Mono 32.16 76.81

Conventional Mono 29.22 70.39

Conventional Multi 28.18 72.62

Table 4.3: Average normalized electrical power output relative to the power output
at normal incidence, averaged over a range of incident angles from 0 to 90◦ and 0 to
40◦, respectively, in two orthogonal axis for conventional and RIE-textured mono-,
multi- and quasi-mono-crystalline Si solar cells, respectively.

only be affected by the polar angle of the incident light, whereas the azimuthal angle
should not matter. The same may not be true for KOH textured cells, where the pyra-
mids may be of random size, but they all share a fourfold symmetry in the azimuthal
angle; it follows that some degree of variation with the azimuthal angle may be present
for KOH cells.

The asymmetric behaviour may also be due to the front metallization, which reduces
the symmetry to twofold or lower. Yet, the observed asymmetry is too small compared
to the uncertainties of this measurement to conclude whether the asymmetry is actually
due to topology differences or measurement inaccuracy.

Angle-resolved properties similar to the results in Figure 4.4 were measured for
nanostructured mono-, multi- and quasi-mono-crystalline Si cells and conventionally tex-
tured mono- and multi-crystalline Si cells for comparison. Since texturing of quasi-mono-
crystalline Si cells is not yet fully established or standardized, no quasi-mono-crystalline
cell with conventional texturing was produced. Based on the measured angle-resolved
electrical power output, the average normalized electrical power output, Ψav, relative
to the power output at normal incidence can be compared for each of the differently
textured cells. Ψav is given by the expression in equation 4.6 and the resulting values of
average relative power output are shown in Table 2 and Figure 4.7.

Ψav =
1

N

90∑

θ=0

90∑

φ=0

Pel(θ, φ)

Pel(0, 0)
(4.6)

In equation 4.6 N denotes the total number of efficiency values which is being averaged
over. In the case of averaging over incident angles in the range of 0-90◦ in steps of 10◦ in
both axes, N = 100. Pel denotes the measured electrical power output of the cell. The
results in Figure 4.7 and Table 4.3 show that the average normalized power output is also
higher for the RIE-textured cells compared to the reference cells in the incident angle
range of 0-40◦. Furthermore the difference between the RIE-textured and the reference
cells is even more significant in this smaller range of angles closer to normal incidence.
This angular range is arguably more interesting than 0-90◦ due to e.g. higher sunlight
intensity close to normal incidence and the effective restriction of incident angles of light
reaching the solar cells due to refraction and reflection of light from the protective glass
covering solar cells in practice. In order to account for these differences, it is needed to
do a complete weighing of the different incident angles and angle ranges. Such analysis
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Figure 4.7: Average normalized electrical power output in the range 0-90◦ and
0-40◦, respectively, relative to the power output at normal incidence for conventionally
and RIE-textured mono, multi and quasi-mono-crystalline Si cells, respectively.

is out of the scope of this work, but the results indicate the need for a more detailed
analysis.

4.5 Discussion

The results in Table 4.1 show that the RIE-textured cells have lower power conversion ef-
ficiency at normal incidence due to increased surface recombination of the RIE-textured
cells [11].
However, the average electrical power output normalized to the power output at normal
incidence shown in Figure 4.7 is higher for the RIE-textured cells compared to the con-
ventionally textured cells; both for mono- and multi-crystalline Si. This indicates a less
angle-dependent power output of such nanostructured Si solar cells compared with con-
ventionally textured Si solar cells in general. Less angle-dependent power output implies
potentially higher power output over a broad range of incident angles representing e.g.
angle variation during daily and yearly operation of solar cells and panels. Furthermore,
and perhaps more importantly, such less angle-dependent behaviour as seen on Figure
4.7 represents improved performance under diffuse light conditions for nanostructured
solar cells compared with conventionally textured solar cells. Since diffuse light is a re-
alistic and important operating condition, which affects the performance of commercial
solar cells and panels significantly, this result shows the potential of nanoscale textur-
ing, such as maskless RIE-texturing, as a way of improving the overall performance of
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Si solar cells by enhancing the diffuse and low light performance and thus create a more
stable and angle-independent solar cell performance.





Chapter 5

LDSE black Si solar cells

This chapter contains results and discussion from the publication entitled ”Black silicon
laser-doped selective emitter solar cell with 18.1% efficiency” [93] seen in Appendix B.

This chapter presents the second batch of fabricated black Si cells. In order to
improve the emitter properties of RIE-textured cells, a laser-doped selective emitter
(LDSE) was combined with RIE-texturing. The work was mainly carried out at UNSW.

5.1 Laser Doping

Conventional doping of Si requires high temperatures and long processing times in order
to obtain the required concentration of dopant atoms such as phosphorus and boron in
the Si lattice. However, high temperatures and long processing times are not desired in
the solar industry, which requires high throughput, low cost and low thermal budget.
In the case of a selective emitter, local doping is needed. This means that a relatively
accurate definition of the front contact pattern needs to be defined before or during the
doping process itself. In the semiconductor industry, such local doping profiles could be
achieved by photolithography followed a second thermal diffusion step. However, this is
not suitable in solar cell production due to the low throughput and high cost of these
process steps.

Laser doping is able to solve this problem, since highly doped areas can be defined
locally in a single process step with a process time of a few seconds per solar cell. The
mechanism behind laser doping is described in the following: The energy from the laser
radiation heats up Si to its melting point of 1414 ◦C causing Si to be in its liquid phase
for a short period of time, defined by the laser pulse length and the speed at which
the beam moves across the surface. If dielectric layers are present on the Si surface,
they will effectively be removed in the same process due to the thermal expansion of the
underlying Si and the resulting induced stress in the, typically thin, dielectric layer. If
dopant atoms such as phosphorus, boron or aluminium are present in the vicinity of the
molten region, they diffuse into the molten Si. When the Si recrystallizes, the dopant
atoms are incorporated into the lattice causing the Si to be doped. Figure 5.1 shows
optical microscope images of a Si surface passivated by 30 nm Al2O3 and processed at
different laser powers. At the lowest power, Si is melting underneath the dielectric layer.
At higher powers the dielectric starts to crack and is partially removed. Finally the
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dielectric coating is completely removed in a spot slightly smaller than the laser spot,
causing doped, re-crystallized Si to be exposed. This process happens in the time it

Figure 5.1: Microscope images of a Si surface passivated by 30 nm Al2O3 and
processed at different laser powers, from 1.40 (top, left) to 2.12 W (bottom, right).
Numbers in parenthesis are relative output powers compared to the maximum power.
A laser tool from IPG Photonics producing 120 ns laser pulses with a wavelength of
1064 nm, writing speed of 0.73 m/s and a repetition rate of 10 kHz was used for this
particular test. Courtesy Chantal Silvestre.

takes the laser beam to move across the surface and the molten Si to recrystallize and
leaves a surface with local openings in the dielectric and highly doped areas exactly
where the dielectric has been removed. This enables subsequent contact formation by
electroplating, since metal ions (typically Ni and Cu) will selectively plate in the exposed
highly doped Si areas. In practice the laser doping process only takes a few seconds for
a standard solar cell area of 156 x 156 mm2, depending on the laser writing speed,
which is typically on the order of m/s. Furthermore very narrow front contacts may
be formed, since the minimum feature size is defined by the laser beam and may be
down to ∼ 20 µm, which reduces the shadow loss compared to conventional, screen-
printed front contacts with typical widths of ∼ 100 µm. Thus, laser doping is a very fast
and potentially scalable method of producing selective emitters and self-aligned front
contacts.

In order to achieve a selective emitter without the use of multiple high-temperature
process steps and photolithography, laser doping and subsequent self-aligned Ni/Cu-
plating has been suggested by several groups [94, 96, 151]. The laser-doped selective
emitter (LDSE) process offers excellent sheet resistance control, self-alignment of front
metal contacts to the local highly doped areas and a fast, low-temperature process
scalable to industrial throughput. Hallam et al. achieved 19.3% efficiency for a LDSE
solar cell on large-area CZ Si substrates using an industrial turnkey production line
with the addition of laser-doping and plating [97]. The LDSE process has also been
successfully applied to bifacial silicon solar cells [98]. An important feature of the LDSE
cell process is the replacement of screen-printed Ag front contacts with plated Ni/Cu-
contacts. Due to the economic benefits of replacing Ag by Cu in the solar industry [46]
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and the extensive studies of Ni/Cu-plating applied for Si solar cells [99–102] the self-
aligned, high-performing Ni/Cu-plated front contacts is an important and promising
feature of LDSE solar cells.
This chapter presents LDSE black Si solar cells fabricated on p-type CZ Si substrates
textured by a single step, maskless RIE process. To our knowledge this combination has
not been previously reported and the resulting cell is thus considered a first proof-of-
concept. The emitter diffusion and surface passivation were not fully optimized, since the
main goal of this study was the combination of LDSE and RIE-texturing. The primary
objective of this work is to investigate how laser doping and plating processes are affected
by the RIE-textured surface and vice versa. It is not obvious how a differently textured
surface affects e.g. electrical properties of the laser doped regions and subsequent plating.
The surface topology may alter the interaction between the laser beam and the material.
Thus a different emitter profile may change the defect generation and risk of Schottky
contact formation. Besides laser doping and plating, several process steps could be
affected by changing from conventional to RIE-texturing: Emitter diffusion could change
with effective surface area and deposition of anti-reflective coating may not yield the
expected layer thickness and uniformity due to the nanostructured front surface. Such
effects could then further affect the subsequent laser doping and plating processes. An
example hereof is spurious plating on the surface in case of pinholes in the dielectric
coating resulting from the altered surface topology.

Furthermore there are several aspects in which RIE-texturing potentially could im-
prove the quality of the laser doping and plating processes:

• No or reduced beam coupling of the laser beam on the nanostructured Si surface.
On conventional alkaline-textured surfaces, beam coupling is a well-known [103]
issue, which leads to increased laser damage at the edge of the laser-doped area.
Figure 5.2 from [103] shows a sketch of laser beam coupling on alkaline-textured
surfaces. The hypothesis for black Si is that the structures are too small to couple
the beam and that laser defects at the edge may therefore be avoided or minimized.

• Higher absorption of 532 nm photons in black Si compared to conventionally tex-
tured Si. This may lead to more effective doping, possibly realized at lower laser
powers compared to conventional surfaces. Besides reducing the overall power
budget of the cell production, reduced laser powers may also lead to reduced laser
damage.

• A smaller volume of Si has to be melted per unit area illuminated by the laser
in order to achieve a flat surface after re-solidification. A completely flat surface
after laser doping may benefit the subsequent plating in order to achieve uniform
and controlled plating.

For these reasons there is a need for an investigation of maskless RIE-textured LDSE
solar cells.

5.2 Fabrication

The maskless RIE process presented in this work is applied as the texturing step in the
following solar cell fabrication process:
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Figure 5.2: Sketch of laser beam coupling on conventionally textured Si surfaces
taken from [103]. Beam coupling may cause laser defects such as pinholes or isolated
Si balls at the edge of the laser-doped region.

• Saw damage removal by etching in 30% KOH at 75 ◦C for 2 minutes and subsequent
cleaning in 20% HCl at room temperature for 5 minutes and rinsing in deionized
water.

• Texturing using maskless RIE at room temperature in a O2 and SF6 plasma with
a gas flow ratio of O2:SF6 ∼ 1:1, chamber pressure of 24 mTorr, 13.56 MHz radio-
frequency platen power of 100 W using a SPTS RIE system.

• Emitter formation using a tube furnace from Tempress Systems with liquid POCl3
as dopant source at a temperature of 770 ◦C and atmospheric pressure for 30 min
in O2 ambient, followed by post-oxidation at 850 ◦C for 40 min and removal of
phosphor-silicate glass (PSG) in 5% hydrofluoric acid (HF).

• Plasma enhanced chemical vapour deposition (PECVD) of 75 nm hydrogenated
amorphous silicon nitride (SiNx:H) anti-reflective coating at 400 ◦C using a Roth
& Rau MAiA tool.

• Screen-printing of Al rear contact with standard Al paste, which was fired using
a Sierra Therm infra-red fast-firing furnace, with a peak temperature set point of
835 ◦C and a belt speed of 4500 mm/min.

• Laser doping of the front surface using spin-on of 85% phosphoric acid as doping
source followed by laser doping using a continuous wave laser at a wavelength of
532 nm, 20 W laser power and 2-4 m/s laser scan speed.
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• Light-induced plating of Ni acting as seed and barrier layer for the subsequent Cu
plating

• Ni sintering using rapid thermal processing (RTP) in N2 ambient at 350 ◦C for 2
minutes

• Light-induced plating of Cu onto the Ni seed layer

• Edge isolation by laser ablation using a 20 W Nd:YAG Lee laser tool.

The starting substrates were 25x25 mm2 p-type, CZ mono-crystalline Si with a thickness
of 200 µm and a resistivity of 1-3 Ω cm.

Figure 5.3 shows a schematic cross-section of the fabricated solar cell.

Figure 5.3: Sketch of the black Si LDSE solar cell structure. The cells are textured
in a single-step, maskless RIE process. The highly doped regions of the selective
emitter is formed by means of local laser doping using phosphoric acid dopant and a
continuous wave laser. The rear contact is screen-printed and fired Al and the front
contacts are plated Ni/Cu. The dimensions of the different layers are not to scale.

5.3 Characterization

J-V curves and photovoltaic performance including short-circuit current density, JSC,
open-circuit voltage, VOC, fill factor, FF, and power conversion efficiency were measured
on complete cells under 1 sun illumination (1000 W/m2, AM1.5G) using a ELH halogen
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light source, Advantest TR6143 DC Source Measurement Unit and Labview software for
data collection. The illumination was calibrated using the known short-circuit current
of a reference mono-crystalline Si screen-printed solar cell.

A LEO 1550 Scanning Electron Microscope (SEM) was used to characterize the
nanostructured surface topology.

Suns-VOC [113, 114] measurements were performed using a Sinton WCT-120 Lifetime
tester. The JSC value from the J-V measurement was used in the Suns-VOC measure-
ments.

Reflectance was measured using a Perkin Elmer integrating sphere and spectrometer.
The absorptance was measured using a center mount sample holder inside the integrating
sphere.

External Quantum Efficiency (EQE) was measured without bias light using a PV
Measurement QE system and Internal Quantum Efficiency (IQE) was calculated based
on the EQE and reflectance measurements.

Photoluminescence (PL) [116] was measured at open-circuit conditions using a BTi
luminescence imaging tool.

Cross-sectional Focused Ion Beam (FIB)/SEM images of the plated Ni/Cu front
contacts were taken using a Helios Nanolab 600 tool from FEI.

5.4 Results

Figure 5.4 shows a SEM image of the RIE-textured Si surface of the LDSE solar cell
before any further processing.

Figure 5.4 shows a SEM image of the RIE-textured Si surface at 40◦ tilt before any
further processing. The nanostructures have a height of ∼ 300-500 nm and a distance
between the structures of ∼ 300-500 nm. The nanostructures are conical-like hillocks
randomly distributed across the entire solar cell surface.

The fabricated RIE-textured LDSE solar cells were characterized under 1 sun illu-
mination (1000 W/m2, AM1.5G). Figure 5.5 shows the measured (J-V)-curve of the best
black Si LDSE cell at 1 sun. The short-circuit current density, JSC, is 36.3 mA/cm2 and
open-circuit voltage, VOC, is 624 mV. The power conversion efficiency is 18.1% and the
fill factor, FF, is 80.1%.

Figure 5.6 shows the pseudo light IV-curve and Suns-VOC measurement of the best
black Si LDSE cell.

The pseudo light J-V-curve and Suns-VOC measurement seen in Figure 5.6 shows
that the best black Si LDSE cell has a pseudo fill factor, pFF, of 82.3% and a pseudo
power conversion efficiency, pEff, of 18.7% without the effect of series resistance. The
high pFF indicates that shunting is low and the pseudo efficiency indicates that se-
ries resistance accounts for ∼ 0.6% point efficiency loss compared to the actual power
conversion efficiency. The linearly increasing relationship between the illumination and
VOC seen in the bottom part of Figure 5.6 indicates that neither shunting nor Schottky
contacts are significant for the best black Si LDSE cell. This is encouraging considering
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Figure 5.4: SEM-image at 40◦ tilt of the RIE-textured Si surface before any further
processing. The nanostructures have a height of ∼ 300-500 nm and a distance
between the structures of ∼ 300-500 nm. The nanostructures are conical-like hillocks
randomly distributed across the entire solar cell surface.

the effect texturing may have on laser doping and plating processes, which could lead
to increased defect generation. This does not seem to be the case from the Suns-VOC

measurement. The increase in VOC for intensities of 6-7 suns compared to the double
diode model may be due to saturation of the surface recombination, which dominates
the cell performance at 1 sun.

Table 5.1 shows measured JSC, VOC, power conversion efficiency and FF for three
different RIE-textured LDSE solar cells processed at three different laser speeds.

RIE-textured LDSE solar cells

Laser Speed Efficiency [%] JSC [mA/cm2] VOC [V] FF [%] pFF [%]

2m/s 17.5 36.0 0.624 77.9 81.0

3m/s 18.1 36.3 0.624 80.1 82.3

4m/s 17.5 35.8 0.624 78.4 82.0

Table 5.1: Power conversion efficiency, short-circuit current density, open-circuit
voltage and fill factor at 1 sun illumination (1000 W/m2, AM1.5G) of conventionally
and RIE-textured LDSE Si cells with laser speeds of 2, 3 and 4 m/s, respectively.
Furthermore, the pseudo fill factor, pFF, determined by Suns-VOC measurements is
given.

The results in Table 5.1 show that the three RIE-textured LDSE solar cells have
efficiencies in the range 17.5-18.1%. The differences are primarily due to differences in
FF. The different fill factors may be explained by the different laser speeds according
to the result in Figure 5.7, which shows Suns-VOC at low injection for the three RIE-
textured LDSE cells with different laser speeds.
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Figure 5.5: Current density-voltage characteristic of the best black Si LDSE solar
cell under 1 sun illumination (1000 W/m2, AM1.5G). The short-circuit current
density, JSC, is 36.3 mA/cm2 and open-circuit voltage, VOC, is 624 mV. The power
conversion efficiency is 18.1% and the fill factor, FF, is 80.1%

Figure 5.7 shows that a laser speed of 3 m/s leads to the highest open circuit voltage
at low injection and an almost linear relationship between VOC and illumination intensity.
The cell processed at a laser speed of 2 m/s has significantly lower VOC at low injection
and a less linear relationship between VOC and intensity. This is also reflected in the
lower pFF of this particular sample.

Figure 5.8 shows the dark-IV curves (semi-logarithmic plot) of the three RIE-
textured LDSE cells with different laser speeds. Based on the dark-IV curves in Figure
5.8 the ideality factor of each cell was found: The inverse slope at the linear part of the
curve, close to the maximum power point, is 306.2, 72.3 and 94.7 mV/decade for 2, 3 and
4 m/s, respectively. This corresponds to ideality factors of 5.1, 1.2 and 1.6, respectively.
Thus, the cell processed at 3 m/s, which had the highest efficiency of the three, is also
the closest to an ideal diode, whereas the cell processed at 2 m/s is very far from an
ideal diode. The dark IV result confirms the trend of the Suns-VOC measurement in
Figure 5.7.

After Ni/Cu-plating it was clear that significant spurious plating had occurred and
that the surface had local scratches and pinholes through the dielectric, in which Ni
and Cu has plated unintentionally. The top part of Figure 5.9 shows photographs of
the finished cells where the plating defects are visible. The bottom part of Figure 5.9
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Figure 5.6: Result of the Pseudo Light J-V (top) and (bottom) Suns-VOC

measurement of the best black Si LDSE cell processed at a laser speed of 3 m/s. The
measurement shows a pseudo fill factor, pFF, of 82.3 % and a pseudo efficiency, pEff,
of 18.7 % without the effect of series resistance.

shows a SEM-image of the RIE-textured surface of the final cells, where an example of
the spuriously plated Ni/Cu is also visible. In order to investigate the lines defined by
the laser, optical microscope images were taken. The top image in Figure 5.10 shows
an optical microscope image of laser-doped lines on the RIE-textured Si surface. The
images in Figure 5.10 were taken at the point where a metal finger intersects the busbar.
The laser-scribed lines are approximately 20 µm wide with ∼ 5 µm laser damage on each
side of the lines. Note that each busbar consists of 10 separate lines about 20 µm wide,
spaced ∼ 80 µm apart and metallized in the same light-induced plating process as the
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Figure 5.7: Suns-VOC measurement at low injection of three black Si LDSE cells
processed at laser speeds of 2, 3 and 4 m/s, respectively.

fingers. The middle image of Figure 5.10 shows an optical microscope image of the
Ni/Cu-plated metal lines in this case from the busbar lines. It is seen that the plated
contacts are between 18 and 28 µm wide. The total contact fraction is ∼ 2.5 % of the
total cell area assuming 23 µm wide fingers. The bottom image in Figure 5.10 shows a
top-view SEM-image of a Ni/Cu-plated line. In the SEM-image an example of spurious
metal plating is also seen.

Figure 5.11 shows a SEM-image of the cross-section of a laser-doped line plated
with Ni/Cu. The cross-section was defined by a Focused Ion Beam (FIB). The plated
metal line is ∼ 30 µm wide and ∼ 10 µm in height. The layer on top of the Ni/Cu-line
is Pt used solely for sample protection during FIB cutting. Note that the black silicon
nanostructures can be seen on the sides of the laser-doped line. The nanostructures are
not seen in the laser-doped region in the center of the plated Si region, since the Si in
this region has been melted and re-solidified during the laser doping process. Figures
5.12 and 5.13 show SEM-images of the interface between the nanostructured Si surface
and the plated Ni/Cu at higher magnification.

Figure 5.14 shows EQE and IQE of the complete 18.1% cell and total reflectance
of the RIE-textured Si with ∼ 75 nm SiNx:H anti-reflective (AR) coating, before any
further processing. The IQE is calculated from the measured EQE and reflectance. The
IQE plotted in Figure 5.14 might be underestimated, since the reflectance was measured
on textured Si with AR-coating but without any metal, while the EQE was measured
on the complete cell. The beam spot of the light source of the EQE-measurement was
placed between two metal fingers, but any metal present within the beam spot of the
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Figure 5.8: Dark IV-characteristic of three different black Si LDSE cells.

EQE-measurement, such as spuriously plated metal, will increase reflectance and thus
decrease EQE and thereby the calculated IQE, since the reflectance on Figure 5.14 is
measured without any metal on the surface. The low IQE for short wavelengths may be
due to a too highly doped emitter resulting in increased Auger recombination and may
also be due to increased surface recombination at the nanostructured Si surface.

The measured short-circuit current density can be compared to the expected value
calculated from the EQE and the solar spectrum to verify consistency in the measure-
ments. Let Eλ(λ) be the solar spectral irradiance as a function of wavelength λ accord-
ing to AM1.5G and Qext(λ) the measured EQE. Then the spectral current density is
Jλ(λ) = qλEλ(λ)Qext(λ)/(hc) since hc/λ is the photon energy and q the unit charge,
while h is Planck’s constant and c the vacuum speed of light. It follows that the expected
short-circuit current density is

JSC =

∫ λmax

λmin

qλ

hc
Eλ(λ)Qext(λ) dλ. (5.1)

A numerical integration using λmin = 300 nm and λmax = 1200 nm results in the
expected short-circuit current density 36.5 mA/cm2 which is in almost perfect agreement
with the 36.3 mA/cm2 that was measured.
Figure 5.15 shows the total reflectance of the RIE-textured surface with AR-coating
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Figure 5.9: (Top) Photographs of two of the final black Si LDSE solar cells. The
images show significant spurious plating of Ni/Cu and scratches in the front surface.
(Bottom) SEM-image at 52◦ tilt of the RIE-textured surface of the final black Si
LDSE solar cell surface. The SEM-image also shows examples of spuriously plated
Ni/Cu.
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Figure 5.10: (Top) Optical microscope image of the laser-doped lines on the black
Si front surface before Ni/Cu-plating. (Middle) Optical microscope image showing the
width of the Ni/Cu-plated metal lines in this case from the busbar. (Bottom)
Top-view SEM-image of a Ni/Cu-plated metal line.
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Figure 5.11: SEM-image at 52◦ tilt showing the cross-section of a Ni/Cu-plated
metal line. The cross-section was defined by a Focused Ion Beam (FIB). The plated
metal line is ∼ 30 µm wide and ∼ 10 µm in height. The layer seen on top of the
Ni/Cu-line is Pt used solely for sample protection during FIB cutting. Note that the
black silicon nanostructures are visible at the edges of the plated Ni/Cu line.

before and after Ni/Cu-plating, respectively, as function of wavelength. From Figure
5.15 it is clear that after metal plating the reflectance of the complete cell increases
significantly. However, the increase is presumably partly due to the spurious plating
seen in Figure 5.9. The beam spot size of the light source in the reflectance measurement
was ∼ 2 cm in diameter and covered the majority of the cell area including the busbar
and metal fingers.

Figure 5.16 shows an open-circuit photoluminescence (PL) image of the 18.1% cell
after Ni plating and sintering. The PL-image in Figure 5.16 shows increased recombi-
nation at the laser-doped, Ni-plated busbar and fingers, which is expected for Si-metal
interfaces. Furthermore, circular points or agglomerations of lower PL-signal intensity
can be seen all over the surface. This indicates that the firing temperature used after
rear Al screen-printing was slightly too high for the particular samples, leading to a
non-uniform back-surface field.

5.5 Discussion

The power conversion efficiency of 18.1% of the black Si LDSE cell fabricated in this
work is comparable to the best efficiencies reported to date for front-contacted black
Si solar cells [63, 89, 91]. Table 5.2 shows selected cell results reported for black Si
solar cells [20]. From Table 5.2 it appears that the cell in this work has superior fill
factor compared to existing black silicon cells, while JSC and VOC are on par or slightly
reduced compared to [89] and [63]. The impressive efficiency result reported in [92]
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Figure 5.12: SEM-images at 52◦ tilt showing the cross-sectional interface between
the RIE-textured Si surface and the plated Ni/Cu at two different magnifications.
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Figure 5.13: SEM-image at 52◦ tilt showing the cross-sectional interface between
the RIE-textured Si surface and the plated Ni/Cu line. The nanostructures are seen
adjacent to the Ni/Cu-plated line.

State-of-the-art Black Si cell results

Author Texture Eff. JSC VOC FF Cell Type
[%] [mA/cm2] [V] [%] Passivation, Cell Area

This work RIE 18.1 36.3 0.624 80.1 CZ LDSE
SiNx, 6.25 cm2

Repo et al. RIE 18.7 39.2 0.632 75.8 FZ PERL
[89] ALD Al2O3, 4 cm2

Yoo et al. RIE 16.7 36.8 0.617 76.0 CZ Screen-printed
[90] SiNx, 156.25 cm2

Oh et al. MACE* 18.2 36.5 0.628 79.6 FZ, evaporated contacts
[63] Thermal SiO2, 0.8081 cm2

Wang et al. MACE* 18.2 41.3 0.598 75.1 CZ, evaporated contacts
[91] ALD Al2O3, 0.92 cm2

Savin et al. RIE 22.1 42.2 0.665 78.7 FZ, IBC
[92] ALD Al2O3, 78.5 cm2 (4”)

Table 5.2: Selected black silicon solar cell results reported in literature. The table
shows power conversion efficiency, JSC, VOC, fill factor, type of solar cell and Si
substrate. For further details about the cell type we refer to the references.
*Metal-Assisted Chemical Etching (MACE).
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Figure 5.14: External and Internal Quantum Efficiency and total reflectance as
function of wavelength of the 18.1% black Si LDSE solar cell. The reflectance data are
for RIE-textured Si with AR-coating before any further processing. The IQE is
calculated based on the measured EQE and reflectance of the surface measured before
laser and plating processes. EQE was measured without any bias light.

may be partly explained by the interdigitated-back-contact (IBC) cell design typically
resulting in higher JSC. The higher efficiency and VOC reported in [92] and [89] may be
partly explained by the use of higher-quality FZ Si material.

The lack of improvement to JSC and VOC of the black Si LDSE cell in this work
may be explained by the unintentionally too heavily doped emitter, inadequate surface
passivation and the unintentional spurious plating; optimized processing is thus expected
to improve both key parameters significantly. The very high fill factor on the other hand
is due to a near optimum laser power and scan speed used during laser doping of the
best device, resulting in very low contact resistance. We note that the optimum laser
doping conditions are different from those on planar silicon probably due to stronger
coupling of the laser power into the structure.

In general, this result is encouraging considering that industrial grade CZ Si wafers
were used and that the complete cells in this work were not fully optimized: First of all
the cells had significant spurious plating as shown in Figure 5.9. This induces a direct
loss of current, since the reflectance of the complete cells is significantly higher than a
similar cell without spurious plating. The reflectance difference is shown in Figure 5.15
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Figure 5.15: Total reflectance of the RIE-textured Si surface with AR-coating
before and after laser doping and Ni/Cu-plating, respectively, as function of
wavelength. The beam spot size of the light source was ∼ 2 cm in diameter and
covered the majority of the cell area including the busbar and metal fingers.

and the additional average reflectance in the range 300-1000 nm attributed only to spu-
rious plating can be estimated by the following considerations: The average integrated
reflectance in the range 300-1000 nm is 1.20% before plating and 6.38% after plating.
The front contact grid only covers ∼ 2.5% of the cell area assuming 23 µm wide fingers.
Based on the metal grid coverage the grid itself only accounts for additional reflectance
of ∼ 1.23% assuming 50% reflectance of Cu in the wavelength range 300-1000 nm. The
spurious plating must account for the difference between the additional reflectance after
plating and reflectance from the grid. Thus the spurious plating accounts for ∼ 3.95%.
This is a direct reflection loss, which can be at least partly avoided by minimizing spuri-
ous plating. Furthermore, spurious plating in scratches such as seen in Figure 5.9 is likely
to cause increased surface recombination, since the plated metal contacts directly to a
lightly doped emitter, which shields minority carriers less than a heavily doped emitter,
thus causing enhanced recombination at the metal-Si interface. It is however encourag-
ing that the Suns-VOC measurement in Figure 5.6 does not indicate any increased defect
generation or Schottky contact formation.

The Suns-VOC result in Figure 5.7 indicates the relationship between laser speed
and pseudo FF. From the result in Figure 5.7 it seems that 3 m/s leads to the most
ideal performance, ultimately leading to a higher FF and power conversion efficiency
than the cells processed at 2 and 4 m/s, respectively. The lower VOC at low injection
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Figure 5.16: Open-circuit Photoluminescence (PL) image of the cell after Ni plating
and sintering, but before Cu plating and edge isolation. The feature in the bottom
left corner of the image is due to the shape of the screen-printed Al on the rear.

for the cell processed at 2 m/s may be due to increased laser damage at the slower scan
speed leading to increased SRH recombination in the laser doped regions. The pseudo
FF of the cell processed at 4 m/s is almost as high as for 3 m/s. However, the FF
is still significantly lower, which indicates that the problem for this cell is rather series
resistance. This may be due to a lighter doping caused by the faster scan speed. Thus, it
seems that a laser speed of 3 m/s is close to the optimal compromise between minimized
laser damage and minimized series resistance for RIE-textured laser-doped solar cells.

Assuming that the spurious plating is due to pinholes and other non-uniformities in
the dielectric AR-coating, the problem could be minimized by increasing the thickness
of the SiNx:H layer. The layer may be even thinner than expected, because the deposi-
tion rate in the PECVD process may not be the same for RIE-textured Si compared to
conventionally textured Si. Even a non-uniform layer would not induce spurious plat-
ing as long as the dielectric layer is completely covering the Si surface with sufficient
thickness to completely isolate the surface from the plating electrolyte. It is assumed
that the required pretreatment using hydrofluoric acid (HF) immediately prior to Ni
plating further increases the risk of pinholes, since the SiNx:H coating is etched by HF
to some degree. A negative effect of increasing the SiNx:H thickness could be increased
reflectance and parasitic absorption in the AR-coating. However, the AR-properties of
the SiNx:H coating are less critical on RIE-textured Si, due to the very low reflectance
from the black Si surface itself. The increased absorption in the AR-coating could be
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minimized by adjusting the layer thickness and the HF process in order to minimize
pinholes, while maintaining an acceptably low parasitic absorptance in the AR-coating.

The phosphorus emitter was too heavily doped resulting in a sheet resistance of 40
Ω measured with a 4-point probe after phosphorus diffusion. This was unintentional,
since the full area sheet resistance of such selective emitter should ideally be on the
order of 100 Ω, which was also measured on planar Si reference wafers from the same
diffusion process. This suggests that the decreased sheet resistance is due to faster
diffusion of dopant atoms through the nanostructured Si surface. By decreasing time and
temperature of the diffusion process, we expect to improve the emitter in future studies.
From the QE measurement seen in Figure 5.14 a significant decrease in EQE and IQE
is seen for wavelengths below 600 nm. This indicates significant emitter and surface
recombination, which is expected from black Si, if the surface is not well passivated.
Since a standard SiNx:H AR-coating was used as the only passivation layer on these
cells, it is expected that the short wavelength response can be significantly improved
in future studies by optimizing the SiNx:H coating or by applying different dielectric
coatings.

From the PL-image in Figure 5.16 small circular structures with slightly lower PL-
signal can be seen. We suggest that this is due to a too high firing temperature used for
rear Al screen-printing on these particular samples. We expect this to be improved in
future studies.

By combining the potential improvements mentioned above significantly higher
power conversion efficiency of this new kind of cell structure is expected. This will
be investigated in future studies.



Chapter 6

Emitter and Passivation

6.1 Passivation by Atomic Layer Deposition

The primary drawback of black Si is the high surface recombination velocity resulting
from the large surface area of the nanostructures and the plasma damage after textur-
ing. In order to reduce the surface recombination velocity good passivation of the Si
surface must be obtained. Based on the IQE and calculated current loss of black Si
cells passivated with conventional SiNx:H AR-coating as presented in Chapters 4 and
5, it appears that standard SiNx:H passivation is not sufficient to fully solve the issue
of increased surface recombination. Several groups have reported excellent passivation
[104–108] and promising cell results [112] on Si and black Si [109, 110], respectively,
using Al2O3 deposited by atomic layer deposition (ALD). Specifically, Otto et al. [109]
reported 1.475 ms effective minority carrier lifetime at an injection level of 5 × 1015

cm−3 corresponding to a surface recombination velocity (SRV) of 13 cm/s for black Si
passivated by ALD Al2O3. For comparison Otto et al. measured SRV of 12 cm/s for
the planar Si reference, meaning that the normally increased surface recombination for
black Si was successfully suppressed. Similarly, Savin et al. [110] reported SRV values
between 9 and 22 cm/s for ALD-passivated black Si depending on resistivity and cal-
culation methods. von Gastrow et al. [111] reported SRV values below 7 cm/s at an
injection level of 1 × 1015 cm−3 for black Si surfaces passivated by ALD Al2O3. It should
be noted that these values are strongly injection dependent and that minority carrier
lifetime typically decreases with increasing injection.

In ALD the material deposition happens one atomic layer at a time, since the depo-
sition method is completely surface-controlled. Thus, by first saturating the Si surface
with one precursor (tetra-methyl-aluminium (TMA) in the case of Al2O3 deposition)
and then introducing a second precursor (an oxidizer such as water or ozone), exactly
one atomic layer of the reaction product (Al2O3 in the case of TMA and H2O as precur-
sors) is deposited. By purging the chamber and repeating this cycle a number of times,
a given layer thickness can be deposited with a precision of ∼ 1 Å. Figure 6.1 shows
an ellipsometer measurement of the Al2O3 thickness distribution across a polished 4” Si
wafer after 300 ALD cycles. Figure 6.2 shows a SEM-image of black Si passivated with
Al2O3 deposited by ALD. Presumably there are two explanations behind the excellent
passivation of black Si using ALD Al2O3:

81
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Figure 6.1: Ellipsometer measurement of the Al2O3 thickness distribution across a
polished 4” Si wafer after 300 ALD cycles. The thickness varies 0.35 nm across the
entire wafer and the deposition rate is 0.9 Å per cycle.

• Conformal coating of the nanostructured topology due to the deposition of a single
atomic layer at a time.

• Passivation contributions from both chemical passivation and field-effect passiva-
tion due to the negative fixed charges in Al2O3.

In this project, a series of different ALD passivation tests were performed on black Si
surfaces and planar Si surfaces for comparison. Different process parameters such as layer
thickness, deposition temperature, oxidising precursor and post-annealing temperature
were varied. Two different ALD systems were used; Picosun ALD R200 (DTU) and
Cambridge Nanotech Savannah S100 (UNSW), and the resulting test structures were
characterized by microwave photo-conductance decay (µ-PCD, Semilab WT-2000) at
Aarhus University and quasi steady-state photo-conductance decay (QSSPC, WCT-
120 Sinton Instruments) at UNSW, respectively. Figure 6.3 shows the typical output
from µ-PCD lifetime measurements; a colour graph of the measured minority carrier
lifetime across the wafer. The advantage of the µ-PCD measurement is the spatial
resolution, which enables identification of localized defects or contamination that affect
the measured average lifetime. The advantage of QSSPC is the ability to vary the
carrier injection level and directly get calculated values for saturation current density,
j0, and implied open-circuit voltage, iVOC, which the Sinton tool automatically outputs.
iVOC may be extracted directly from QSSPC-measurements, since the excess carrier
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Figure 6.2: SEM-image showing a black Si surface passivated with Al2O3 deposited
by ALD. The image illustrates the conformal covering of the nanostructures achieved
by ALD. The Al2O3 can be seen as a slightly lighter colour on top of the
nanostructures.

generation is given by [122]

(∆n+NA) ∆n

n2
i

= eq(iVOC)/kT , (6.1)

which enables the determination of implied voltage at different excess carrier concentra-
tions. In practice, iVOC is extracted at 1 sun light intensity on a graph similar to the
graph in Figure 6.4 (bottom, left). The saturation current density, j0, similarly relates
directly to the excess carrier density and the measured effective lifetime by re-arranging
equation 2.11 [123] such that

1

τeff
= 2

j0
qW

(
NA + ∆n

n2
i

)
+

1

τb
, (6.2)

where W is the wafer thickness.

Injection level may also be varied in µ-PCD measurements, but in this project
the two methods were used in a complementary way in order to investigate injection
dependence with QSSPC and spatial variations with µ-PCD measurements. Figure 6.4
shows a typical output from a Sinton QSSPC lifetime measurement. When comparing
measured lifetimes from µ-PCD and QSSPC, respectively, it is important to consider the
injection level, since lifetime is strongly dependent on injection level as shown in Figure
6.4. In the case of QSSPC the average lifetime was extracted at a carrier injection level
of 2× 1016 cm−3. This injection level was chosen, because the measured inverse lifetime
curves gave the best linear fit as function of minority carrier density at this value for
most samples. Such linear fit is needed in order to extrapolate the saturation current
density, j0, and implied open-circuit voltage, iVOC [65, 113] according to equation 6.1
and 6.2. The average injection level for µ-PCD was 1.5-1.9 × 1016 cm−3. The average
lifetime from µ-PCD measurements is the spatial average over a full 4” wafer.

A third option for characterizing the lifetime is photoluminescence (PL) measure-
ments that give the spatial resolution like µ-PCD. Figure 6.5 shows an example of a
PL measurement on ALD-passivated black Si. The image in Figure 6.5 shows how
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Figure 6.3: Example of the output from µ-photoconductance decay measurement of
the minority carrier lifetime of an ALD-passivated black Si sample. The color graph
in the upper left corner shows the spatial distribution of measured lifetimes across a
4” wafer. The smaller graphs in the bottom show the statistical distribution of
measured lifetimes.

PL may be used to identify spatial variations in lifetime and overall solar cell perfor-
mance. The PL signal scales with the effective lifetime and implied open-circuit voltage
[65, 113, 114, 116], since the PL intensity, IPL, is related to the separation of the quasi
Fermi levels, ∆η, according to [114, 115].

IPL ∝ rsp =
n2

r

π2~3c2

∫ ∞

0
(~ω)2αBB(~ω) exp

(−~ω
kT

)
exp

(
∆η

kT

)
d(~ω), (6.3)

where rsp is the rate of spontaneous emission, nr is the refractive index, αBB is the
black-body absorptivity and ω is the angular frequency. Equation 6.3 is analogous to
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Figure 6.4: Example of the output from a quasi-steady state photoconductance
(Sinton WCT-120) measurement of the minority carrier lifetime of an ALD-passivated
black Si sample. The graph in the upper left corner shows the measured
photoconductance as a function of time. The upper right graph shows the inverse
carrier lifetime as function of the minority carrier density. The bottom left graph
shows the calculated implied open-circuit voltage as function of illumination and the
bottom right graph shows the minority carrier lifetime as function of carrier density
(injection).

equation 2.19, which relates the EQE of the solar cell to its luminescence emission,
but given here in terms of the separation of quasi Fermi levels, ∆η, integrated over all
angular frequencies representing the entire wavelength range, which is more applicable
for semiconductor materials that are not necessarily complete solar cells.

In this case the ALD-passivated black Si wafer in Figure 6.5 clearly has a defect
in the bulk or a scratch in the passivation layer, which affects the spatially averaged
effective lifetime.

Throughout this project several batches of polished and black Si test wafers passi-
vated with ALD Al2O3 have been fabricated and characterized. Since the objective of
this work is to optimize the passivation of black Si, the focus in this chapter will be on
the obtained carrier lifetimes and how these compare with results from the literature
and other passivation techniques such as the ’standard’ passivation of industrial Si solar
cells; SiNx:H deposited by PECVD. These results are based on a more detailed opti-
mization of ALD-passivated black Si done primarily by Manuela Heiss [117], but only
selected results will be presented here for clarity. However, a few key conclusions from
this work are:

• A layer thickness of 30 nm Al2O3 is needed to passivate black Si. Thicker layers
do not further reduce surface recombination.
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Figure 6.5: Example of the output from a photoluminescence (PL) measurement of
an ALD-passivated black Si sample.

• Water seems to be a better choice compared to ozone as oxidizing precursor in the
ALD process. This may be due to issues with the specific ALD system used in
this work and may differ for other ALD systems.

• Using RCA11 as pre-cleaning immediately prior to the ALD process yields better
passivation than a full RCA clean and better than no pre-cleaning at all.

• Removal of native oxide by buffered HF immediately prior to the ALD process
increases surface recombination compared to samples without any HF pre-cleaning.
It seems the native oxide plays a crucial role in the passivation quality.

• The optimal deposition temperature is 200 ◦C for p-type Si and 150 ◦C for n-type
Si.

• Annealing for 15 min in N2 atmosphere significantly improves the passivating ef-
fect. Annealing temperature of 350-375 ◦C is optimal. Later studies have indicated
that 400-425 ◦C yields better results, so it seems the ideal annealing temperature
depends on the annealing method and tool.

1RCA = Radio Corporation of America. A full RCA clean consists of RCA1 and RCA2, both
performed at a temperature of 80 ◦C for 10 minutes, plus intermediate HF and water rinsing steps.
RCA1 consists of NH4OH, H2O2 and water, while RCA2 consists of HCl, H2O2 and water.
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It should be stressed that these conclusions are solely based on the optimization done
in this work using a specific ALD tool (Picosun R200 at DTU) and with a focus on
optimized passivation of black Si. Thus the conclusions may not be generalized and
used in other cases. The ALD systems used in this work are thermal ALD. Plasma ALD
should also be investigated for comparison, but this was out of the scope of this work.

Table 6.1 lists the selected samples used in the passivation tests summarized in Table
6.2. All ALD samples were symmetric test samples passivated by Al2O3 on both sides;
as deposited in the chamber. Table 6.2 presents an overview of the obtained results
on average and maximum minority carrier lifetime results for selected black Si (bSi)
samples passivated by ALD Al2O3 and PECVD SiNx:H, respectively. The table further
shows average and minimum surface recombination velocity (SRV), implied open-circuit
voltage (iVOC) and saturation current density (j0)2 calculated directly from the measured
lifetimes.

Sample ρ [Ω cm] Type W [µm] Passivation Deposition Tool

1 5† CZ n ssp* 525 30 nm Al2O3 Picosun

2 5† CZ n bSi ssp 525 30 nm Al2O3 Picosun

3 5† CZ p bSi ssp 525 30 nm Al2O3 Picosun

4 5† CZ n bSi ssp 525 30 nm Al2O3 Picosun

4’ 1.6† CZ n bSi ssp 525 30 nm Al2O3 Picosun

5 1.6 CZ p bSi np** 195 30 nm Al2O3 Cambridge

6 5† CZ n bSi ssp 525 30 nm Al2O3 Picosun +

+ 45 nm SiNx:H SPTS PECVD

7 5† CZ p bSi ssp 525 60 nm SiNx :H SPTS PECVD
8 1.6 CZ p bSi np 195 50 nm Al2O3 Cambridge

Table 6.1: Overview of selected black Si samples passivated by different ALD and
PECVD systems, respectively. The table shows the measured (or assumed) wafer
resistivity, ρ, the Si wafer type and thickness, W, the passivation layer and the
deposition tool. Note that sample 4’ is sample 4 but with a different assumed
resistivity for comparison.
*ssp = single-side polished
** np = non-polished
† assumed resistivity.

The results in Table 6.2 generally show significantly higher lifetimes of ALD Al2O3

on black Si compared to the conventional PECVD SiNx:H (sample 7). However, the
non-textured (polished), ALD-passivated sample 1 still has higher lifetime than the best
of the ALD-passivated black Si samples. This is expected in any case, due to the larger
and more defected surface, as discussed previously. Yet, minimum SRV values for some
black Si samples are comparable to the average and minimum value of the polished
reference sample. This indicates that spatial variations may account for part of the
observed difference. Note that the absolute values of lifetime are strongly dependent
on wafer thickness. Therefore SRV is a better and more comparable measure of the

2Implied open-circuit voltage and saturation current density was only calculated for the QSSPC
measurements, since carrier injection was not varied in µ-PCD measurements.
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Sample Tool τav τmax SRVav SRVmin iVOC j0
[µs] [µs] [cm/s] [cm/s] [mV] [fA/cm2]

1 µ-PCD 728 786 36 33 - -

2 µ-PCD 298 330 88 80 - -

3 µ-PCD 237 370 111 71 - -

4 µ-PCD 336 721 78 36 - -

4 QSSPC 160 420 164 63 649 97

4’ QSSPC 172 450 153 58 672 74

5 QSSPC 123 196 79 50 680 28

6 µ-PCD 355 687 74 38 - -

7 µ-PCD 27 80 972* 122 - -

8 QSSPC 146 180 67 54 679 30

Table 6.2: Average and maximum minority carrier lifetime results for selected black
Si samples passivated by ALD Al2O3 and PECVD SiNx:H, respectively. The table
further shows average and minimum surface recombination velocity (SRV), implied
open-circuit voltage (iVOC) and saturation current density (j0) calculated directly
from the measured lifetime. In the case of QSSPC the average lifetime was extracted
at a carrier injection level of 2 × 1016 cm−3. The average injection level for µ-PCD
was 1.5-1.9 × 1016 cm−3.
*Since the SiNx:H sample was not symmetrically passivated, the SRV may be half of
this value.

passivation quality. The implied open-circuit voltage, iVOC, is even more relevant con-
sidering potential cell performance. The highest iVOC obtained with ALD-passivation
in this work is 680 mV, which would enable improved cell efficiency in an actual black
Si solar cell compared to the cell results obtained so far. However, the obtained sur-
face recombination velocities in this work are not as low as the best results reported
in literature by e.g. Otto et al. [109] and Savin et al. [110] for black Si. This may be
due to differences in the black Si process, the ALD passivation process or a combination
of the two. The slightly higher injection level used in this work compared to certain
state-of-the-art results [109, 111] accounts for part of the difference in reported lifetimes
and SRV values.

6.2 Tunnel oxide and doped poly-Si passivation

In 2014 the world-record power conversion efficiency for Si solar cells was obtained, when
Panasonic achieved 25.6% efficiency [42] for a hetero-junction cell structure employing
doped, hydrogenated amorphous Si (a-Si). This cell type is called hetero-junction with
an intrinsic thin layer or HIT-cell in short. The record efficiency is first of all attributed to
the excellent passivation quality of hydrogenated a-Si and the fully passivated emitter
enabled by thin isolating layers allowing for tunnelling from the n- to the p-region.
Based on this promising result and the issues with increased surface recombination for
black Si, the combination of similar hetero-junction passivation on black Si seems like a
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promising approach. In order to test this assumption, symmetric lifetime test samples
were passivated in an approach similar to the HIT-cell; using doped poly-Si with an
intermediate SiO2 tunnel oxide to form a hetero-junction. This passivation stack was
grown on black Si and planar Si for comparison and the lifetime was characterized with
µ-PCD and QSSPC.

The tunnel oxide was grown wet-chemically in 68% HNO3 at 95 ◦C for 10 minutes.
This resulted in 1.2 nm SiO2. Doped poly-Si was grown by low-pressure chemical vapour
deposition (LPCVD) at a temperature of 580 ◦C using diborane (B2H6) and phosphine
(PH3) as dopant gasses for p- and n-type poly-Si, respectively, and silane (SiH4) as Si
gas source. The gas flows were 80, 7 and 7 sccm for SiH4, B2H6 and PH3, respectively.
The grown Si layer is amorphous when grown at this temperature, but was subsequently
annealed in N2 atmosphere at 800 ◦C for 60 minutes in order to increase the crystal
grain size and form poly-Si.

After fabrication the passivated planar and black Si samples were characterized by
µ-PCD, QSSPC and PL, respectively. Figure 6.6 and 6.7 shows the µ-PCD and PL
output, respectively, of the best black Si sample passivated with tunnel oxide and doped
poly-Si. For comparison the data for a representative ALD-passivated black Si sample
is shown.
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Figure 6.6: Example of the output from a µ-PCD lifetime measurement of a p-type
black Si sample passivated by 1.2 nm tunnel oxide and n-type doped poly-Si (top) and
a similar p-type black Si sample passivated by ALD Al2O3 (bottom) for comparison.
Note the difference of the scale-bars from top to bottom image. The average lifetime
of the sample passivated with doped poly is about 4 times larger than that of the
ALD-passivated sample.
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Figure 6.7: Example of the output from a photoluminescence (PL) measurement of
a black Si sample passivated by doped poly-Si and tunnel oxide (top) and ALD Al2O3

(bottom) for comparison. Note the different scale-bars on the top and bottom
PL-image, respectively. The difference in PL-signal is more than a factor of 4.
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The results in Figure 6.6 and 6.7 show that the overall passivation quality of black
Si passivated with doped poly-Si and tunnel oxide is significantly higher than that of
ALD-passivated black Si. Note that the scale-bars are different on the top and bottom
images in Figure 6.6 and 6.7. The difference in PL-signal is more than a factor of 4,
which corresponds well with the lifetimes measured by µ-PCD seen in Figure 6.6.

Table 6.3 shows the summary of the measured lifetime of polished and black Si
(bSi) passivated with tunnel oxide and doped poly-Si. Since the p-type poly-Si gave
significantly worse results than the n-type poly-Si, most of the results for p-type have
been omitted. The poor quality of the p-type poly-Si is probably due to an unoptimized
gas flow of diborane in the p-type LPCVD process.

Sample Meas. τav τmax SRVav SRVmin iVOC j0
[µs] [µs] [cm/s] [cm/s] [mV] [fA/cm2]

p poly on n Si* QSSPC 287 1320 91 20 674 199

p poly on p Si* QSSPC 25 34 1050 772 561 2610

n poly on p bSi µ-PCD 1247 5794 21 5 - -

n poly on p bSi QSSPC 294 2310 89 11 695 97

n poly on p Si µ-PCD 2663 3700 10 7 - -

n poly on p Si QSSPC 445 2890 59 9 696 56

n poly on n Si µ-PCD 1807 3300 15 8 - -

n poly on n Si QSSPC 491 4000 53 7 693 45

Table 6.3: Minority carrier lifetime results for selected polished and black Si (bSi)
samples passivated by a 1.2 nm tunnel oxide and doped poly Si. The table shows
surface recombination velocity (SRV), implied open-circuit voltage (iVOC) and
saturation current density (j0) calculated directly from the measured lifetime. In the
case of QSSPC the average lifetime was extracted at a carrier injection level of 2 · 1016

cm−3.
*Data from p-type poly-Si samples had to be extracted at lower injection levels due to
lower lifetime.

The results in Table 6.3 show that tunnel oxide and n-type poly-Si is a very effective
passivation layer both for polished and black Si. Since the extracted effective lifetime
values are strongly injection dependent, as shown in Figure 6.8, the calculated iVOC is
probably a better indication of the passivation quality, than the lifetime.
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Figure 6.8: Minority carrier lifetime as function of the minority carrier density of
the p-type black Si sample passivated by tunnel oxide and n-type doped poly-Si. The
lifetime was measured with QSSPC (Sinton tool).

All parameters related to the passivation quality indicate excellent passivation by
this combination of tunnel oxide and doped poly-Si on black Si: Lifetime well above
1 ms (depending on measurement technique and injection level), surface recombination
velocity well below 100 cm/s, saturation current density below 100 fA/cm2 and implied
open-circuit voltage close to 700 mV are all indicators of a well-passivated surface, which
is not trivial to obtain on black Si as explained previously.

If the implied VOC of 695 mV could be realized in an actual cell, it would not only
be the best black Si cell fabricated in this work, but the best voltage ever obtained with
a black Si solar cell. Note that this was the first attempt to passivate black Si with
tunnel oxide and doped poly-Si. Thus there is reason to believe that this result can be
improved in future studies. Furthermore there was a clear scratch in the passivation layer
of the best black Si sample, which must have a negative impact on the overall lifetime
of the sample, as seen in Figure 6.7. This result confirms the promising properties of
passivating black Si with a tunnel oxide and doped poly-Si and shows the ability to
obtain implied voltages approaching 700 mV - even on black Si. It is also noteworthy,
that the resistivity of these samples was unfortunately not measured prior to passivation.
Therefore the resistivity used to calculate iVOC was assumed to be 5 Ωcm, even though
the resistivity range from the wafer supplier was 1-20 Ωcm. If the actual resistivity is 1
Ωcm, iVOC may be up to 719 mV. It may also be lower, if the actual resistivity is higher
than 5 Ωcm.
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Another interesting result seen in Table 6.3 is the fact that n-type poly-Si yields
very good passivation on both n- and p-type Si. This could be an advantage in certain
cell structures such as n-type rear-junction or interdigitated back contact (IBC) cell
types with the front passivated by n-type doped poly-Si or a front-contact cell with one
polarity doped poly-Si on the front and the opposite on the rear. Chapter 7 discusses
this further.

6.2.1 PC1D calculations

Based on the passivation results it seems possible to reach SRV ∼ 20 cm/s on black
Si by using tunnel oxide and doped poly-Si. Such recombination velocities have also
been reported for ALD-passivation on black Si by other groups [109, 110]. Therefore
it is interesting to investigate which theoretical power conversion efficiency to expect,
if such low SRV is combined with the low reflectance of black Si. For this purpose the
PC1D software was used to simulate power conversion efficiency of different cells, in this
case n-type substrates with a p-type emitter was assumed. Only SRV and front surface
reflectance were varied and values of iVOC and FF were assumed. JSC was then calculated
using PC1D with reflectance and SRV as input and based on this and the assumed iVOC

and FF the theoretical power conversion efficiency for different cells could be calculated.
It was chosen to compare a well-passivated scenario (SRV = 20 cm/s) with a ’standard’
scenario (SRV = 1000 cm/s) based on the measured SRV for black Si passivated by
SiNx:H. Furthermore it was chosen to compare weighted, average front reflectance of 2
and 0.5%, respectively. These reflectances represent KOH-textured mono-crystalline Si
with standard SiNx:H AR-coating and black Si, respectively. Furthermore, efficiencies
were calculated based on experimentally determined corresponding values of reflectance
and SRV for ALD-passivated black Si samples. Table 6.4 summarizes the calculations.

Rw,av [%] SRV [cm/s] iVOC [V] JSC [mA/cm2] η [%]

2 1000 650 38.49 20.01

2 20 695 38.86 21.61

0.5 1000 650 39.14 20.35

0.5 20 695 39.59 22.01

0.38 145 656 21.4
0.7 65 677 21.6

0.86 58 673 21.6

Table 6.4: PC1D calculation results of short-circuit current (JSC) and power
conversion efficiency (η) for cells with two different passivation schemes; assuming
surface recombination velocities (SRV) of 20 and 1000 cm/s, and two different
weighted, average front reflectances (Rw,av) of 0.5 and 2%, respectively. Implied
open-circuit voltage (iVOC) values were assumed according to the two different SRV
values. Fill factor (FF) of 80%, emitter sheet resistance of 100 Ω/sq. and p-type
emitter on n-type substrate were assumed in all cases. The three results in the
bottom use experimental corresponding values of Rw,av, SRV and iVOC for
ALD-passivated black Si.
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The results in Table 6.4 show that high-efficiency devices with efficiencies of 22%
can be realized - without any advanced rear designs or selective emitters assumed - by
combining the experimentally measured SRV and reflectance values of black Si passi-
vated by ALD or tunnel-oxide/doped poly-Si. The results in Table 6.4 also show that
power conversion efficiency may be improved by ∼ 0.4% absolute by replacing conven-
tional texturing with black Si. This would require similar SRV on black Si compared to
conventionally textured Si.

6.3 Emitter Diffusion on Nanostructured Si

Based on the emitter diffusions performed on the fabricated solar cells in this project,
it appeared that the resulting sheet resistance of the doped black Si surface differed
significantly from the expected sheet resistance. This observation gave rise to an inves-
tigation of the diffusion properties on nanostructured Si compared to planar Si. The
hypothesis was that the effective diffusion flux through the nanostructured Si surface
could be larger than for planar Si due to the larger effective surface area of black Si.
The question is how much the presumed difference in diffusion flux affects the resulting
sheet resistance of an emitter in nanostructured Si.

6.3.1 Experimental Results

The initial observation was based on the conventional method for determining sheet
resistance, four-point probe measurement. However, the interaction between the macro-
scopic four-point probe and the nanoscale surface structures is not clear. Therefore
conventional four-point probe measurements may not give an accurate estimation of
the actual sheet resistance of doped black Si. In order to determine the diffused pro-
file, techniques such as secondary ion mass spectroscopy (SIMS) and electrochemical
capacitance-voltage (ECV) measurements may be used. However, both of these tech-
niques physically remove material from the surface, downward from the top of the sur-
face. This induces a risk of over-estimating the doping concentration on the very top
of the nanostructures, since those techniques do not adjust for the non-planar black Si
surface. It was reported in [124] that ECV-profiles on KOH-textured surfaces need to
be calibrated due to the increased surface area.

Table 6.5 and Figure 6.9 shows the initial four-point probe and ECV measurements,
performed at UNSW, that gave rise to the investigation of dopant diffusion on nanos-
tructured surfaces. The four-point probe and ECV measurements were performed on
the nanostructured front and planar rear side of 156x156 mm2 200 µm thick CZ p-type
Si wafers with a resistivity of 1.6 Ωcm. The wafer was doped by phosphorus diffusion
performed at 770 ◦C for 30 minutes using POCl3 as dopant source and O2 as carrier
gas, with and without a post-oxidation, respectively, intended to reduce the phosphorus
surface concentration.
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Surface Diffusion Rsheet,av [Ω/sq.] Std.dev. [Ω/sq.]

black Si front POCl3 51.5 3

planar rear POCl3 82.3 2.8

Table 6.5: Average sheet resistance and standard deviation across a 4” wafer
measured by a standard four point probe. The measurement was performed on the
nanostructured front and planar rear, respectively, of a p-type CZ Si wafer with a
phosphorus doped emitter obtained by POCl3 thermal diffusion performed at 770 ◦C
for 30 minutes.

Figure 6.9: Electrochemical capacitance-voltage measurement of the doping profile
of the nanostructured front and planar rear, respectively, of a phosphorus doped
p-type Si wafer. The wafers were processed by POCl3 thermal diffusion performed at
770 ◦C for 30 minutes.

The result in Figure 6.9 shows that the nanostructured front is more highly doped
than the planar rear. Furthermore, the post-oxidation, intended to reduce surface con-
centration, does not reduce surface concentration on nanostructured Si.

In order to more accurately evaluate the resulting doping profiles on black Si com-
pared with planar Si, ECV, micro-four point probe and Hall measurements were com-
bined. Micro-four-point probe and Hall measurements were performed using a Capres
microRSP-M200 micro-four point probe with a pitch between the four probes of 200
µm. The sheet resistance was measured with the micro-four-point probe by forcing a
current through two of the four pins and measuring the resulting potential difference.
The potential difference was measured at different lateral positions on the wafer surface
starting 600 µm from the edge and approaching the edge of the sample in steps of vary-
ing length. The pin configuration was varied at each of these points according to the
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method described in [125] and using the van der Pauw method to calculate the sheet
resistance according to

e−πR̄A/RS + e−πR̄C/RS = 1 (6.4)

where RS is the actual sheet resistance to be determined and

R̄A =
R23,41 +R41,23 +R32,14 +R14,32

4
(6.5)

R̄C =
R12,34 +R34,12 +R21,43 +R43,21

4
(6.6)

In 6.5-6.6 Rab,cd denotes the resistance measured by forcing current from point a to b
and measuring voltage between c and d. Thus the resistance indices 1− 4 correspond to
the different possible configurations of the four-point measurement and the position of
current and voltage probes, respectively. Figure 6.10 shows the result of micro-four-point
probe measurements on 5 different black Si wafers; 4 p-type wafers with a phosphorus
doped emitter and 1 n-type wafer with a boron doped emitter. The sheet resistance was
measured on the nanostructured front and planar rear, respectively. The pitch between
the four probes was 200 µm, the engagement depth was 30 µm and the distance from
measurement point to wafer edge was varied from 0 to 600 µm.

Figure 6.10: Micro-four-point probe measurement of the sheet resistance on the
nanostructured front and planar rear, respectively, of 4 phosphorus doped p-type and
1 boron doped n-type black Si wafers. All wafers were processed at 770 ◦C for 30
minutes followed by a 30 minute drive-in at 850 ◦C. The O2 gas flow of the drive-in
was varied between 250 and 400 sccm.

The result in Figure 6.10 shows that sheet resistance in all cases is significantly lower
on the nanostructured front compared to the planar rear. For phosphorus emitters the
relative difference between front and rear becomes smaller when the sheet resistance is
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higher. For sheet resistances suitable for solar cell fabrication (100-200 Ω/sq. selective
emitters) the difference between the nanostructured front and planar rear is more than
100%. For the boron doped emitter the difference is 25%, but obviously based on a data
set which is statistically too small to generalize conclusions.

The sheet resistance was furthermore measured at different lateral positions on the
wafer in order to investigate the uniformity across an entire wafer and the effect of the
surface on the uniformity. The result is shown for the nanostructured front and planar
rear, respectively, of 3 different black Si wafers in Figure 6.11.

Figure 6.11: Micro-four-point probe measurement of the sheet resistance at different
positions on the nanostructured front and planar rear, respectively, of 2 phosphorus
doped p-type and 1 boron doped n-type black Si 4” wafers.

The result in Figure 6.11 shows that the uniformity is comparable for phosphorus-
doped nanostructured and planar surfaces, respectively. For boron doped surfaces, it
seems that the nanostructured surface is more uniformly doped compared to the planar
surface. It should be stated that the deviation from center to edge of the planar boron
doped surface is so significant that it is probably due to non-ideal processing conditions,
which would not be the case in an actual cell production. However, the result may
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indicate that uniform emitter doping across entire wafers is more easily obtained on
nanostructured surfaces. This needs to be more thoroughly investigated.

In order to obtain a more detailed picture of the doped profiles on nanostructured
and planar Si, respectively, Hall measurements were performed according to the method
described in [125]. The output parameters of the Hall measurements are Hall mobility,
µH, Hall coefficient, RH, and sheet carrier density, NS, defined as [125]

µH = rHµ, (6.7)

where rH is the Hall scattering factor and µ is the carrier mobility,

RH = E · (B× J)

|B× J|2 (6.8)

where E is the electric field, B is the magnetic flux density and J is the current density,
and

NS ≡
∫ h

0
n dz = r̄H

(∫ h
0 nµ dz

)2

∫ h
0 nµµH dz

(6.9)

where n is the carrier density, h is the sheet thickness and z is the direction, in which
the carrier density is inhomogenous.

Besides obtaining the sheet carrier density of the doped profiles, the Hall measure-
ments also serve to confirm the polarity of the doped sheet in order to verify that the
measured sheet resistances actually represent the doped emitters and not the wafer re-
sistance itself. The results of sheet carrier density, Hall mobility and Hall coefficient are
shown in Figure 6.12.
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Figure 6.12: Hall measurements of the sheet carrier density (top), Hall mobility
(middle) and Hall coefficient (bottom) on the nanostructured front and planar rear,
respectively, of 3 phosphorus doped p-type and 2 boron doped n-type black Si wafers.
The yellow bars refer to measurements that gave a bad van der Pauw fit, probably
resulting in wrong values.
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Neglecting the single inaccurate measurement point (yellow bar) in each graph in
Figure 6.12, the conclusions are clear:

• Sheet carrier density is higher on the nanostructured front than the planar rear.

• Hall mobility is lower on the nanostructured front than the planar rear.

• The Hall coefficient is lower on the nanostructured front than the planar rear.

• The sign of the Hall coefficient is positive for the phosphorus doped and negative for
the boron doped emitters, meaning the measured resistances are actually reflecting
the doped emitters and not the wafer itself, which has opposite polarity. Since the
magnetic field applied in the measurements was negative (∼ -630 T), the sign of
the Hall coefficient is opposite to the sign of the dominant charge carrier in the
layer according to equation 6.8.

The higher sheet carrier density for the nanostructured front corresponds well with the
sheet resistance measured with the micro-four-point probe seen in Figure 6.10, since
higher sheet carrier density should give rise to lower sheet resistance. Similarly the Hall
coefficient, which is inversely proportional with the sheet carrier density, should be lower
on the nanostructured front, as observed. The lower Hall mobility also corresponds well
with a higher sheet carrier density, since higher carrier density decreases the carrier
mobility. However, the Hall mobility does not scale with Hall coefficient, as expected, in
all cases. This is not fully understood yet, but may be due to a non-linear doping profile
on the nanostructured front, which is not completely represented by the averaged sheet
carrier density.

6.3.2 Comparison with KOH-textured Si

The results in Figures 6.11 and 6.12were based on planar Si compared to black Si. How-
ever, from an industrial perspective it is more realistic to compare with conventionally
textured Si, typically KOH-textured in case of mono-crystalline Si. In order to make
a direct comparison, p-type Cz Si wafers were textured by 2% KOH and 7% IPA at
80 ◦C for 50 minutes. The KOH-textured wafers were processed by four different POCl3
diffusions in parallel with double-side RIE-textured Cz p-type Si. Table 6.6 shows the
four different diffusion processes. Figure 6.13 shows the result of the four different diffu-

Temperature [◦C] Predep Time [min] Drive-in time [min]

900 15 20

900 20 20

850 20 20

850 30 20

Table 6.6: List of POCl3 diffusion processes used for the comparison between KOH-
and RIE-textured Si. The temperature was kept constant during predep and drive-in
in all cases. The drive-in was performed in O2 atmosphere.

sion processes from Table 6.6 performed on double-side KOH- and RIE-textured Si for
comparison.
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Figure 6.13: Sheet resistance of double-side KOH- and RIE-textured Si after four
different POCl3 diffusion processes. The sheet resistance was measured with a
four-point probe.

The result in Figure 6.13 shows that the sheet resistance of black Si is lower than
similarly processed KOH-textured Si in all cases. If a certain sheet resistance is desired,
a lower thermal budget is required for black Si compared to KOH-textured Si. This may
be depicted by plotting the same sheet resistances as function of temperature for the
two different time groups, 20 and 30 min, as shown in Figure 6.14.
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Figure 6.14: Sheet resistance of KOH- and RIE-textured Si as function of thermal
budget, given as time plus temperature, after four different POCl3 diffusion processes.
The sheet resistance was measured with a four-point probe.

The result in Figure 6.14 shows that a given sheet resistance may be obtained
on black Si at a lower thermal budget compared to KOH-textured Si. This may be
valuable for industrial solar cell production. In order to investigate the effect of the
different diffusion processes on carrier lifetime for the differently textured Si wafers,
minority carrier lifetime was was on the same wafers using µ-PCD. Figure 6.15 shows
the measured lifetimes, each value averaged over the entire 4” wafer.
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Figure 6.15: Minority carrier lifetime of double-side KOH- and RIE-textured Si
after four different POCl3 diffusion processes. The lifetime was measured with
µ-PCD. The values are the average lifetimes over the entire 4” wafer.

The resulting lifetimes in Figure 6.15 may be a result of Auger recombination in the
different emitters or the differently textured surfaces. Auger recombination most likely
dominates in this case, since the emitters are relatively highly doped. Thus, the lower
lifetime of black Si compared to KOH-textured Si may in this case be at least partly
due to higher Auger recombination in the more highly doped emitters.

6.3.3 Simulation Results

In order to verify the results and investigate whether the observed differences may be
explained solely by differences in surface area and topology, simulations were carried
out using the Athena Silvaco software. The simulation was based on a simple phos-
phorus diffusion model, in which the dopant concentration was assumed constant and
equal to the solid solubility at the Si surface. The script used in Athena is seen in J.
Defect induced diffusion was not taken into account in the simplified model. Diffusion
temperature and surface concentration was varied and the different diffusion processes
simulated are summarized in Table 6.7. The diffusion and annealing time was 30 and
20 minutes, respectively, in all cases. In order to simulate diffusion through a nanos-
tructured Si surface, the topology of the black Si nanostructures was approximated in
Athena by defining a non-planar Si surface with dimensions representing the known
topology of the black Si used in this work. Structures with 400 nm height, 400 nm pitch
between structures and a non-linear graded refractive index was assumed. A sketch of
the resulting modelled surface is shown in Figure 6.16.
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Process Process Temp. (Anneal) Surface Conc.
[◦C] [cm−3]

1 1000 (1000) 5× 1020

2 985 (1000) 2× 1020

3 980 (1000) 2× 1020

4 975 (900) 8× 1019

4 975 (900) 7× 1019

6 975 (800) 6× 1019

7 975 (800) 5× 1019

8 950 (800) 5× 1019

Table 6.7: List of phosphorus diffusion processes simulated with Athena software
from Silvaco.

Figure 6.16: Sketch of the modelled nanostructured surface used in Athena
simulations.

The 8 different diffusion processes listed in Table 6.7 were simulated for nanos-
tructured and planar Si, respectively, and the sheet resistance and junction depth was
extracted at four different lateral points within a repeated unit (a single nanostructure)
in order to cover differences within the individual nanostructure. Figure 6.17 shows the
calculated average sheet resistance for the 8 different diffusion processes listed in Table
6.7 simulated for nanostructured and planar Si, respectively.
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Figure 6.17: Simulated sheet resistance for different diffusion processes on
nanostructured and planar Si, respectively. The process numbers refer to the diffusion
processes listed in Table 6.7.

The result in Figure 6.17 confirms the experimentally measured tendency that sheet
resistance is significantly lower on nanostructured compared to planar Si, undergoing
the same diffusion process. The relative difference in resistance between nanostructured
and planar varies between 12 and 26% for the 8 diffusion processes simulated here. In
general the difference is smaller than the difference observed experimentally. This may
indicate that the diffusion through nanostructured surfaces is not only enhanced due
to a larger surface area but also due to other effects, such as different effective dopant
fluxes through different parts of such nanostructured surface or defect induced diffusion,
which was unfortunately not included in the simplified simulation model, but may play
a role in actual diffusion on black Si.

Besides sheet resistance the resulting junction depth was also extracted. Figure 6.18
shows the calculated average junction depth for the 8 different diffusion processes listed
in Table 6.7 simulated for nanostructured and planar Si, respectively.
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Figure 6.18: Simulated junction depth for different diffusion processes on
nanostructured and planar Si, respectively. The process numbers refer to the diffusion
processes listed in Table 6.7.

The result in Figure 6.18 shows that the junction in all cases is deeper for black Si
compared to planar Si. This shows that the lower sheet resistance is not only due to
higher carrier density in the sheet but also a deeper junction. This may be important in
practice in order to achieve faster diffusion at lower thermal budget without increasing
the Auger recombination of the emitter and the surface recombination.

As mentioned the sheet resistance and junction depth was extracted at four equidis-
tant points spanning one repeated unit in order to cover lateral variations within one
single nanostructure. Here we define the sheet resistance of any slice in the z-direction,
perpendicular to the surface, as

1

RS
=

∫
σ dz (6.10)

, where σ is the conductivity.

Figure 6.19 shows the variation in sheet resistance and junction depth within each
nanostructure.
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Figure 6.19: Example of the simulated junction depth and sheet resistance at
different lateral positions within a single nanostructure repeating unit for diffusion
process 5.

The result in Figure 6.19 shows how sheet resistance and junction depth varies within
each nanostructure repeating unit. The values given in Figure 6.19 are for diffusion
process 5, but the variation is representative for most of the modelled processes. The
sheet resistance varies more than 200% and the junction depth more than 100% across
the individual nanostructure according to the simulation. For process 1, which has the
smallest relative variation, the sheet resistance and junction depth still varies 40% and
45%, respectively.

Generally, we can conclude that a nanostructured Si surface will be more highly
doped with lower sheet resistance and higher carrier density, when undergoing the same
diffusion process as a planar Si surface for comparison. This has been confirmed ex-
perimentally by several different measurement techniques and explained partly by the
increased surface area and different topology in a simulation. This result first and fore-
most presents a challenge, since the nanostructured solar cells in this work tend to be
too highly doped, unintentionally. This causes increased Auger recombination in the
emitter and has probably degraded the efficiency of the fabricated cells in this work.
On the other hand, knowing the actual sheet resistance of doped nanostructured sur-
faces may improve the efficiency of black Si solar cells, simply by controlling the sheet
resistance and adjusting for the differences observed in order to e.g. minimize Auger
recombination.

From an industrial application perspective this result also presents a promising
opportunity to decrease the overall thermal budget of large-scale, industrial thermal
diffusion processes, required and used for all emitter formations in the vast majority of
the solar industry: If RIE-texturing is applied to industrial Si solar cells, conventional
emitters (with sheet resistance of 60-80 Ω/sq.) and selective emitters (with sheet resis-
tance of 100-120 Ω/sq.) may be formed at a lower thermal budget due to the lower sheet
resistance on nanostructured Si for a given diffusion process, as described in this work.
The thermal budget may be decreased by reduced time, temperature or a combination
of the two.



Chapter 7

Outlook

7.1 New Cell Concepts with Black Si

This part of the outlook presents several new black Si solar cell concepts that have all
been initially tested, but not completed, in this work. Future work will focus on actual
cell fabrication using these novel concepts.

7.1.1 LDSE cell with ALD passivation

Based on the successful combination of black Si texturing and a laser-doped selective
emitter (LDSE) cell design presented in Chapter 5 and the excellent surface passivation
obtained by ALD Al2O3 presented in Chapter 6 a combination of the two concepts
seems promising: Since Al is a p-type dopant to Si, and the Al2O3 passivation layer
is deposited on the nanostructured front of the cell, laser doping a selective emitter is
enabled without the need for additional spin-on dopant (such as phosphoric acid), which
is otherwise required for ’standard’ LDSE cells. Laser doping with Al through Al2O3

layers has been thoroughly investigated and reported [118, 119], but has mostly been
used on the rear of PERx-type cells [120, 121]. To our knowledge the combination of
front ALD Al2O3 passivation and laser doping on black Si has not yet been reported. The
cell structure suggested here consists of an n-type substrate with a lightly boron-doped
p-type emitter on the front, diffused n-type back-surface field, ALD Al2O3 passivation on
the RIE-textured front and laser-doped front contacts metallized by subsequent Ni/Cu-
plating. The structure is schematically shown in Figure 7.1. This cell type possesses
all the features of a high-efficiency cell, without employing any costly or non-scalable
process steps such as photolithography: Popularly phrased the excellent absorptance of
black Si enables high short-circuit current, the excellent passivation by ALD enables
high open-circuit voltage and the laser-doped, Ni/Cu-plated contacts enable high fill
factor. The cell sketch in Figure 7.1 includes rear passivation with local openings. This
is not necessarily a required feature, but a passivated rear should improve VOC of the
device and if laser doping or simply local laser opening is used, a PERx-type cell could
be realized without any use of photolithography.

This cell type was initially fabricated as a proof-of-concept. Unfortunately, the
available laser for this test was a pulsed laser with nano- or pico-second laser pulse

109
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Figure 7.1: Illustration of laser doping on ALD Al2O3 passivated black Si (top) and
sketch of the ALD Al2O3 passivated, LDSE black Si cell (bottom). Courtesy of
Johannes N. Hansen and Patrick L. Mouritzen.
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Figure 7.2: Initial IV-results of the ALD-passivated, LDSE black Si cell. The figure
consists of light IV-curve (top,left), dark IV-curve (top,right), dark IV-curve on
semi-log plot (bottom, right) and table with the IV-data (bottom, left).

length, which is not as suitable for laser doping as a continuous wave laser, which was
used for the cell described in Chapter 5. The initial cell results are shown in Figure 7.2.
The result in Figure 7.2 shows that both current and voltage of the first Al laser-doped
black Si cell is too low. This is most probably due to a non-ideal diode, which the
dark-IV curve on semi-log plot also reveals. The inverse slope of the linear part of the
dark IV-curve on semi-log plot was calculated to 147.43 mV/decade, which corresponds
to an ideality factor above 2. This indicates that the selective emitter formed by boron
diffusion and subsequent local Al laser doping was not successful. Two main reasons for
this were identified:

• Due to a processing error in the boron diffusion the emitter was initially too highly
doped, which was solved by a dry etch-back. This may imply a too thin, too lightly
doped and non-uniform emitter.

• The Al laser doping resulted in extremely high concentrations of Al, which most
probably exceeded the desired range for local laser doping. An Al-Si eutectic might
have been formed, which alone could explain the non-ideal diode behaviour.

Figure 7.3 shows the EQE measurement of the cell. The measurement reveals a signifi-
cant drop in EQE at a wavelength of ∼ 450 nm, indicating significant carrier loss in the
emitter region, since the absorption length of 450 nm wavelength photons is ∼ 240 nm,
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Figure 7.3: External Quantum Efficiency (EQE) measurement of the
ALD-passivated, LDSE black Si cell.

which is the top part of the emitter, where the Al concentration resulting from laser
doping is presumably too high. Furthermore, the long wavelength response is too low
probably due to a non-optimized rear, which was patterned with the same pulsed laser
as the front. The fact that the laser doping resulted in too high concentrations of Al was
concluded by SIMS-analysis and calculation of the incorporated dose of Al. The result
of the SIMS-measurement is shown in Figure 7.4. The SIMS-measurement in Figure 7.4
shows a very high Al concentration in the green regions of the ion image, where Al was
diffused into Si by laser doping. Based on the SIMS-data the incorporated dose of Al
was calculated to 1 × 1018 cm−2, whereas the dose of Al in 30 nm Al2O3 is 1.4 × 1017

cm−2 according to equation 7.1

C(Al) = 2
ρb

MW
NAt = 2

4 g/cm3

101.96 g/mol
6.022× 1023 mol−1 · 30 nm = 1.4 · 1017 cm−2 (7.1)

where ρb is the density of Al2O3, MW is the molar mass of Al2O3, NA is Avogadro’s
constant and t is the thickness of the Al2O3 layer. The factor of 2 is due to the two
Al atoms in Al2O3. Obviously the incorporated dose of Al cannot exceed the available
dose in the passivation layer, so the SIMS-measurement must be slightly inaccurate,
probably due to very high Al concentrations close to the surface. However, this does
not change the fact that the observed Al concentration is very high, which could explain
the non-ideal diode behaviour.
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Figure 7.4: SIMS-measurement of laser-doped Al region of the ALD-passivated,
LDSE black Si cell. The figure consists of Al ion images (top) showing the Al
laser-doped regions of interest (green) and the SIMS-measurement (bottom) of the
three different regions of the sample.
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In order to obtain a much more controlled diffusion of Al by laser doping a contin-
uous wave laser should be used. If an ideality factor close to 1 can be realized and the
unintentional etch-back of the boron emitter can be avoided, this cell type should be
able to achieve higher power conversion efficiency than the black Si LDSE solar cells pre-
sented in Chapter 5 based on the superior passivation quality of ALD Al2O3 passivation
compared to PECVD SiNx:H on black Si.

7.1.2 Heterojunction Cell

Based on the excellent lifetime results for black Si passivated with a tunnel-oxide and
doped poly-Si presented in Chapter 6, a novel cell structure based on this combination
of plasma texturing and a doped poly-Si hetero-junction seems like a promising can-
didate for a high-efficiency cell structure. The record-efficiency HIT-cells presented by
Panasonic [42] and Glunz et al. [126], respectively, possess almost ideal electrical proper-
ties, but still rely on conventional, alkaline front surface texturing. This means a direct
optical loss of at least 2% due to front reflectance. If black Si can be successfully incorpo-
rated in a front or rear contacted HIT-cell without compromising the optical properties
of black Si or the passivation quality of the hetero-junction, it should be possible to
realize a very high power conversion efficiency. Furthermore, the single-side nature of
plasma texturing enables advanced rear cell designs, such as local, passivated contacts.
Based on these considerations, we suggest three different HIT-type cell structures with
black Si texturing:

• n-type cell with diffused boron emitter on the front, ALD Al2O3 front passivation
and tunnel-oxide/n-type doped poly-Si as rear passivation, which also generates
the n+ back-surface field

• p-type cell with tunnel-oxide/n-type doped poly-Si on the front, acting as front
passivation and front pn-(hetero)junction. The rear may be Al screen-printed, with
a resulting conventional Al back-surface field, or passivated by tunnel-oxide/p-type
doped poly-Si.

• n-type interdigitated-back-contact (IBC) cell with tunnel-oxide/n-type doped poly-
Si on the front, acting as front passivation and n+ front surface field. The rear
may be a ’standard’ IBC structure with diffused local n+ and p+ regions, but
may also consist of local heterojunctions made by the tunnel-oxide/doped poly-
Si approach. At least the n-type doped poly-Si is obvious to use on the rear as
well, since it is automatically deposited on both sides of the wafer in the LPCVD
process suggested here.

Figure 7.5 shows schematic drawings of the three suggested HIT-type cell structures to
be combined with black Si.

7.1.3 Thin Black Si Cells

Since the Si wafer itself accounts for about 80% of the total cost of manufacturing a
conventional Si solar cell, there is a strong commercial and technological interest in
realizing thinner Si solar cells. Currently conventional crystalline Si cells are made from
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Figure 7.5: Schematic drawing of three different proposed HIT-type black Si cells.
(top) n-type cell with diffused boron emitter on the front, ALD Al2O3 front
passivation and tunnel-oxide/n-type doped poly-Si as rear passivation, (middle)
p-type cell with tunnel-oxide/n-type doped poly-Si on the front and (bottom) n-type
interdigitated-back-contact (IBC) cell with tunnel-oxide/n-type doped poly-Si on the
front.
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Figure 7.6: Photograph of 20 µm thin black Si solar cells shown in profile. The
thick region in the middle of the image is the 350 µm backbone between two adjacent
20 µm thin membranes that were processed into complete black Si solar cells.
Courtesy of Jeppe Ormstrup and Martin L. Ommen.

160-180 µm Czochralski grown Si substrates, but in theory the optimum efficiency may
be achieved with much thinner wafers [127–129, 131]. However, the wafer thickness
is currently limited by the kerf-loss when sawing wafer from ingots. Kerf-loss means
the amount of Si material, which is removed by the saw and therefore lost from an
economic perspective. Solutions to this problem could either be novel techniques for
wafering, such as laser or diamond-wire sawing, or novel ways of producing Si wafers,
such as epitaxial growth, exfoliation and zone-melting of Si. Several research groups
[132–136] and companies such as Solexel, 1366 Technologies, NexWafe and Sharp [137–
140] have published results on Si solar cells with thicknesses ranging from 20 to 150 µm.
A discussion about the feasibility and potential of these wafer technologies is out of the
scope of this work.

However, the increased attention towards much thinner Si wafers introduces a chal-
lenge in terms of front texturing, which maskless RIE as suggested here, may solve:
When the wafer thickness is reduced below 50 µm, conventional alkaline texturing (such
as KOH or NaOH etching) is no longer feasible, simply because such etching process
removes 10-15 µm of Si from each side of the wafer, leaving a wafer too thin to handle, if
any wafer at all. In other words, such thin wafers need a novel texturing method, which
removes significantly less Si while ensuring sufficient light absorption in order to achieve
high photo-current and efficiency. This is exactly the properties of black Si produced by
maskless RIE, as presented in this work.

Due to this potential, different batches of thin black Si solar cells have been produced
during this work. Unfortunately, the efficiency of these cells was too low, primarily due
to unoptimized process flows. However, the ability to texture Si wafers with thicknesses
down to 20 µm and produce functioning solar cells, indicates that maskless RIE is a
promising texturing method for thin Si solar cells in the future. Figure 7.6 shows a
photograph of a 20 µm thin black Si cell. The thick region is the 350 µm backbone
between two adjacent 20 µm thin membranes, etched down in a 350 µm thick CZ Si
wafer and processed into complete black Si solar cells.



7 Outlook 117

7.2 Maskless RIE for rear local contact openings

This section contains results and discussion from the publication entitled ”Maskless
Nanostructure Definition of Submicron Rear Contact Areas for Advanced Solar Cell
Designs” [130] seen in Appendix I.

Besides applying maskless RIE as front texturing for Si solar cells, it was also briefly
investigated to apply a slightly adjusted RIE-process in order to masklessly define the
local contact areas of advanced cell concept, in which a passivated rear with local contact
openings is a main feature and reason for the high efficiencies obtained.

Mask-less reactive ion etching (RIE) has been used for several different applications
such as front surface texturing of solar cells [11, 20, 63, 89] and surface-enhanced ra-
man spectroscopy [141]. The primary advantage of mask-less RIE is the ability to define
nano-structured topologies with very specific pitch and size in a controlled manner with-
out the use of photolithography. This ability allows for scalable fabrication of nano-scale
topologies that would otherwise be impossible or at least require extensive, costly pho-
tolithography processing. An example of the need for precise definition of micro- and
nano-scale features in a semiconductor device, which normally requires photolithogra-
phy, is the locally diffused and contacted backside of advanced silicon solar cells such
as the passivated emitter rear locally diffused (PERL) world record solar cell [46]. The
PERL solar cell and similar advanced cell concepts achieve higher power conversion effi-
ciencies than conventional Si solar cells due to their passivated backside, which reduces
rear surface effective recombination velocity (SRV), while allowing for backside Si-metal
contacts in locally defined highly doped areas only.

The optimal design of the rear surface of a solar cell must strike a compromise
between minimized series resistance and minimized surface recombination, since mini-
mization of the series resistance requires some metallization which increases the effective
SRV. Here we consider a backside topology with metallized point contacts – assumed disc
shaped with radius a – arranged on a square grid of pitch p on a silicon wafer of thickness
W and resistivity %b. As a result only a fraction f = πa2/p2 of the surface is contacted.
The metallized contacts have an effective surface recombination velocity Scont as referred
the bulk, which may be significantly lower than that at the metal-semiconductor inter-
face (Smet ≤ 107 cm/s) due to the doping profile that may be present below the contact.
The remaining part of the surface is assumed to be well passivated with the surface
recombination velocity Spass.

The spreading resistance of the individual point contacts may be calculated from
the approximate expression due to Cox and Strack [? ], and if the contacts are non-
interacting the total resistance can be obtained simply from a parallel connection of
such point contacts. The contacts are, however, interacting and thus heuristic correc-
tions must be made in order to obtain closed form expressions for the specific series
resistance. The specific series resistance Rs,rear must ultimately be larger than that of
the substrate material %bW . In the literature quite accurate expressions for the specific
series resistance exists [143–145], and thus we have

Rs,rear = %bW
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Parameter Description Value Unit

Dp Hole diffusion constant 11.6 cm2/s
W Wafer thickness 200 µm

%b Wafer resistivity 1 Ω cm

Scont Contact recombination velocity 55 cm/s

Spass Passivated recombination velocity 5 cm/s

Table 7.1: Parameters used in calculations of specific series resistance and effective
rear surface recombination velocity, respectively.

where the first term is reminiscent of the Cox and Strack expression, the last term is the
bulk substrate specific resistance and the second term a heuristic correction [143] related
to the contact interaction, i.e. it assures that the expression is correct also in the large
pitch limit. In the case of small contacts and low pitch compared to the wafer thickness
Rs,rear ' %bW + π%bp/(4

√
πf) to a good approximation. Note, in Eq. 7.2 the specific

contact resistance of the metal-semiconductor junction is ignored, since well behaved
contacts have specific contact resistances on the order 10−6 Ω cm2.

As discussed by Fischer [143] the effective surface recombination velocity of the
heterogeneous point contacted surface is also related to the Cox and Strack expression
as is evident from this expression for the effective SRV, Srear,eff , of a point-contacted,
passivated rear surface [142, 143]

Srear,eff =
Dp

W
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(7.3)
where Dp is the hole diffusivity. The first two terms are recognized from the series
resistance expression, the third term is a correction for finite SRV at the contacts, while
the last term corrects for the SRV at the passivated surface. The passivation correction
deserves a comment: the form shown is the so-called ”large scale” correction, but in
the present work the ”small scale” correction (1− f)Spass may be more appropriate
as discussed by Fisher [143]. Nevertheless, with parameters used here (see Table 7.1)
the third term in the bracket of Eq. 7.3 is dominant, and then the intuitive and simple
expression Srear,eff ' fScont + (1− f)Spass is valid to a very good approximation.

Figure 7.7 shows values of SRV and specific series resistance calculated from Eqs. 7.2
and 7.3 as function of metal coverage and contact pitch, respectively. In the calculations
the parameters in Table 7.1 are used.

Figure 7.7(a) shows that the effective rear SRV does not change significantly with the
contact pitch, when the metal coverage is fixed in perfect agreement with the discussion
above, where the SRV was shown to depend almost entirely on the metallized fraction
f and the two SRV’s of the heterogeneous surface, and is thus almost independent on
the pitch.

The specific series resistance decreases with decreasing contact pitch, due to higher
contact density. For pitches in the range 0−0.03 cm the specific series resistance remains
below 0.5 Ω cm2, which is the upper limit of the specific series resistance required to
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(a)

(b)

Figure 7.7: Calculation of rear surface recombination velocity and series resistance,
respectively, of a silicon solar cell (a) as a function of the pitch between contact
openings on the passivated rear with a fixed metal coverage of 1% and (b) as a
function of the metal coverage on the rear for a fixed pitch of 1 and 250 µm,
respectively.
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obtain high fill factors [145, 147]. Figure 7.7(b) shows that the metal coverage should
be minimized in order to minimize rear SRV, as expected from the discussion above.
The specific series resistance does not change significantly with metal coverage, when
the pitch is small, e.g. fixed at 1 µm. When the pitch is sufficiently small, the spreading
resistance contribution becomes small, even at very small metal coverages. For a fixed
pitch of 250 µm, which is approximately the design of the PERL solar cell [46, 145], the
spreading resistance contribution becomes important and thus the specific series resis-
tance increases dramatically for metal coverages below ∼ 1%. This is in agreement with
the actual design of the PERL solar cell, which has a metal coverage of ∼ 1% [46, 145].
Based on the combined results in Figure 7.7, it appears that the contact pitch should be
minimized, while the metal coverage is kept in the range 1−5%, in order to optimize the
solar cell performance. At a fixed contact pitch of 1µm a 1% metal coverage corresponds
to contact windows with ∼ 100 nm diameter.
The calculation of SRV was also done for the case of local contacts without any dif-
fusion, such as in a Passivated Emitter and Rear Cell (PERC) [59]. In this case it is
assumed that the contact SRV is Scont = 107 cm/s. Figure 7.8 shows the result of this
calculation. When the contact SRV is sufficiently high, the first two terms in equation
7.3 are comparable to the third term, and then the pitch influences the effective SRV.
Furthermore, the metal coverage must be low enough to mitigate the large SRV of the
metallized areas. The result in Figure 7.8 shows shows that for non-diffused local con-
tacts ( Scont = 107 cm/s ) the contact pitch must be at least 30 µm and the metal
coverage less than 0.05% in order to obtain sufficiently low effective SRV, i.e. below ∼
1000 cm/s. These two requirements yield a maximum contact diameter below 1 µm.

We present a completely mask-less process allowing for controlled definition of local
contact areas on a passivated Si surface. The process results in submicron feature size
and controllable pitch between contact openings without use of lithography. Figure 7.9
shows a sketch of the process flow used in this novel technique.

The technique consists of a mask-less RIE process, which defines ∼ 500 nm tall
nano-pillars with ∼ 100 nm diameter on the Si surface. The entire surface is then
passivated using 30 nm SiO2 deposited by plasma-enhanced chemical vapor deposition
(PECVD). Then 200 nm Al is deposited on the surface by e-beam evaporation. Due
to the nano-pillar topology and the poor step coverage of the evaporation process, the
sidewalls of the nano-pillars are not covered with Al. This enables selective removal of
the nano-pillars using buffered hydrofluoric acid (bHF) to etch SiO2 and isotropic RIE
masked by Al to etch Si. The isotropic etch leaves local openings whose pitch and size
are defined by the initial nano-pillar topology of the otherwise passivated and metallized
surface. Figure 7.10 shows SEM images of the surface before and after the isotropic RIE,
respectively.

The topology in Figure 7.10 shows local contact areas of ∼ 100 nm in diameter,
allowing for a much lower pitch than photolithographically defined patterns, while main-
taining the targeted metal coverage of 1 − 5%. Although techniques such as electron-
beam and advanced optical lithography allow for definition of even smaller pattern di-
mensions, the cost of such processes is much higher and the scalability much lower than
that of the technique presented in this work.

The pillar density of the topology in Figure 7.10 is ∼ 3 µm−2 [141], which corre-
sponds to a potential metal coverage of 2.4% assuming cylindrical pillars with diameters
of 100 nm. Such metal coverage is exactly within the range 1− 5% that simultaneously
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(a)

(b)

(c)

(d)

Figure 7.8: Calculation of rear surface recombination velocity and specific series
resistance, respectively, of a silicon solar cell as a function of the pitch (a) between
contact openings on the passivated rear with a fixed metal coverage of 1% and (b) as
a function of the metal coverage on the rear for a fixed pitch of 1 and 250 µm,
respectively. The contact SRV was changed to Scont = 107 cm/s. (c)-(d) shows the
same result for smaller pitch and metal coverage for clarity.
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Figure 7.9: Sketch of the process flow consisting of 1) maskless nanopillar etch, 2)
SiO2 passivation by PECVD, 3) Al evaporation, 4) buffer HF (bHF) and isotropic
RIE of pillar sidewalls and 5) second metallization plus optional doping.

minimizes SRV and keeps the rear specific series resistance below ∼ 0.5 Ω cm2, required
for high fill factors [145, 147], and as shown in Figure 7.7. Minimized pitch at a constant
metal coverage in the range 1 − 5%, directly implies minimized contact diameter. The
initial results of this work show contact openings of ∼ 100 nm in diameter, which is
significantly smaller than rear contact openings considered elsewhere [147–149].

For the case of non-diffused local contacts with much higher Scont, such as the PERC
cell, the requirement is a very small metal coverage, in this case below 0.05%, combined
with a sufficiently large pitch, in this case at least 30 µm. This requires very small contact
openings, in this case with contact diameter smaller than 1 µm. Such rear design would
also be enabled with the type of topology seen in Figure 7.10, as long as the contact
pitch can be tuned. This should be possible, since the pitch of nanopillars fabricated by
maskless RIE may be tuned in numerous ways, e.g. by varying the chamber pressure,
as demonstrated in [141].

Photolithographically defined contacts typically used in PERL solar cells [46, 142]
and the more industrially feasible laser-patterned contacts [150–152] are both limited to
contact windows well above 1 µm in diameter. Therefore the feature size of ∼ 100 nm
combined with 2.4% metal coverage demonstrated in this work shows the potential for
further optimization of locally defined rear contacts for high-efficiency solar cells, such
as the PERL cell, by using the mask-less RIE technique presented in this work.
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(A)

(B)

Figure 7.10: SEM-image of the nanopillar surface covered with Al before (A) and
after (B) isotropic RIE, respectively. The pillar density is ∼ 3 µm−2, which
corresponds to a potential metal coverage of 2.4%. The etching process has removed
most of the nanopillars and created holes in the passivated Si surface covered with
metal.
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7.3 Industrial Application

An important part of this outlook is the potential for industrial implementation of the
maskless RIE-texturing, presented in this thesis. As mentioned in the introduction, the
fundamental requirements for introducing new cell technology to the solar industry are
(a) a reduction of the $/Wp production cost and (b) scalability to the solar industry
throughput of ∼ 3000 wafers/hour. Both of these requirements may only be verified by
actually testing the new technology, in this case RIE-texturing, at industry scale and
measure the $/Wp production cost and throughput, respectively. Such test was outside
the scope of this work, but the following points indicate that implementation of maskless
RIE-texturing may be possible:

• This work has confirmed higher power conversion efficiency of RIE-textured cells
(18.1%) compared to standard, industrial Si cells (∼ 17-18%). Furthermore, im-
proved passivation schemes and optimized emitter properties are expected to in-
crease the efficiency of black Si cells further in the near future.

• The $/Wp depends on the efficiency and production cost of the cells. The pro-
duction cost of RIE-texturing is not fully known and may only be quantified at
industrial scale due to economies of scale. However, a RIE tool is very similar to
a PECVD tool, since they both consist of vacuum chambers with gas inlets and a
plasma generator. Thus, the cost of a large-scale RIE for texturing may be similar
to the cost of a PECVD. Since PECVD is the standard tool for AR-coatings in the
solar industry, its tool cost must be acceptable for the industry. This assumption
was also described and used in [153], which concluded a possible cost saving of
3-6% by replacing conventional texturing with maskless RIE-texturing in the solar
industry.

• Large-scale, even in-line, RIE equipment dedicated for texturing is actually being
developed by Meyer Burger (former Roth & Rau) [74, 75]. The tool is called
MaiaTex. This indicates that there are no physical constraints in terms of scaling
RIE equipment to the scale and throughput of the solar industry. It also indicates
commercial interest from the solar industry and its equipment suppliers, such as
Meyer Burger, in developing and implementing RIE-texturing.

Furthermore, RIE-texturing presents certain advantages compared to conventional tex-
turing:

• The single-sided nature of RIE enables and may simplify the fabrication of ad-
vanced cell designs.

• Since RIE only removes a few µm from the front of the wafer, RIE-texturing is
possible on very thin Si wafers.

• RIE texturing is suitable for texturing novel wafer types, such as kerfless, diamond-
wire sawn, laser-cut and quasi-mono crystalline Si wafers, that are otherwise not
textured effectively by conventional methods.

• Dry texturing reduces water consumption and may have process and handling
advantages compared to wet texturing.
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• Dry texturing reduces the CO2 emission from the solar cell production itself [154]
depending on the effectiveness of the abatement system of the RIE system.

These points are all speculative in nature and do only partly represent the complex task
of implementing maskless RIE-texturing in the solar industry. Several disadvantages,
such as higher cost, lower throughput and limitations on power conversion efficiency due
to the recombination issues described in this work, may turn out to be problematic.
However, the objective of this industrial outlook is to present the potential of RIE-
texturing from a commercial perspective. These considerations have led to intentional
process restrictions throughout this work: For instance, the developed RIE-texturing
method has been restricted to a maskless, 1-step process, even though multiple steps
and/or photolithography could have yielded even higher efficiency in the end. Similarly,
Si wafers were restricted to large-area CZ substrates in order to make the developed
technology as relevant for the industrial application as possible.





Chapter 8

Conclusion

This thesis has presented results from the PhD project entitled ’Nanostructuring of Solar
Cell Surfaces’. The main objective of this PhD project was to develop nanostructured Si
solar cells with higher power conversion efficiency using only scalable and cost-efficient
production methods. The nanostructures, known as ’black silicon’, were fabricated by
single-step, maskless reactive ion etching and used as front texturing of different types
of Si solar cells. Since the developed RIE-texturing method is a scalable, 1-step process
it has the potential of industrial application in the solar industry. For this reason the
work has been restricted to industrially feasible materials and processes. This means
that no scarce or expensive materials nor processes such as photolithography has been
used in the cell fabrication.
In Chapter 2 the theory behind solar cell operation was presented. This included a
derivation of the Shockley diode equation. Chapter 2 also described the presented
nanostructure topology theoretically as a graded refractive index in a mean-field ap-
proximation between air and Si. Furthermore the formation of black Si was explained.
Chapter 3 presented the experimental and simulated results on optical properties of the
developed black Si surfaces. Total AM1.5G-weighted average reflectance well below 1%,
in some cases below 0.3%, was measured for different crystalline grades of Si and it was
shown that the reflectance of RIE-textured Si remains below that of KOH-textured Si
at all incident angles below 70◦. Furthermore, the integrated average absorptance was
measured to 99.2% in the wavelength range 300-900 nm. This gave rise to a calculated
pathlength enhancement for black Si of 20 at a wavelength of ∼ 1160 nm, which is
comparable to the pathlength enhancement for upright and inverted pyramid texturing
with AR-coating.
Chapter 4 presented the fabrication and characterization of RIE- and conventionally
textured, screen-printed Si solar cells on ’industrial, large-area’ 156x156 mm2 CZ Si
wafers. A power conversion efficiency of 16.5% was obtained for the batch of large-area
RIE-textured Si solar cells. The efficiency of the KOH-textured reference cell was 17.8%.
Quantum Efficiency measurements and carrier loss analysis showed that the lower ef-
ficiency of the RIE-textured cells was primarily due to increased emitter and surface
recombination. The large-area screen-printed solar cells were furthermore characterized
at varying incident angles. The angle between the cell and the light source was varied
in two axes in combination and the current-voltage characteristic was measured for each
angle combination. The angle-dependent analysis showed that RIE-textured cells have
a higher normalized power output averaged over the range of incident angles between
0 and 90◦. This result indicates the potential of improved cell performance and higher
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output power at diffuse light conditions and during daily and yearly operation.
Chapter 5 presented the fabrication and characterization of the second batch of RIE-
textured solar cells with laser-doped selective emitters (LDSE). A power conversion
efficiency of 18.1% and a fill factor of 80.1% was obtained by laser doping and subse-
quent light-induced plating of a Ni/Cu stack in combination with RIE-texturing. The
obtained fill factor of 80.1% is to our knowledge the highest fill factor reported for black
Si. The obtained efficiency of 18.1% is the highest efficiency obtained for the black Si
solar cells in this work and is comparable with the best cell results reported in literature
for front-contacted black Si solar cells. The efficiency is especially encouraging con-
sidering the significant observed spurious plating, which accounts for ∼ 4% additional
reflection loss. Furthermore the front surface passivation and emitter sheet resistance
were not optimized for the best black Si LDSE cell. Thus, the first black Si LDSE solar
cell presented in this thesis is considered a proof-of-concept and shows the potential for
improved efficiency of RIE-textured solar cells, especially when laser doping on black Si
is combined with improved surface passivation schemes such as atomic layer deposition
(ALD) of Al2O3. In Chapter 6 the passivation quality of ALD Al2O3 on black Si was
investigated, yielding surface recombination velocity (SRV) below 80 cm/s and implied
open-circuit voltage (iVOC) of 680 mV. Combining such electrical properties with the ex-
cellent optical properties of black Si presented in Chapter 3, could significantly increase
the power conversion efficiency of black Si solar cells in the future. The combination
of ALD Al2O3 and laser doping on a RIE-textured black Si surface was initially tested,
although the obtained efficiencies were very low, probably due to a too high Al con-
centration resulting from a non-optimized laser doping. This cell type will be further
investigated in future studies.
Chapter 6 furthermore presented an even more promising passivation scheme for black
Si, consisting of a 1.2 nm tunnel oxide and doped poly-Si stack. Such passivation layer
yielded SRV of 20 cm/s and iVOC of 695 mV for black Si. PC1D calculations showed
that such passivation qualities combined with the optical properties of black Si could
result in 0.4% absolute efficiency improvement over conventionally textured cells and
up to 22% power conversion efficiency for black Si cells, without applying any advanced
cell designs. In Chapter 6 the emitter formation on nanostructured Si was also investi-
gated. Based on ECV, micro four-point probe and Hall measurements it was shown that
the same dopant diffusion process yields lower sheet resistance, deeper pn-junction and
higher sheet carrier density on nanostructured Si compared to planar. This information
is crucial when fabricating black Si solar cells in the future. Furthermore the result
shows the potential of reduced thermal budget in the solar industry, if RIE-texturing
replaces conventional texturing, which would require the diffusion process to be adjusted
accordingly.
Chapter 7 presented the outlook of the thesis, focusing on novel solar cell concepts
based on nanostructured Si. Firstly, the combination of laser-doping and ALD Al2O3

passivation on black Si was presented. Secondly, the concept of hetero-junction cells on
black Si employing the promising passivation quality of tunnel-oxide and doped poly-
Si in combination was presented. Such passivation schemes could completely solve the
issue of increased surface recombination of RIE-textured Si. Both front-contacted and
interdigitated-back-contacted cell concepts were introduced. Chapter 7 also presented
the potential of using maskless RIE to texture thinner Si solar cells. For wafer thick-
nesses below ∼ 50 µm, conventional texturing methods, such as KOH-texturing, are no
longer feasible, while maskless RIE only removes a few µm of the substrate, enabling
texturing of very thin Si solar cells. This is potentially a promising application in the
solar industry, which increasingly focuses on thinner Si substrates in order to reduce
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cost by reducing Si consumption per cell. In addition, Chapter 7 presented a novel con-
cept describing the use of maskless RIE to locally define contact openings on the rear
of high-efficiency cells such as the PERL-cell. Definition of contact openings of ∼ 100
nm in diameter with a potential metal coverage of 2.4% was presented. Such values are
to our knowledge only possible to obtain with much more expensive and non-scalable
methods, such as e-beam or advanced optical lithography. This makes the presented
technique promising for the fabrication of rear point-contact cells, such as the PERL-
cell, since the theoretically ideal rear design has minimized contact diameters combined
with a metal coverage in the range of 1-5%. Finally, a few remarks on the potential
industrial application of maskless RIE-texturing were given in the last part of this the-
sis. Since the developed maskless RIE-texturing method is a dry, maskless, 1-step and
potentially scalable process, the technique meets the requirements for directly replacing
conventional texturing in the solar industry. RIE-texturing may be cost-competitive,
since the only required tool, a reactive ion etcher, is comparable in fixed and running
cost to a PECVD, which is already implemented in the solar industry. Such tools are
already being developed by equipment manufacturers. Furthermore, the excellent opti-
cal properties of black Si presented in this work show the potential for increased power
conversion efficiency of black Si solar cells. The initial cell results showing efficiencies
up to 18.1% and fill factors above 80% are encouraging, since the presented cell was not
optimized in terms of passivation, emitter and spurious plating. When these are opti-
mized and when RIE-texturing is combined with the presented passivation techniques,
the nanoscale texturing method presented in this work may improve not only power
conversion efficiency but the cost-efficiency of silicon solar cells in general.
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a b s t r a c t

We report fabrication of nanostructured, laser-doped selective emitter (LDSE) silicon solar cells with
power conversion efficiency of 18.1% and a fill factor (FF) of 80.1%. The nanostructured solar cells were
realized through a single step, mask-less, scalable reactive ion etch (RIE) texturing of the surface. The
selective emitter was formed by means of laser doping using a continuous wave (CW) laser and sub-
sequent contact formation using light-induced plating of Ni and Cu. The combination of RIE-texturing
and a LDSE cell design has to our knowledge not been demonstrated previously. The resulting efficiency
indicates a promising potential, especially considering that the cell reported in this work is the first
proof-of-concept and that the fabricated cell is not fully optimized in terms of plating, emitter sheet
resistance and surface passivation. Due to the scalable nature and simplicity of RIE-texturing as well as
the LDSE process, we consider this specific combination a promising candidate for a cost-efficient process
for future Si solar cells.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Nanoscale texturing of silicon (Si) surfaces has been shown
[1–7] to reduce the total weighted average optical reflectance to
well below 1% over a broad range of wavelengths and incident
angles. Compared to the typical front surface reflectance of �2
and �8%, from conventionally textured mono- [8] and multi-
crystalline [9] Si solar cells, respectively, nanoscale texturing such
as described in [10–12] offers a potential of improved power
conversion efficiency for Si solar cells due to reduced reflect-
ance loss.

We use black silicon [13,14,11] nanostructuring to achieve low
reflectance, which can be modelled in a mean-field approximation
as a graded refractive index at the Si-air interface [15]. von Gas-
trow et al. [16] reported excellent passivation of black Si surfaces
using atomic layer deposition (ALD) of Al2O3. Repo et al. [17]
achieved a power conversion efficiency of 18.7% on 400 μm thick
float-zone Si using cryogenic deep reactive ion etching (RIE) as

texturing and plasma assisted atomic layer deposition (ALD) of
Al2O3 for a passivated emitter rear locally diffused (PERL) cell and
22.1% on an interdigitated back contact (IBC) cell with similar ALD-
passivation [18]. Oh et al. [19] achieved a power conversion effi-
ciency of 18.2% on 300 μm thick float-zone Si by combining a
metal-assisted wet etching black silicon process for texturing,
tetramethylammonium hydroxide (TMAH) damage removal etch
and thermal SiO2 passivation. Yoo [20] used industry grade Czo-
chralski (Cz) Si and RIE texturing and achieved a power conversion
efficiency of 16.7%. Wang et al. [21] applied black Si by metal-
assisted wet etching and ALD of Al2O3 on industry grade Cz Si and
achieved 18.2% efficiency.

The primary reason for the relatively low efficiencies reported for
black Si solar cells so far is the significant emitter and surface
recombination [19,2] resulting from increased surface area, defects
from the texturing process and increased emitter doping through the
nanostructured surface yielding increased Auger recombination. These
effects usually lead to reduced short-circuit current and open-circuit
voltage. Thus, a selective emitter design could improve the efficiency
of black Si solar cells. In order to achieve a selective emitter without
the use of multiple high-temperature process steps and photo-
lithography, laser doping and subsequent self-aligned Ni/Cu-plating
has been suggested by several groups [22–24]. The laser-doped
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selective emitter (LDSE) process offers excellent sheet resistance
control, self-alignment of front metal contacts to the local highly
doped areas and a fast, low-temperature process scalable to industrial
throughput. Hallam et al. achieved 19.3% efficiency for a LDSE solar
cell on large-area Cz Si substrates using an industrial turnkey pro-
duction line with the addition of laser-doping and plating [25]. The
LDSE process has also been successfully applied to bifacial silicon solar
cells [26]. An important feature of the LDSE cell process is the repla-
cement of screen-printed Ag front contacts with plated Ni/Cu-con-
tacts. Due to the economic benefits of replacing Ag by Cu in the solar
industry [27] and the extensive studies of Ni/Cu-plating applied for Si
solar cells [28–31] the self-aligned, high-performing Ni/Cu-plated
front contacts is an important and promising feature of LDSE
solar cells.

This work presents LDSE black Si solar cells fabricated on p-
type Cz Si substrates textured by a single step, maskless RIE pro-
cess. To our knowledge this combination has not been previously
reported and the resulting cell is thus considered a first proof-of-
concept. The emitter diffusion and surface passivation were not
fully optimized, since the main goal of this study was the combi-
nation of LDSE and RIE-texturing. The primary objective of this
work is to investigate how laser doping and plating processes are
affected by the RIE-textured surface and vice versa. It is not
obvious how a differently textured surface affects e.g. electrical
properties of the laser doped regions and subsequent plating. The
surface topology may alter the interaction between the laser beam
and the material. Thus a different emitter profile may change the
defect generation and risk of Schottky contact formation. Besides
laser doping and plating, several process steps could be affected by
changing from conventional to RIE-texturing: emitter diffusion
could change with effective surface area and deposition of anti-
reflective coating may not yield the expected layer thickness and
uniformity due to the nanostructured front surface. Such effects
could then further affect the subsequent laser doping and plating
processes. An example hereof is spurious plating on the surface in
case of pinholes in the dielectric coating resulting from a different
surface topology.

For these reasons there is a need for an investigation of such
RIE-textured LDSE solar cells.

2. Approach

The maskless RIE process presented in this work is applied as
the texturing step in the following solar cell fabrication process:

� Saw damage removal by etching in 30% KOH at 75 °C for 2 min
and subsequent cleaning in 20% HCl at room temperature for
5 min and rinsing in deionized water.

� Texturing using maskless RIE at room temperature in a O2 and
SF6 plasma with a gas flow ratio of O2:SF6¼1:1, chamber pres-
sure of 24 mTorr, 13.56 MHz radio-frequency platen power of
100 W using a SPTS RIE system.

� Emitter formation using a tube furnace from Tempress Systems
with liquid POCl3 as dopant source at a temperature of 840 °C
and atmospheric pressure for 50 min in O2 and N2 ambient,
followed by removal of phosphor-silicate glass (PSG) in 5%
hydrofluoric acid (HF).

� Plasma enhanced chemical vapour deposition (PECVD) of 75 nm
hydrogenated amorphous silicon nitride (SiNx:H) anti-reflective
coating at 400 °C using a Roth & Rau MAiA tool.

� Screen-printing of Al rear contact with standard Al paste, which
was fired using a Sierra Therm infra-red fast-firing furnace, with
a peak temperature set point of 835 °C and a belt speed of
4500 mm/min.

� Laser doping of the front surface using spin-on of 85% phos-
phoric acid as doping source followed by laser doping using a
continuous wave laser at a wavelength of 532 nm, 20 W laser
power and 2–4 m/s laser scan speed.

� Light-induced plating of Ni acting as seed and barrier layer for
the subsequent Cu plating.

� Ni sintering using rapid thermal processing (RTP) in N2 ambient
at 350 °C for 2 min.

� Light-induced plating of Cu onto the Ni seed layer.
� Edge isolation by laser ablation using a 20 W Nd:YAG Lee

laser tool.

The starting substrates were 25�25mm2 p-type, CZmono-crystalline
Si with a thickness of 200 μm and a resistivity of 1–3Ω cm.

Fig. 1 shows a schematic cross-section of the fabricated
solar cell.

3. Characterization

J–V curves and photovoltaic performance including short-
circuit current density, JSC, open-circuit voltage, VOC, fill factor,
FF, and power conversion efficiency were measured on complete
cells under 1 sun illumination (1000 W/m2, AM1.5G) using a ELH
halogen light source, Advantest TR6143 DC Source Measurement
Unit and Labview software for data collection. The illumination
was calibrated using the known short-circuit current of a reference
mono-crystalline Si screen-printed solar cell.

A LEO 1550 Scanning Electron Microscope (SEM) was used to
characterize the nanostructured surface topology.

Suns-VOC [32,33] measurements were performed using a Sin-
ton WCT-120 Lifetime tester. The JSC value from the IV-
measurement was used.

Reflectance was measured using a Perkin Elmer integrating
sphere and spectrometer. The absorptance was measured using a
center mount sample holder inside the integrating sphere.

External Quantum Efficiency (EQE) was measured without bias
light using a PV Measurement QE system and Internal Quantum
Efficiency (IQE) was calculated based on the EQE and reflectance
measurements.

Photoluminescence (PL) [34] was measured at open-circuit
conditions using a BTi luminescence imaging tool. Cross-
sectional Focused Ion Beam (FIB)/SEM images of the plated Ni/Cu

Fig. 1. Sketch of the black Si LDSE solar cell structure. The cells are textured in a
single-step, maskless RIE process. The highly doped regions of the selective emitter
is formed by means of local laser doping using phosphoric acid dopant and a
continuous wave laser. The rear contact is screen-printed and fired Al and the front
contacts are plated Ni/Cu. The dimensions of the different layers are not to scale.
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front contacts were taken using a Helios Nanolab 600 tool
from FEI.

4. Results

Fig. 2 shows a SEM image of the RIE-textured Si surface at 40°
tilt before any further processing. The nanostructures have a
height of �300–500 nm and a distance between the structures of
�300–500 nm. The nanostructures are conical-like hillocks ran-
domly distributed across the entire solar cell surface.

Fig. 3 shows the total light absorptance of the RIE-textured Si
wafer before any further processing as function of wavelength. The
absorptance was measured using a centre-mount sample holder
placed inside the integrating sphere. The incident angle of the
light source deviated 8° from normal incidence due to the geo-
metry of the measurement setup. The absorptance is �99% in
most of the solar spectrum up to a wavelength of �1000 nm, at
which the light starts to transmit through the 200 μm thick Si
wafer. The integrated average absorptance is 99.2% in the wave-
length range 300–900 nm and decreases to 91.7% from 900 to
1000 nm. The calculated absorptance of a 200 μm Si wafer without
any texturing but with an assumed reflectance of 0% is plotted for
comparison. Also, the simulated absorptance of a 200 μm Si wafer
textured with upright random pyramids with 75 nm SiNx:H AR-
coating is shown for comparison. It is seen that RIE-texturing
results in increased absorptance of wavelengths above 1000 nm
compared to non-textured Si and similar absorptance of wave-
lengths above 1000 nm compared to conventionally textured
mono-crystalline Si solar cells. This indicates some path-length
enhancement of longer wavelengths within the RIE-textured
wafer. Based on the absorption coefficient of Si the path-length
enhancement of RIE-textured Si is estimated to 20 times at a
wavelength of 1100 nm.

The fabricated RIE-textured LDSE solar cells were characterized
under 1 sun illumination (1000 W/m2, AM1.5G). Fig. 4 shows the
measured J–V curve of the best black Si LDSE cell at 1 sun. The
short-circuit current density, JSC, is 36.3 mA/cm2 and open-circuit
voltage, VOC, is 624 mV. The power conversion efficiency is 18.1%
and the fill factor, FF, is 80.1%. The pseudo light J–V curve and Suns-
VOC measurement seen in Fig. 5 shows that the best black Si LDSE
cell has a pseudo fill factor, pFF, of 82.3% and a pseudo power
conversion efficiency, pEff, of 18.7% without the effect of series
resistance. The high pFF indicates that shunting is low and the
pseudo efficiency indicates that series resistance accounts for
�0.6% point efficiency loss compared to the actual power con-
version efficiency. The linearly increasing relationship between the

illumination and VOC seen in the bottom part of Fig. 5 indicates
that neither shunting nor Schottky contacts are significant for the
best black Si LDSE cell. This result is encouraging, because it
indicates that RIE-texturing does not lead to increased laser
damage or defects at the edges of the laser-doped lines. This does
not seem to be the case from the Suns-VOC measurement. The
increase in VOC for intensities of 6–7 suns compared to the double
diode model may be due to saturation of the surface recombina-
tion, which dominates the cell performance at 1 sun.

Table 1 shows measured JSC, VOC, power conversion efficiency
and FF for three different RIE-textured LDSE solar cells processed at
three different laser speeds. The results in Table 1 show that the
three RIE-textured LDSE solar cells have efficiencies in the range
17.5–18.1%. The differences are primarily due to differences in FF.
The different fill factors may be explained by the different laser
speeds according to the result in Fig. 6, which shows Suns-VOC at
low injection for the three RIE-textured LDSE cells with different
laser speeds. Fig. 6 shows that a laser speed of 3 m/s leads to the
highest open circuit voltage at low injection and an almost linear
relationship between VOC and illumination intensity. The cell pro-
cessed at a laser speed of 2 m/s has significantly lower VOC at low

Fig. 2. SEM-image at 40° tilt of the RIE-textured Si surface before any further
processing. The nanostructures have a height of �300–500 nm and a distance
between the structures of �300–500 nm. The nanostructures are conical-like hil-
locks randomly distributed across the entire solar cell surface.

Fig. 3. Light absorptance of the black Si surface before cell processing as function of
the wavelength. The absorptance was measured with a center-mount inside an
integrating sphere. The incident angle of the light source deviated 8° from normal
incidence due to the geometry of the measurement setup.

Fig. 4. Current density-voltage characteristic of the best black Si LDSE solar cell
under 1 sun illumination (1000 W/m2, AM1.5G). The short-circuit current density,
JSC, is 36.3 mA/cm2 and open-circuit voltage, VOC, is 624 mV. The power conversion
efficiency is 18.1% and the fill factor, FF, is 80.1%.

R.S. Davidsen et al. / Solar Energy Materials & Solar Cells 144 (2016) 740–747742



injection and a less linear relationship between VOC and intensity.
This is also reflected in the lower pFF of this particular sample.

After Ni/Cu-plating it was clear that significant spurious plating
had occurred and that the surface had local scratches and pinholes
through the dielectric, in which Ni and Cu has plated unintentionally.

The top part of Fig. 7 shows photographs of the finished cells where
the plating defects are visible. The bottom part of Fig. 7 shows a SEM-
image of the RIE-textured surface of the final cells, where an example
of the spuriously plated Ni/Cu is also visible. In order to investigate the
lines defined by the laser, optical microscope images were taken. The
top image in Fig. 8 shows an optical microscope image of laser-doped
lines on the RIE-textured Si surface. The image was taken at the point
where a metal finger intersects the busbar. The laser-scribed lines are
approximately 20 μm wide with �5 μm) laser damage on each side
of the lines. Note that each busbar consists of 10 separate lines about
20 μmwide, spaced �80 μm apart and metallized in the same light-
induced plating process as the fingers. The middle image of Fig. 8
shows an optical microscope image of the Ni/Cu-plated metal lines in
this case from the busbar lines. It is seen that the plated contacts are
between 18 and 28 μmwide. The total contact fraction is �2.5% of the
total cell area assuming 23 μm wide fingers. The bottom image in
Fig. 8 shows a top-view SEM-image of a Ni/Cu-plated line. In the SEM-
image an example of spurious metal plating is also seen.

Fig. 9 shows a SEM-image of the cross-section of a laser-doped
line plated with Ni/Cu. The cross-section was defined by a Focused
Ion Beam (FIB). The plated metal line is �30 μm wide and
�10 μm in height. The layer on top of the Ni/Cu-line is Pt used
solely for sample protection during FIB cutting. Note that the black
silicon nanostructures can be seen on the sides of the laser-doped
line. The nanostructures are not seen in the laser-doped region in
the center of the plated Si region, since the Si in this region has
been melted and re-solidified during the laser doping process.

Fig. 10 shows EQE and IQE of the complete 18.1% cell and total
reflectance of the RIE-textured Si with �75 nm SiNx:H anti-
reflective (AR) coating, before any further processing. The IQE is
calculated from the measured EQE and reflectance. The IQE plotted
in Fig. 10 might be underestimated, since the reflectance was
measured on textured Si with AR-coating but without any metal,
while the EQE was measured on the complete cell. The beam spot
of the light source of the EQE-measurement was placed between
two metal fingers, but any metal present within the beam spot of
the EQE-measurement will increase reflectance and thus decrease
EQE and thereby the calculated IQE, since the reflectance in Fig. 10
is measured without any metal on the surface. The low IQE for
short wavelengths may be due to a too highly doped emitter
resulting in increased Auger recombination and may also be due to
increased surface recombination at the nanostructured Si surface.

The measured short-circuit current density can be compared to
the expected value calculated from the EQE and the solar spectrum
to verify consistency in the measurements. Let EλðλÞ be the solar
spectral irradiance as a function of wavelength λ according to
AM1.5G and QextðλÞ the measured EQE. Then the spectral current
density is JλðλÞ ¼ eλEλðλÞQextðλÞ=ðhcÞ since hc=λ is the photon
energy and e the unit charge, while h is Planck's constant and c the
vacuum speed of light. It follows that the expected short-circuit
current density is

JSC ¼
Z λmax

λmin

eλ
hc

EλðλÞQextðλÞ dλ: ð1Þ

A numerical integration using λmin ¼ 300 nm and λmax ¼ 1200
nm results in the expected short-circuit current density 36.5
mA/cm2 which is in almost perfect agreement with the 36.3
mA/cm2 that was measured.

Fig. 11 shows the total reflectance of the RIE-textured surface
with AR-coating before and after Ni/Cu-plating, respectively, as
function of wavelength. It is clear that after metal plating the
reflectance of the complete cell increases significantly. However,
the increase is presumably partly due to the spurious plating seen
in Fig. 7. The beam spot size of the light source was �2 cm in

Fig. 5. Result of the Pseudo Light J–V (top) and (middle) Suns-VOC measurement of
the best black Si LDSE cell processed at a laser speed of 3 m/s. The measurement
shows a pseudo fill factor, pFF, of 82.3% and a pseudo efficiency, pEff, of 18.7%
without the effect of series resistance.

Table 1
Power conversion efficiency, short-circuit current density, open-circuit voltage and
fill factor at 1 sun illumination (1000 W/m2, AM1.5G) of conventionally and RIE-
textured LDSE Si cells with laser speeds of 2, 3 and 4 m/s, respectively. Further-
more, the pseudo fill factor, pFF, determined by Suns-VOC measurements is given.

Laser speed (m/s) Efficiency (%) JSC (mA/cm2) VOC (V) FF (%) pFF (%)

2 17.5 36.0 0.624 77.9 81.0
3 18.1 36.3 0.624 80.1 82.3
4 17.5 35.8 0.624 78.4 82.0

Fig. 6. Suns-VOC measurement at low injection of three black Si LDSE cells pro-
cessed at laser speeds of 2, 3 and 4 m/s, respectively.
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diameter and covered the majority of the cell area including the
busbar and metal fingers.

Fig. 12 shows an open-circuit photoluminescence (PL) image of
the 18.1% cell after Ni plating and sintering. The PL-image shows
increased recombination at the laser-doped, Ni-plated busbar and
fingers, which is expected for Si-metal interfaces. Furthermore,
circular points or agglomerations of lower PL-signal intensity can
be seen all over the surface. This indicates that the firing tem-
perature used after rear Al screen-printing was slightly too high
for the particular samples, leading to a non-uniform back-
surface field.

5. Discussion

The power conversion efficiency of 18.1% of the black Si LDSE
cell fabricated in this work is comparable to the best efficiencies
reported for front-contacted black Si solar cells [17,19,21]. Table 2
shows selected cell results reported for black Si solar cells [11].
From Table 2 it appears that the cell in this work has superior fill
factor compared to existing black silicon cells, while JSC and VOC

are on par or slightly reduced compared to [17]. The lack of

improvement to JSC and VOC may be explained by the unin-
tentionally too heavily doped emitter, inadequate surface passi-
vation and the unintentional spurious plating; optimized proces-
sing is thus expected to improve both key parameters significantly.
The very high fill factor on the other hand is due to a near opti-
mum laser power and scan speed used during laser doping of the
best device, resulting in very low contact resistance. We note that
the optimum laser doping conditions are different from those on
planar silicon probably due to stronger coupling of the laser power
into the structure.

In general, this result is encouraging considering that industrial
grade Cz Si wafers were used and that the complete cells in this
work were not fully optimized.

First of all the cells had significant spurious plating as shown in
Fig. 7. This induces a direct loss of current, since the reflectance of
the complete cells is significantly higher than a similar cell with-
out spurious plating. The reflectance difference is shown in Fig. 11
and the additional integrated average reflectance in the range
300–1000 nm attributed only to spurious plating can be estimated
by the following considerations. The integrated average reflec-
tance in the range 300–1000 nm is 1.20% before plating and 6.38%
after plating. The front contact grid only covers �2.5% of the cell

Fig. 7. (Top) Photographs of 2 of the final black Si LDSE solar cells. The images show significant spurious plating of Ni/Cu and scratches in the front surface. (Bottom) SEM-
image at 52° tilt of the RIE-textured surface of the final black Si LDSE solar cell surface. The SEM-image also shows examples of spuriously plated Ni/Cu.
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area assuming 23 μm wide fingers. Based on the metal grid
coverage the grid itself only accounts for additional reflectance of
�1.23% assuming 50% reflectance of Cu in the wavelength range
300–1000 nm. The spurious plating must account for the
difference between the additional reflectance after plating and
reflectance from the grid. Thus the spurious plating accounts for
�3.95%. This is a direct reflection loss, which can be at least partly
avoided by minimizing spurious plating. Furthermore, spurious
plating in scratches such as seen in Fig. 7 is likely to cause
increased surface recombination, since the plated metal contacts
directly to a lightly doped emitter, which shields minority carriers
less than a heavily doped emitter, thus causing enhanced recom-
bination at the metal-Si interface. It is however encouraging that
the Suns-VOC measurement in Fig. 5 does not indicate any
increased defect generation or Schottky contact formation.

The Suns-VOC result in Fig. 6 indicates the relationship between
laser speed and pseudo FF. From the result in Fig. 6 it seems that
3 m/s leads to the most ideal performance, ultimately leading to a

Fig. 8. (Top) Optical microscope image of the laser-doped lines on the black Si front
surface before Ni/Cu-plating. (Middle) Optical microscope image showing the
width of the Ni/Cu-plated metal lines in this case from the busbar. (Bottom) Top-
view SEM-image of a Ni/Cu-plated metal line.

Fig. 9. SEM-image at 52° tilt showing the cross-section of a Ni/Cu-plated metal
line. The cross-section was defined by a Focused Ion Beam (FIB). The plated metal
line is �30 μmwide and �10 μm in height. The layer seen on top of the Ni/Cu-line
is Pt used solely for sample protection during FIB cutting. Note that the black silicon
nanostructures are visible at the edges of the plated Ni/Cu line.

Fig. 10. External and Internal Quantum Efficiency and total reflectance as function
of wavelength of the 18.1% black Si LDSE solar cell. The reflectance data are for RIE-
textured Si with AR-coating before any further processing. The IQE is calculated
based on the measured EQE and reflectance of the surface measured before laser
and plating processes. EQE was measured without any bias light.

Fig. 11. Total reflectance of the RIE-textured Si surface with AR-coating before and
after laser doping and Ni/Cu-plating, respectively, as function of wavelength. The
beam spot size of the light source was �2 cm in diameter and covered the majority
of the cell area including the busbar and metal fingers.
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higher FF and power conversion efficiency than the cells processed
at 2 and 4 m/s, respectively. The lower VOC at low injection for the
cell processed at 2 m/s may be due to increased laser damage at
the slower scan speed leading to increased Shockley-Read-Hall
recombination in the laser doped regions. The pseudo FF of the cell
processed at 4 m/s is almost as high as for 3 m/s. However, the FF
is still significantly lower, which indicates that the problem for this
cell is rather series resistance. This may be due to a lighter doping
caused by the faster scan speed. Thus, it seems that a laser speed
of 3 m/s is close to the optimal compromise between minimized
laser damage and minimized series resistance for RIE-textured
laser-doped solar cells.

Assuming that the spurious plating is due to pinholes and other
non-uniformities in the dielectric AR-coating, the problem could
be minimized by increasing the thickness of the SiNx:H layer. The
layer may be even thinner than expected, because the deposition
rate in the PECVD process may not be the same for RIE-textured Si
compared to conventionally textured Si. Even a non-uniform layer
would not induce spurious plating as long as the dielectric layer is
completely covering the Si surface with sufficient thickness to
completely isolate the surface from the plating electrolyte. It is
assumed that the pretreatment using hydrofluoric acid (HF)
immediately prior to Ni plating further increases the risk of pin-
holes, since the SiNx:H coating is etched by HF to some degree. A
negative effect of increasing the SiNx:H thickness could be
increased reflectance and absorption in the AR-coating. However,
the AR-properties of the SiNx:H coating are less critical on RIE-

textured Si, due to the very low reflectance from the black Si
surface itself. The increased absorption in the AR-coating could be
minimized by adjusting the layer thickness and the HF process in
order to minimize pinholes, while maintaining an acceptably low
absorption in the AR-coating.

The phosphorus emitter was too heavily doped resulting in a
sheet resistance of 40Ω measured with a 4-point probe after
phosphorus diffusion. This was unintentional, since the full area
sheet resistance of such selective emitter should ideally be on the
order of 100Ω, which was also measured on planar Si reference
wafers from the same diffusion process. This suggests that the
decreased sheet resistance is due to faster diffusion of dopant
atoms through the nanostructured Si surface. By decreasing time
and temperature of the diffusion process, we expect to improve
the emitter in future studies. From the QE measurement seen in
Fig. 10 a significant decrease in EQE and IQE is seen for wave-
lengths below 600 nm. This indicates significant emitter and sur-
face recombination, which is expected from black Si, if the surface
is not well passivated. Since a standard SiNx:H AR-coating was
used as the only passivation layer on these cells, it is expected that
the short wavelength response can be significantly improved in
future studies by optimizing the SiNx:H coating or by applying
different dielectric coatings.

From the PL-image in Fig. 12 small circular structures with
slightly lower PL-signal can be seen. We suggest that this is due to
a too high firing temperature used for rear Al screen-printing on
these particular samples. We expect this to be improved in future
studies.

By combining the potential improvements mentioned above
significantly higher power conversion efficiency of this new kind
of cell structure is expected. This will be investigated in future
studies.

6. Conclusion

Ni/Cu-plated black Si LDSE solar cells have been fabricated on
industrial grade Cz Si substrates textured in a single step, maskless
RIE-process. The best cell has a power conversion efficiency of
18.1% with a fill factor of 80.1%. Since the cell was not optimized in
terms of spurious plating, emitter sheet resistance and surface
passivation, it is expected that the efficiency of black Si LDSE cells
will be significantly higher in the near future. To our knowledge
this is the first RIE-textured LDSE cell reported and we therefore
consider this a proof-of-concept.

Fig. 12. Open-circuit Photoluminescence (PL) image of the cell after Ni plating and
sintering, but before Cu plating and edge isolation. The feature in the bottom left
corner of the image is due to the shape of the screen-printed Al on the rear.

Table 2
Selected black silicon solar cell results reported in the literature. The table shows power conversion efficiency, JSC, VOC, fill factor and type of solar cell and Si substrate. For
further details about the cell type we refer to the references. (MACE, Metal-Assisted Chemical Etching.)

Author Texturing Eff. (%) JSC (mA/cm2) VOC (V) FF (%) Cell type
Passivation, Cell area

This work RIE 18.1 36.3 0.624 80.1 CZ LDSE
SiNx, 6.25 cm2

Repo et al. [17] RIE 18.7 39.2 0.632 75.8 FZ PERL
ALD Al2O3, 4 cm2

Yoo [20] RIE 16.7 36.8 0.617 76.0 CZ Screen-printed
SiNx, 156.25 cm2

Oh et al. [19] MACE 18.2 36.5 0.628 79.6 FZ, evaporated contacts
Thermal SiO2, 0.8081 cm2

Wang et al. [21] MACE 18.2 41.3 0.598 75.1 CZ, evaporated contacts
ALD Al2O3, 0.92 cm2

Savin et al. [18] RIE 22.1 42.2 0.665 78.7 FZ, IBC
ALD Al2O3, 78.5 cm2 (4 in)
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Introduction Nanostructures etched in silicon surfaces such as reactive ion etch (RIE) textured
black Si have shown to be potentially useful in photovoltaic applications [1] [2] [3] [4]. In particular,
the reduced reflectance over a broad range of incident angles [5] compared to that of bare silicon
and silicon with a simple anti-reflex coating. Nguyen et al. [6] simulated the reflectance of
nanostructures with peak heights of 900 nm as a function of incident angle. The investigation
of angle-resolved optical behavior of nanostructured Si is particularly important considering the
reported angle-dependence of power output [7] [8] of commercial Si solar cells.

This work differs from previous studies such as [6] by focusing on smaller nanostructures. The
risk of increased surface recombination due to the etched nanostructures implies a compromise
between optical performance and surface recombination. Thus, smaller nanostructures resulting in
minimal surface recombination yet minimal reflectance are ideal. For this reason this work focuses
on nanostructured surfaces with peak heights of 300 nm and two different graded refractive index
schemes resembling experimentally fabricated surfaces relevant for photovoltaics.

In this work we have simulated and experimentally measured the reflectance from nanostruc-
tured silicon surfaces realized by mask-less RIE texturing. The reflectance was evaluated as a
function of the incident angle of the light.

Simulation model To simplify modelling of the reflectance of the black silicon microstructure a
mean field approach was used; here the refractive index n was varied gradually – either linearly
or non-linearly – from that of silicon nsi to that of air nair across a distance equal to the height h of
the nanostructures according to

n(z) =





nSi , for z ≤ 0
nair , for z ≥ h
nair f (z, h, Λ) + nSi [1− f (z, h, Λ)] , for 0 < z < h

(1)

where Λ is a nonlinearity parameter. The index shape function was defined as f (z, h, Λ) =
ln (1 + z/Λ)

/
ln (1 + h/Λ) in case of a non-linear index profile and f (z, h, Λ) = z/h in case of a

linear index profile; here the parameters Λ = 10 nm and h = 300 nm were used. With this index
profile the time-harmonic Maxwell equations were solved in the form of the Helmholtz equations
(e.g. ∇2E = −k2E, where k is the wave number) for the electric and magnetic fields E and H,
respectively. The calculation was done for the case of a plane optical wave of wavelength λ = 550
nm incident at an angle θ to the surface normal. From the fields Poynting’s vector S = E×H and
its time average z-components 〈S〉 · ez were calculated at the source and the detector, from which
the reflectance R was calculated.
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Simulation Results The results of the simulations are shown in the reflectance graphs in Fig. 1
where reflectances for TE and TM waves are shown along with the mean reflectance of a 50/50
mixture of TE and TM waves as a function of the incident angle, the calculated reflectances in
Fig. 1(a) are for a linearly graded index, while the reflectances for the nonlinear graded index
are shown in Fig. 1(b). As expected, the reflectance is higher for TE than for TM waves. In all
cases the reflectance is very low (less than 1% for non-linear graded index and less than 5% for
linearly graded index) for incident angles below 45 ◦. At larger incident angles the reflectance
increases rather steeply. We observe that the reflectance resulting from the non-linear graded
index is generally lower than the linear graded index and stays below 1% until the incident angle
is increased above 45 ◦. In addition the difference in reflectance between TE and TM waves is less
pronounced.

Figure 1: Simulated reflectance as function of incident angle at a wavelength of 550 nm for surfaces with nanostructures
of 300 nm in height in case of (a) linearly graded refractive index, (b) non-linearly graded refractive index.
The insets in (a) and (b) show the simulated reflectance at incident angles from 0− 70 ◦

Experimental Method and Results Black Si was realized by means of maskless RIE at room
temperature in an O2 and SF6 plasma. The texturing process was carried out at a gas flow ratio of
O2:SF6 '1:1, a pressure of 10-30 mTorr, a platen power of 30-100 W at 13.56 MHz in a STS RIE
system. The resulting surface morphology was characterized using scanning electron microscopy
(SEM), and SEM images of the structures are shown in Fig. 2. The different morphologies shown
in Fig. 2 indicate that the graded refractive index profile may be approximately linear in some
cases and non-linear to some extent in other cases.
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Figure 2: SEM-images at 45 ◦ (top) and 0 ◦ (bottom) tilt of RIE-textured Si surfaces with 300 nm nanostructure height.
The nanostructures represent approximately linear (top,left) and non-linear (top,right) graded refractive index
profiles.

The specular angular-dependent optical reflectance of the nanostructured silicon surface was
measured for wavelengths in the range 300-1000 nm using a Woollam VASE ellipsometer.

Figure 3: Experimental specular and total reflectance as a function of incident angle. The average reflectance in
the wavelength range 300-1000 nm and the value at a wavelength of 550 nm (directly comparable to the
simulation) are shown (left). The specular reflectance at incident angles from 50− 85 ◦ is shown to the right.

Fig. 3 shows the measured specular and total reflectance as a function of the incident angle.
Both the average reflectance in the wavelength range 300-1000 nm and the reflectance at 550 nm
are shown.
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The reflectance is seen to be dominated by non-specular reflectance. In agreement with the
simulation the specular reflectance is seen to be very low, but the experimental specular reflectance
stays low even at very high incident angles (i.e. below 0.1% at angles below 65 ◦). The measured
total reflectance is more comparable in magnitude to and agrees quite well with the calculated
reflectance. The reason is that due to the surface topology a major part of the reflected waves are
reflected in a direction different from that of the detector in a specular reflection measurement
set-up and escape detection.
We note, that the simple simulation model – by construction – is unable to model real diffuse
reflection; this can be accomplished using a much more detailed model of the nanostructured
surface, which is part of future work.

Conclusion Angle-resolved reflectance from nanostructured Si surfaces realized by maskless
RIE texturing has been simulated and measured. The simulation and experimental measurement
data show the same trend. Experimentally a total reflectance below 1% for incident angles below
30 ◦ and specular reflectance below 0.1% at incident angles below 70 ◦ is seen. In both simulation
and experiment the specular reflectance is below 10% at incident angles below 65 ◦ and below 1%
at incident angles below 45 ◦ in the case of non-linear graded refractive index. From the simulation
results the non-linear graded refractive index yields lower reflectance than the linearly graded
refractive index. Modelling of the diffuse reflectance is part of future work.
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a b s t r a c t

We report angle resolved characterization of nanostructured and conventionally textured silicon solar
cells. The nanostructured solar cells are realized through a single step, mask-less, scalable reactive ion
etching (RIE) texturing of the surface. Photovoltaic properties including short circuit current, open circuit
voltage, fill factor (FF) and power conversion efficiency are each measured as function of the relative
incident angle between the solar cell and the light source. The relative incident angle is varied from 0° to
90° in steps of 10° in orthogonal axes, such that each solar cell is characterized at 100 different angle
combinations. The angle resolved photovoltaic properties are summarized in terms of the average, angle-
dependent electrical power output normalized to the power output at normal incidence and differently
textured cells on different silicon substrates are compared in terms of angle resolved performance. The
results show a 3% point improvement in average electrical power output normalized with respect to
normal incidence power output of RIE textured, multicrystalline Si cells compared to conventional
multicrystalline Si cells and above 1% point improvement of RIE textured monocrystalline Si cells
compared to conventional monocrystalline Si cells.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Solar cells are generally characterized at standard test condi-
tions i.e. at light intensity of 1000 W/m2, AM1.5G1 illumination,
temperature of 25 °C and light at normal incidence, which means
that the incident simulated sunlight beam is directed at an angle
of 90° relative to the solar cell plane. However these conditions
only represent a very limited fraction of actual, realistic operating
conditions for solar cells and panels. The temperature of the cell
and the intensity and incidence angle of the sunlight indeed vary
between different geographical locations and throughout the
duration of a day and a year. Furthermore solar cells are subject to
diffuse light whenever clouds, dust or any obstacles in the air
scatter the sunlight before it reaches the solar cell surface. For this
reason there is a need for a more detailed characterization scheme
for solar cells, which takes these variations into account. In par-
ticular when considering alternative solar cell types employing

features such as nanoscale texturing of the solar cell surface, the
angle-resolved and low light performance becomes more impor-
tant, since nanoscale texturing has been shown [1–3] to yield
superior reflectance properties over a broad range of incident
angles compared to conventionally textured solar cells.

We use black silicon (BS) [4,5] nanostructuring to achieve low
reflectance due to the resulting graded refractive index at the Si–air
interface. Low broadband reflectance at different incident angles has
been reported for moth-eye surfaces [6,7] and different types of
black silicon [8] are fabricated by means of various methods. This
work focuses on black Si fabricated by maskless reactive ion etching
(RIE). Repo et al. [9] achieved a power conversion efficiency of 18.7%
on 400 mμ thick float-zone Si using cryogenic deep RIE as texturing
and plasma assisted atomic layer deposition (ALD) of Al O2 3 for a
passivated emitter rear locally diffused (PERL) cell. Oh et al. [3]
achieved a power conversion efficiency of 18.2% on 300 mμ thick
float-zone Si by combining a metal-assisted wet etching black silicon
process for texturing, TMAH damage removal etch and double-sided
thermal SiO2 passivation. Yoo [10] used industry grade Czochralski Si
and RIE texturing and achieved a power conversion efficiency of
16.7%. Several groups have reported improved light absorption over a
broad range of incident angles of nanostructured [11–14] and
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differently textured Si including the PERL-cell [15,16]. Considering
these reported improved angle-dependent optical properties of
nanostructured Si and the correlation between overcast sky (diffuse
light) conditions and relative incident angle of the sunlight [17–20],
the relationship between nanostructured Si solar cells and angle-
dependent photovoltaic performance is of utmost interest with
respect to optimization of solar cell performance under realistic
operating conditions such as diffuse light. Lee et al. [21] show
improved average power conversion efficiency as function of inci-
dent angle of nanostructured thin film Si solar cells in comparison
with “conventional” thin film Si cells with single and double anti-
reflective (AR) coatings. However, a detailed study of the angle-
dependent photovoltaic performance of nanostructured, large-area
Si solar cells based on industrial type Si substrates in direct com-
parison with conventionally textured Si solar cells, has not yet been
reported.

This work presents an angle-resolved characterization approach
of solar cells in general and measured angle-resolved photovoltaic
properties of nanostructured Si solar cells in comparison with con-
ventionally textured Si solar cells.

2. Approach

The maskless RIE process presented in this work is applied as
the texturing step in the following solar cell fabrication process:

� Saw damage removal by etching in 30% KOH at 75 °C for 2 min
and subsequent cleaning in 20% HCl at room temperature for
5 min and rinsing in deionized water.

� Texturing using maskless RIE at room temperature in a O2 and
SF6 plasma with a gas flow ratio of O : SF 1: 12 6 ≈ , chamber
pressure of 28 mTorr, 13.56 MHz radio-frequency platen power
of 30 W using a STS RIE system.

� Emitter formation using a tube furnace from Tempress Systems
with liquid POCl3 as dopant source and N2 as carrier gas at a
temperature of 840 °C and atmospheric pressure for 50 min in
O2 ambient, followed by removal of phosphor-silicate glass
(PSG) in 5% hydrofluoric acid (HF).

� Plasma enhanced chemical vapour deposition (PECVD) of
60 nm hydrogenated amorphous silicon nitride (SiNx:H) anti-
reflective coating at 400 °C using a PlasmaLab System133 from
Oxford Instruments.

� Screen-printing of Ag front and Al rear contacts with standard
Ag and Al pastes using an Ekra X5-STS screen printer, followed
by co-firing of the front and rear contacts at 800 °C using an
RTC Model LA-309 belt furnace.

� Edge isolation by laser ablation using a J-1030-515-343 FS
System from Oxford Lasers Ltd.

The starting substrates were 156�156 mm2 p-type, CZ mono-,
multi- and quasi-mono-crystalline Si wafers with a thickness of
200 mμ and a resistivity of 1 3 cm– Ω .

3. Characterization

Normal incidence reflectance measurements of the RIE-textured
mono-, multi and quasi-mono Si surfaces were performed using a
broadband lightsource (Mikropack DH-2000), an integrating sphere
(Mikropack ISP-30-6-R), and a spectrometer (Ocean Optics QE65000,
280–1000 nm). The reference solar spectral irradiance for AM1.5 was
used to calculate the weighted average reflectance in the wavelength
range from 280 to 1000 nm. The angle-dependent optical reflectance
was measured with monochromatic light from 350 nm to 1200 nm
using an APEX monochromator illuminator with an Oriel Cornerstone

260 1/4 m monochromator. A quartz crystal achromatic depolarizer
from Thorlabs was used in the beam path to randomize the partly
polarized light from the monochromator. The sample was inserted
inside a 150mm integrating sphere with a centre mount configura-
tion and rotated to any desired angle of incidence.

I–V curves and photovoltaic properties including short-circuit
current, ISC, open-circuit voltage, VOC, fill factor, FF, and electrical
output power, Pel, were measured on complete cells under 1 sun
illumination (1000W/m2, AM1.5G) using a Newport Oriel 92190
large-area Xe light source and a Keithley 2651A high-power source
meter.

In order to characterize the solar cell performance at varying
incident angles, I–V curves were measured on differently textured Si
solar cells mounted and contacted on a stage, which prior to each I–V
curve measurement was tilted to a position given by two angles, θ
and ϕ, around two orthogonal axes: θ is the tilt of the cell plane with
respect to the original, horizontal x-axis and ϕ is the tilt of the cell
plane with respect to the tilted y-axis. The light source was fixed
during all measurements. The measurement setup including the two
angles θ and ϕ is sketched in Fig. 4. The incidence angle was varied
using two JVL QuickStep stepping motors connected to the solar cell
stage. Each angle was randomly varied in steps of 10° in the range
0–90° unless otherwise specified. At each angle combination, (θ, ϕ),
the I–V curve was measured under 1 sun and the result collected
using LabView, such that a total of 100 I–V curves were measured for
each cell. The measured I–V curves were then analysed in order to
determine ISC, VOC, FF and Pel at each angle combination, (θ, ϕ), using
SciLab. Finally the angle-resolved photovoltaic properties were
plotted and the average electrical power output normalized to the
normal incidence power output was calculated in order to compare
the angle-dependency of different cells. A LEO 1550 Scanning Elec-
tron Microscope (SEM) was used to characterize the nanostructured
surface topology.

4. Results

An example of the nanostructured surfaces realized by mask-
less RIE in this work is seen in Fig. 1.

The nanostructures seen in Fig. 1 are conical-like hillocks ran-
domly distributed across the entire solar cell surface. The nanos-
tructures are on average 300–400 nm tall with an area density of

100 m 2∼ μ − . The topology is shownwith and without ∼60 nm PECVD
SiNx:H in Fig. 1. It is seen from Fig. 1(a) that the SiNx:H AR-coating
does not change the RIE-textured topology significantly, but makes
the nanostructure edges slightly more round and smooth.

Fig. 2 shows total weighted average reflectance of RIE-textured
Si below 1.1% for all three crystalline grades of Si, which is a clear
improvement compared to KOH- and acidic-textured Si used in
standard industrial Si solar cells. With anti-reflective coating
KOH-textured Si has reflectance of 2% [22], while acidic-textured
multi-crystalline Si has reflectance of 8% [23]. It is seen that the
average reflectance is unaffected by the ∼60 nm PECVD SiNx:H AR-
coating. The results furthermore show negligible increase in
reflectance after emitter diffusion. The RIE-textured Si shows
∼0.1% minimum reflectance independent of crystalline grade. The
power conversion efficiencies at normal incidence of the fabri-
cated solar cells are summarized in Table 1. Table 1 shows that the
RIE-textured cells have lower power conversion efficiency than the
conventionally textured cells primarily due to lower short-circ
uit current, but also reduced open-circuit voltage. Based on
IQE-measurements and LASSIE2 analysis, the current and volta
ge losses were explained by increased emitter and surface

2 Loss analysis of silicon solar cells by IQE evaluation.
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recombination [24]. For the cells fabricated in this work, the tex-
turing and thus reflectance was not fully optimized. Since the RIE-
texturing has been further optimized after these cells were

fabricated, with a resulting weighted average reflectance below
1%, it is expected that the power conversion efficiency will be
increased in future studies. In addition, optimized post-RIE pro-
cessing may reduce emitter recombination.

Fig. 3 shows the total weighted (AM1.5) average reflectance as
function of incident angle for standard, KOH-textured (squares) and
RIE-textured (triangles) mono-crystalline Si substrates. The reflec-
tance was measured using an integrating sphere with one axis angle
variation of the incident optical fiber relative to the Si substrate. The
results in Fig. 3 show that the reflectance of RIE-textured Si is sig-
nificantly below that of KOH-textured Si at all incident angles below
70°. Furthermore the reflectance of KOH-textured Si increases more
with incident angle up to 50° than the reflectance of RIE-textured Si.
For angles above 50° the reflectance of RIE-textured Si increases
more with incident angle than that of KOH-textured Si. This result
shows the potential for improved solar cell performance using RIE-
texturing at non-ideal incident angles.

There are two reasons for measuring parameters such as ISC, VOC,
FF and power output as function of two different incident angles and
plotting the result in a 2-D plot such as in Fig. 4: First of all, the
intention of this work is to demonstrate a new and different method
for characterization of solar cells in general. By measuring I–V-data
as function of two orthogonal incident angles in combination, rea-
listic angle-resolved scenarios such as diffuse light conditions can be
investigated in more detail. Secondly, this method allows for a
quantification of any asymmetric features of the solar cell with
respect to incident angle of the light, whether on the surface or
inside the cell. Examples of this are isotropic compared to aniso-
tropic texturing methods and light trapping properties. We

Fig. 1. SEM-image at 45° (a, b, top) and 0° (b, bottom) tilt of the RIE-textured Si
surface with (a) and without (b) ∼60 nm PECVD SiNx:H AR-coating, respectively.

Fig. 2. Total weighted (AM1.5) average reflectance before and after emitter diffu-
sion as well as the minimum reflectance of mono-, multi- and quasi-mono Si
surfaces, respectively. The average reflectance of RIE-textured mono-crystalline Si
with ∼60 nm PECVD SiNx:H AR-coating is also shown.

Table 1
Power conversion efficiency, short-circuit current, open-circuit voltage and fill
factor at normal incidence of conventionally and RIE-textured mono-, multi- and
quasi-mono-crystalline Si cells, respectively.

Cell Efficiency (%) JSC (mA/cm2) VOC (mV) FF

Normal incidence
Conventional mono 17.8 36.8 619 0.78
Conventional multi 16.5 34.4 619 0.77
RIE mono 16.5 35.2 609 0.78
RIE multi 14.5 31.7 592 0.77
RIE quasi-mono 13.0 30.0 575 0.75

Fig. 3. Incident angle dependent total weighted average reflectance of KOH-tex-
tured (squares) and RIE-textured (triangles) mono-crystalline Si substrates.
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acknowledge that the asymmetric behaviour seen in Fig. 4 is not
significant considering the uncertainties of the measurement. Thus,
the choice of a 2-D plot in this case is a demonstration of the method
and its capabilities, rather than a thorough analysis of asymmetric
angle-resolved behaviour.

Fig. 4 shows that VOC and FF do not change significantly for
angles below 80°. ISC and consequently Pel decrease with increas-
ing incident angle. This is expected since the optical input power,
P, on the solar cell decreases with cosine to the incident angle,

since the effective illuminated area decreases with cosine to the
angle according to Eq. (1). In the experimental setup the optical
power incident on the cell for angle variation θ is given by

P P W P( ) cos( ) cos( ) (1)0
2

0θ Φ θ θ= = =

under ideal conditions. Here W is the edge length of the cell, Φ0 is
the optical intensity and P0 is the optical power incident on the cell
at normal incidence. The efficiency of the cell, which may be angle
dependent, is

Fig. 4. Angle-resolved measurement including short-circuit current, open-circuit voltage, fill factor and power conversion efficiency. The result is for a RIE-textured mono-
crystalline Si solar cell. A sketch of the measurement and coordinate system is seen in the top of the figure. The angles, θ and ϕ are indicated.
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where Pel is the electrical output power at optimal load conditions.
Part of any angular dependence in the efficiency is due to angular
dependence of the reflection coefficient, r( )θ , and this dependency
is made explicit, if an internal efficiency ηint is defined such that

r( ) ( )[1 ( )] (3)intη θ η θ θ= −

The internal efficiency, ( )intη θ , could be angle dependent due to
increased photon path length within the silicon for increasing θ
and consequently increasing collection probability. Investigation of
this effect is beyond the scope of this work.

These efficiencies are the physically relevant parameters for the
cell. For convenient presentation of the raw measurement data, an
artificial apparent efficiency ηapp may be defined as

P
P

( )
( )

( )cos( )
(4)app

el

0
η θ

θ
η θ θ= =

and from the rightmost expression in Eq. (4), it is seen that if the
cell has an efficiency without angular dependency, then the
apparent efficiency has a cosine angular dependency. The mea-
sured apparent efficiency for the RIE-textured mono-crystalline Si
cell is plotted in Fig. 5; in the plot the expected apparent efficiency
given in Eq. (4) assuming a constant η is also shown for compar-
ison. For simplicity the results are only shownwith angle variation
in one axis.

Fig. 5 shows that the experimentally measured apparent effi-
ciency is higher than expected for incident angles below 60°. This
may in part be explained by divergence of the light source, which
changes the actual optical input power according to the following
equation:

⎛
⎝⎜

⎞
⎠⎟

P W
W

L

( )
cos( )

1
2

sin( )
(5)

0
2

2θ Φ θ

θ
=

−

where L is a characteristic length parameter of the divergence. Note
that the term W L1 (( /2 )sin( )))2θ− is a possible correction term
related purely to the measurement setup. Eq. (5) shows that
divergence of the light source accounts for measured apparent
efficiency values higher than expected. However, efficiency values
lower than expected, as seen for incident angles higher than 60° in
Fig. 5, cannot be explained by divergence of the light source and are
most probably a result of increased reflectance at higher incident angles. Pel decreases according to Eq. (3) when the reflected part of

the optical input power, r( )θ , increases with the incident angle as
shown in Fig. 3.

In order to evaluate the actual angle dependency of the dif-
ferently textured solar cells, the measured electrical power output
was normalized to the electrical power output at normal inci-
dence, (0,0). Fig. 6 shows the angle-dependent normalized power
output for the RIE- and conventionally textured mono- and multi-
crystalline Si cell, respectively, for comparison. Fig. 6 shows that
the RIE-textured mono- and multi-crystalline cells in general have
slightly higher angle-resolved efficiency normalized to the effi-
ciency at normal incidence compared to the conventionally tex-
tured cells. For certain incidence angles above 60° the con-
ventionally textured mono-crystalline cell shows slightly higher
normalized efficiency compared to the RIE-textured. Fig. 6 also
shows an asymmetric behaviour with respect to the two angles, θ
and ϕ. The asymmetry occurs for both RIE- and conventionally
textured cells, which indicates that the asymmetric behaviour is
partly due to imperfections in the measurement setup. However, it
is seen that the asymmetry is slightly larger for the conventional
cells for most angles. This might be explained by the different
rotational symmetries for the differently textured topologies: The

Fig. 5. Angle-resolved apparent efficiency measurement as function of the incident
angle in one axis in comparison with the expected apparent efficiency decreasing
with cosine to the angle. Experimental data for the RIE-textured mono-crystalline
Si solar cell are shown.

Fig. 6. Angle-resolved electrical power output normalized to the power output at
(0,0) for the RIE-textured and conventionally textured mono- (top) and multi-
crystalline (bottom) Si cell, respectively.
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black silicon cell – due to the random nature of the surface
nanostructures – should only be affected by the polar angle of the
incident light, whereas the azimuthal angle should not matter. The
same may not be true for KOH textured cells, where the pyramids
may be of random size, but they all share a fourfold symmetry in
the azimuthal angle; it follows that some degree of variation with
the azimuthal angle may be present for KOH cells.

The asymmetric behaviour may also be due to the front
metallization, which reduces the symmetry to twofold or lower.

Yet, the observed asymmetry is too small compared to the
uncertainties of this measurement to conclude whether the asym-
metry is actually due to topology differences or measurement
inaccuracy.

Angle-resolved properties similar to the results in Fig. 4 were
measured for nanostructured mono-, multi- and quasi-mono-
crystalline Si cells and conventionally textured mono- and multi-
crystalline Si cells for comparison. Since texturing of quasi-mono-
crystalline Si cells is not yet fully established or standardized, no
such cell was produced. Based on the measured angle-resolved
electrical power output, the average normalized electrical power
output, avΨ , relative to the power output at normal incidence can
be compared for each of the differently textured cells. avΨ is given
by the expression in Eq. (6) and the resulting values of average
relative power output are shown in Table 2 and Fig. 7:

N
P
P

1 ( , )
(0, 0) (6)

el

el
av

0

90

0

90

∑ ∑Ψ
θ ϕ

=
θ ϕ= =

In Eq. (6) N denotes the total number of efficiency values which is
being averaged over. In the case of averaging over incident angles
in the range of 0–90° in steps of 10° in both axes, N¼100. Pel
denotes the measured electrical power output of the cell.

The results in Fig. 7 and Table 2 show that the average nor-
malized power output is also higher for the RIE-textured cells
compared to the reference cells in the incident angle range of 0–
40°. Furthermore the difference between the RIE-textured and the
reference cells is even more significant in this smaller range of
angles closer to normal incidence. This angular range is arguably
more interesting than 0–90° due to e.g. higher sunlight intensity
close to normal incidence and the effective restriction of incident
angles of light reaching the solar cells due to refraction and
reflection of light from the protective glass covering solar cells in
practice. In order to account for these differences, it is needed to
do a complete weighing of the different incident angles and angle
ranges. Such analysis is out of the scope of this work, but the
results indicate the need for a more detailed analysis.

5. Discussion

The results in Table 1 show that the RIE-textured cells have
lower power conversion efficiency at normal incidence due to
increased surface recombination of the RIE-textured cells [24].

However, the average electrical power output normalized to the
power output at normal incidence shown in Fig. 7 is higher for the
RIE-textured cells compared to the conventionally textured cells; both
for mono- and multi-crystalline Si. This indicates a less angle-
dependent power output of such nanostructured Si solar cells com-
pared with conventionally textured Si solar cells in general. Less
angle-dependent power output implies potentially higher power
output over a broad range of incident angles representing e.g. angle
variation during daily and yearly operation of solar cells and panels.
Furthermore, and perhaps more importantly, such less angle-depen-
dent behaviour as seen in Fig. 7 represents improved performance
under diffuse light conditions for nanostructured solar cells compared
with conventionally textured solar cells. Since diffuse light is a rea-
listic and important operating condition, which affects the perfor-
mance of commercial solar cells and panels significantly, this result
shows the potential of nanoscale texturing, such as maskless RIE-
texturing, as a way of improving the overall performance of Si solar
cells by enhancing the diffuse and low light performance and thus
create a more stable and angle-independent solar cell performance.
This behavior may change when measuring solar modules, in which
the solar cells are covered by encapsulants that may affect the optical
performance. Such analysis is beyond the scope of this work, but will
be examined in future studies.

6. Conclusion

A method for angle-resolved characterization of solar cells in
general and measured angle-dependent photovoltaic properties of
nanostructured and conventionally textured mono-, multi- and
quasi-mono crystalline Si solar cells, respectively, have been pre-
sented. Compared with conventionally textured cells the nanos-
tructured solar cells have lower power production over a broad
range of incident angles due to lower power conversion efficiency in
general. However, the RIE-textured multi-crystalline Si cells show a
3% point improvement in average normalized angle resolved power
output compared to conventionally textured and the RIE-textured
mono-crystalline Si cells show above 1% point improvement com-
pared to conventionally textured.

Acknowledgements

Center for Individual Nanoparticle Functionality (CINF) is spon-
sored by The Danish National Research Foundation (DNRF 54).

Table 2
Average normalized electrical power output relative to the power output at normal
incidence, averaged over a range of incident angles from 0° to 90° and 0° to 40°,
respectively, in two orthogonal axis for conventional and RIE-textured mono-,
multi- and quasi-mono-crystalline Si solar cells, respectively.

avΨ (%), [ ; ]θ ϕ [0–90°; 0–90°] [0–40°; 0–40°]

RIE mono 30.44 75.15
RIE multi 31.13 75.69
RIE quasi-mono 32.16 76.81
Conventional mono 29.22 70.39
Conventional multi 28.18 72.62

Fig. 7. Average normalized electrical power output in the range 0–90° and 0–40°,
respectively, relative to the power output at normal incidence for conventionally
and RIE-textured mono, multi and quasi-mono-crystalline Si cells, respectively.
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Abstract  —  A method of patterning atomic layer deposition 
(ALD) deposited aluminium oxide dielectrics (𝐀𝐥𝟐𝐎𝟑) using an 
inkjet printer is outlined. This method has applications in 

creating PERC cell type rear contacts. It is simpler, and uses 
fewer chemicals than immersive etching techniques such as those 
involved in photolithography, and the patterning does not cause 

damage to the silicon evident in laser ablation techniques. Holes 
with varying diameter between 61-159 µm were etched onto a 50 
nm thick ALD 𝐀𝐥𝟐𝐎𝟑  passivating dielectric at numerous print 

settings. The relationship between the printing parameters and 
the feature size of the holes is discussed.  

Index Terms —Aluminium Oxide, Inkjet, PERC, Silicon, Solar 
Cells.  

I. INTRODUCTION 

With renewed commercial and research interest in 

Passivated Emitter Rear Contact (PERC) solar cells, there has 

been increasing focus on methods which create localised point 

openings in rear passivating dielectrics [1-3]. With excellent 

surface passivation properties on p-type silicon [4-8], 

aluminium oxide (Al2O3) deposited by atomic layer deposition 

or plasma enhanced chemical vapour deposition (PECVD) is 

commonly used to passivate the p-type rear surface of 

industrial PERC style cells. Current methods employ pulsed 

laser ablation of a dielectric stack to remove localised regions 

[9,10]. However a major drawback of this method is the 

possibility of creating laser-induced damage though micro-

crack formation, point defects, surface melting, etc., which 

can  reduce cell performance [9-13]. 

We investigate the application of direct etching methods to 

create small point-like openings directly onto thin ALD Al2O3 

dielectrics in a single application. Our group has previously 

demonstrated a method for patterning anodised aluminium 

oxide (AAO) with inkjet printing techniques and phosphoric 

acid (H3PO4) to form rear contact openings [15], and Liu et al. 

have used a technique developed by Lennon et al. to etch 

Al2O3/SiNx stacks, which involves spin coating a thin layer of 

polyacrylic acid on to the sample and printing ammonium 

fluoride [16-18]. In this submission we demonstrate the direct 

etching of ALD Al2O3 which does not require any spin-

coating steps. This method has the advantage of simplicity and 

uses less material. Unlike laser ablation, it does not subject the 

surface of the wafer to high localised heating, removing the 

risk of laser-induced damage on the silicon surface. 

Etching of Al2O3 dielectrics approximately 50 nm thick is 

demonstrated using droplets of H3PO4 deposited using an 

inkjet printer. We examine the relationship between the 

dimensions of the etched features and the amount of etchant 

deposited and characterise the features using an optical 

microscope. 

II. ETCHING METHOD 

The point contact patterns were prepared on 200 µm thick, 

1.6 Ω cm boron doped p-type CZ <100> wafers. To create a 

textured rear surface, the wafers underwent a five minute saw 

damage etch in 25% (w/v) NaOH at 80 ± 2 ⁰C. Prior to ALD 

deposition, all the wafers underwent a full Radio Corporation 

of America (RCA) clean and a short dip in 5% (w/v) 

hydrofluoric acid (HF) to remove the native oxide on the 

surface.  

An ALD Al2O3 passivating dielectric was grown on the rear 

using a thermal ALD system (Cambridge Nanotech Savannah 

S100). 500 deposition cycles at a deposition temperature of 

200 ⁰C were used to grow a thin passivating Al2O3 dielectric 

of approximately 50 nm in thickness (growth rate of 1.08 

Å/cycle). All samples were then annealed in a nitrogen 

ambient environment for 10 minutes at 425 ⁰C. 

A solution of 50% (w/v) H3PO4 was inkjet-printed onto the 

Al2O3 surface using a FUJIFLM Dimatix Materials Printer 

(DMP-2831), which utilised a piezoelectric ink cartridge with 

sixteen nozzles, each having a nominal drop volume of 10 pL. 

In order to maintain a droplet velocity of 10 m/s, printing was 

performed at 5 kHz and a nozzle voltage range of 10.8-12.6 V. 

A single nozzle was used in each printing run to increase 

printing accuracy. The platen temperature was maintained at 

60⁰C in order to accelerate the etch reaction whilst the ink 

temperature was kept at a constant 30 ⁰C in order to maintain 

consistency of the fluid viscosity and print process.  

A test pattern consisting of a sequence of dots spaced 250 

µm apart within an array 20 mm wide and 2 mm in length was 

used to ascertain the amount of etching on the substrate. 

Varying levels of etchant were deposited by reprinting over 

the same location in numerous passes of the nozzle to add 

more layers of etchant to the original print site.  

After printing, wafers were left on the heated platen for 

varying durations to allow the etch reaction to occur. The 

wafers were then rinsed in deionised (DI) water and the 



 

TABLE I. 

INKJET PRINTING RESULTS 

 20x Magnification 50x Magnification 

Array 1 

1 layer 

Average diameter = 61  µm 

  
Array 2 

2 layers 

Average diameter = 90 µm  

  
Array 3 

4 layers 

Average diameter = 119 µm 

  

Array 4 

8 layers 

Average diameter = 159  µm 

  

 resulting etched patterns were characterised by optical 

microscope imaging.  The diameters of 16 random features 

was measured and aggregated to give the average feature 

diameter. 

 III. RESULTS 

Table I shows the etched features as a result of printing. The 

change in the surface colour in the images reveals the 

underlying silicon which is now exposed due to the Al2O3 

layer being etched.  

25 μm  

25 μm  

25 μm  

25 μm  



 

The results indicate that full etching of the 50 nm dielectric 

can be achieved with a single layer of etchant. The amount of 

etchant applied increases proportionally with the amount of 

layers deposited, and increasing the amount of etchant 

deposited increased the size of the etched features. This trend 

is evident in Fig. 1, which graphs the diameter of the etched 

features as a function of the number of layers printed. This 

increase in diameter is a result of the etchant spreading over 

the surface and etching a larger area of the underlying 

dielectric.  

 

 

This shows that different sized features can be created by 

depositing various amounts of etchant. The settings can also 

be tuned to print any spacing of dots which can be used to 

tune the percentage of area exposed to metal to optimize 

contact resistance and contact recombination.  

IV. CONCLUSION 

We have described a technique to create localised point-like 

openings on an ALD deposited Al2O3 which can be used to 

create PERC solar cells.  A single layer of H3PO4 was shown 

to be an effective etchant of ALD deposited Al2O3, and this 

technique can be used to create openings which are on average 

61 μm in diameter for ALD thicknesses up to 50 nm. 

Furthermore, the process flexibility of inkjet printing allows 

for the etched area to be customised by varying the number of 

layers printed and the pattern design, which in turn affects the 

amount of underlying silicon exposed to metal, which is useful 

when optimizing rear point contact schemes for PERC cells. 
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Abstract 

We present a nanostructured surface, made of dry etched black silicon, which lowers the reflectance for light incident at all 
angles. This surface is fabricated on infrared detectors used for tissue oximetry, where the detection of weak diffuse light signals 
is important. Monte Carlo simulations performed on a model of a neonatal head shows that approximately 60% of the injected 
light will be diffuse reflected. However, the change in diffuse reflected light due to the change in cerebral oxygenation is very 
low and the light will be completely isotropic scattered. The reflectance of the black silicon surface was measured for different 
angels of incident and was fund to be below 10% for angles of incident up to 70°. The quantum efficiency of detectors with the 
black silicon nanostructures was measured and compared to detectors with a simple anti-reflection coating. The result was an 
improvement in quantum efficiency for both normal incident light and light incident at 38°. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the scientific committee of Eurosensors 2014.  

Keywords: Tissue oximetry; infrared detectors; black silicon; quantum efficiency; diffuse reflected light 

1. Introduction 

Near infrared tissue oximetry, as a medical diagnostic method, is next in line to continue in the successful 
footsteps of pulse oximetry, which today is widely used at hospitals. Tissue oximetry is of special interest within 
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neonatology where it is used to non-invasively monitor the oxygenation of brain tissue on prematurely born infants 
[1]. The most widely used measurement method is spatially resolved spectroscopy (SRS) where light of different 
wavelengths is injected into the tissue and the diffuse reflected light is measured as a function of distance to the light 
source, generally done using distances of several centimeters, see Fig. 1a. We have previously presented a device for 
SRS measurements on neonates, consisting of nine individual detectors, made from silicon polyimide and PDMS 
and optimized for detection of light with a wavelength of 700-1000 nm, which can be seen in Fig. 1b [2]. 

Although a majority of the light is diffuse reflected from most tissue types the changes in signal due to changes in 
cerebral oxygenation are typically small. In order to maximize the detected signal the reflectance from the surface of 
the detectors should be as low as possible. A typical solution is to apply anti-reflection (AR) coatings to the detector 
surface, but such coatings are very dependent on the incident angle of light and the diffuse reflected light will be 
incident on the detectors at all angles (0-90°). We present a solution to this problem by using black silicon 
nanostructures, which are dry etched into the silicon surface of the detectors. Black silicon has already proven to be a 
very effective anti-reflection surface for solar cells because it offers low reflectance for a wide range of wavelengths 
as well as for a wide range of incident angles [3].  

 

 

Fig. 1. (a) The principle behind spatially resolved spectroscopy. (b) A flexible array of infrared detectors used for tissue oximetry. 

2. Results and discussion 

2.1. Monte Carlo simulations 

In order to investigate how the diffuse reflected light will behave as a function of cerebral oxygenation for a 
neonate we have used Monte Carlo simulation on a model of a neonatal head [4]. The model consists of four 
different layers corresponding to the skin, the skull, the cerebrospinal fluid and the cerebral tissue into which a 
pencil beam of light is injected. When the cerebral oxygenation changes it will lead to a change in the ratio between 
oxygenated hemoglobin and deoxygenated hemoglobin. This will in turn change the absorption coefficient of the 
cerebral tissue. Using data of the absorption coefficient for the two different types of hemoglobin the change in 
diffuse reflected light can be simulated as function of the cerebral oxygenation (StO2) for different wavelengths [5]. 
The results can be seen in Fig. 2a, which shows the diffuse reflected light as function of cerebral oxygenation for 
three different wavelengths. It can be seen that approximately 60% of the injected light will be diffuse reflected. 
However, the change in diffuse reflected light due to the change in cerebral oxygenation is very small, which 
indicates that the infrared detectors need to be of very high quality. Furthermore, the distance which the light has to 
travel before being completely isotropic scattered can be described as being greater than the inverse of the reduced 
scattering coefficient, which for the tissues in a neonatal head will be approximately 20 cm-1. This means that the 
light will be isotropic scattered after travelling >0.5 mm into the tissue. The diffuse reflected light will therefore be 
both very weakly changing as function of cerebral oxygenation and arrive at the detectors from all angles between 0-
90°.  
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Fig. 2. (a) Results from Monte Carlo simulations. (b) SEM image of the black silicon nanostructures. 

2.2. Device fabrication 

The infrared detectors are fabricated on high quality (001) p-type silicon wafers with a resistivity of 10,000 Ω/cm. 
The detectors are fabricated as back side pn-junction diodes, using boron and phosphorous diffusions, where the 
junction is located on the opposite side of the light incident surface. This ensures that the electrical interconnects will 
not obscure for the incident light. A p-type front side field doping is also made by diffusion, in order to ensure that 
the generated minority carrier electrons will not diffuse towards the front side surface where the recombination 
velocity will be very high. The back side electrical interconnects are made by aluminum metallization and finally the 
black silicon nanostructures are etched into the front side using RIE with an SF6/O2 plasma. The black silicon 
nanostructures have a random topology and a height of 100-300 nm, as can be seen from Fig. 2b. Other devices 
where fabricated with a 50 nm SiO2 / 50 nm SiN anti-reflection coating instead of the black silicon nanostructured 
surface. This ensured that the performance of the black silicon surface could be compared to a more standard AR 
coating.  

The dry etching process for making the black silicon nanostructures has the advantage that it is compatible with 
polymers and metals that are on the silicon wafers when the etching process is performed. This is essential for many 
medical devices made from a silicon wafer platform, where a wet etch used for fabrication of the black silicon is not 
possible [6]. 

2.3. Reflectance and quantum efficiency measurements 

The reflectance of the black silicon and the SiO2/SiN AR coating were measured for light with a wavelength of 
700-1000 nm using an integrating sphere and an ellipsometer, respectively. The result can be seen in Fig. 3a. For all 
the measured angles the black silicon can be seen to have a lower reflectance when compared to the AR coating. 
The quantum efficiency where measured, as a function of wavelength, for finished devices with both the black 
silicon nanostructures and the AR coating. The measurements were performed using a monochromator with 10 nm 
steps and a calibration photodiode with a known responsively and were done for normal incident light and light 
incident at 38° (the largest possible angle for our setup). The results can be seen in Fig. 3b. The devices with the 
black silicon nanostructures can be seen to have larger quantum efficiency for almost the entire wavelength span. 
For the entire spectrum (700-1000 nm) the devices with the black silicon nanostructures have an average quantum 
efficiency of 83.7% and 79.1% for light incident at 0° and 38° respectively. Whereas the devices with the AR 
coating have an average quantum efficiency of 74.1% and 61.6% for light incident at 0° and 38° respectively. 

The anti-reflection properties of the black silicon nanostructures are seen to outperform the SiO2/SiN AR coating 
both in terms of dependence on wavelength and angle. The quantum efficiency is higher for the devices with the 
black silicon nanostructures in the entire spectrum (700-1000nm). Furthermore, the quantum efficiency is only 
decreasing with 5.4% for the devices with the black silicon nanostructures when the incident angle is increased to 
38°. For the devices with the AR coating the decrease is 16.9%. For many commercial infrared detectors for medical 
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use an IR transparent plastic coating is used, which acts as a cut-off filter for wavelengths below 700 nm. These 
commercial devices exhibit the same high quantum efficiency as the black silicon devices presented in this paper, 
but they still suffer from a strong angular dependence for the reflectance. For a typical commercial IR photodiode, 
coated with such a filter, a quantum efficiency reduction of approximately 25% at a light incident angle of 40° is 
normal [7].           
 

 
Fig. 3. (a) Reflectance measurements of AR coating and black silicon nanostructures. (b) Quantum efficiency measurements. 

3. Conclusion 

We have presented a black silicon nanostructured surface, which have been used to improve the anti-reflection 
capabilities for infrared detectors for tissue oximetry. The importance of the detector improvement has been proven 
by Monte Carlo simulations that showed how the diffuse reflected light would only be weakly dependent on the 
cerebral oxygenation and be completely isotropic scattered. The black silicon nanostructures are fabricated using a 
dry etch RIE process, which is compatible with wafers containing polymers and metals making it useful for various 
applications. Investigations of the black silicon nanostructured surfaces showed a decrease in reflectance for angles 
from 0-70° when comparing with a standard AR coating. Furthermore, the anti-reflection effect of the black silicon 
nanostructures was tested on infrared detectors. This showed higher quantum efficiencies for devices with the black 
silicon nanostructures at two angles when comparing them to devices with an anti-reflection coating and thus an 
improvement for the devices ability to detect weak diffuse scattered light.    
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We use plasma etched Black Si (BS)[1][2] nanostructures to achieve low reflectance due to the resulting 

graded refractive index at the Si-air interface. The goal of this investigation is to develop a suitable 

texturing method for Si solar cells. Branz et al. [3]report below 3% average reflectance for their 16.8% 

efficient black Si cell using a metal-assisted, chemical etching method on FZ mono-crystalline Si 

substrates. Yoo et al. [4] use RIE similar to this work on large-area, multi-crystalline Si cells and achieve a 

16.1% efficiency despite a relatively high reflectance of 13.3%. Despite several advantages such as; (i) 

excellent light trapping, (ii) dry, single-sided and scalable process method and (iii) etch independence on 

crystallinity of Si, RIE-texturing has so far not been proven superior to standard wet texturing, primarily as 

a result of lower power conversion efficiency due to increased surface recombination. This work shows 

promising potential of future improvements in power conversion efficiency, since excellent light absorption 

has been shown for large-area, industry grade CZ Si wafers with several identified areas of improvement. 

We show that the RIE nanostructures lead to superior light absorption independent of crystalline grade and 

incident angle.  

A texturing method which is applicable to all industrially relevant grades of Si and which yields improved 

performance at non-ideal incident angles has a major scientific and commercial relevance.  

The nanostructures were fabricated using maskless RIE in a O2 and SF6 plasma, and the surface topology 

was optimized for solar cell applications by varying gas flows, pressure, power and process time. The 

starting substrates were 156x156 mm p-type, CZ mono-, multi- and quasi-mono crystalline Si wafers, 

respectively, with a thickness of 200 μm.  

Reflectance measurements of the RIE-textured mono-, multi and quasi-mono Si surfaces were performed 

using a broadband lightsource (Mikropack DH-2000), an integrating sphere (Mikropack ISP-30-6-R), and a 

spectrometer (Ocean Optics QE65000, 280-1000 nm). The reference solar spectral irradiance for AM 1.5 

was used to calculate the weighted average reflectance in the wavelength range from 280-1000 nm.  

Our mask-less, scalable RIE nanostructuring of the Si  surface is shown to reduce the AM1.5-weighted 

average reflectance to a level below 1 % in a fully optimized RIE texturing, and thus holds a significant 

potential for improvement of solar cell performance compared to current industrial standards. The 

reflectance is shown to remain below that of conventional textured cells also at high angle of incidence. The 

process is shown to be equally applicable to mono-, multi- and quasi-mono-crystalline Si. 
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Figure 1: (left, middle) SEM-image at 45
o
 tilt of two different types of black silicon surface after RIE-

texturing. The nanostructures are h ≈ 3-400 nm tall and the area density is D ≈ 100μm
-2

. 
 (right) KOH-etched pyramid structures used for conventional solar cell texturing.  

 
Figure 2: (Left) Weighted average reflectance of mono-, multi- and quasi-mono Si surfaces, respectively. 

(Right) Weighted average reflectance as function of incident angle for a KOH-textured (squares) and RIE-

textured (triangles) mono-c Si substrates. 

 Figure 3: Weighted average reflectance as 

function of RIE process time for mono-, multi- and 

quasi-mono crystalline Si, respectively. All other 

parameters were fixed. The general trend suggests 
that the reflectance decreases with t

-2
. 
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ABSTRACT: We report on an experimental study of nanostructuring of silicon solar cells using reactive ion etching 
(RIE). A simple mask-less, scalable RIE nanostructuring of the solar cell surface is shown to reduce the AM1.5-weighted 
average reflectance to a level below 1 % in a fully optimized RIE texturing, and thus holds a significant potential for 

improvement of the cell performance compared to current industrial standards. The reflectance is shown to remain below 
that of conventional textured cells also at high angle of incidence. The process is shown to be equally applicable to  
mono-, multi- and quasi-mono-crystalline Si. The process was successfully integrated in fabrication of solar cells using 
only industry standard processes on a Czochralski (CZ) silicon starting material. The resulting cell performance was 
compared to cells with conventional texturing. For cells, where the nanostructuring was not fully optimized (reflectance 
larger than 2 %), an efficiency of 16.5 % at 1 sun was demonstrated. 

Keywords: anti-reflective coating, c-Si, Czochralski, multicrystalline, silicon, solar cell efficiency, texturisation 
 

 
1 INTRODUCTION 
 
We use Black Silicon (BS)[1][2] nanostructuring to 
achieve low reflectance due to the resulting graded 
refractive index at the Si-air interface. Oh et al. achieved 
power conversion efficiency of 18.2 % [3] on 300 µm 
thick float-zone Si by combining a metal-assisted wet 

etching black silicon process for texturing, TMAH 
damage removal etch and double-sided thermal SiO2 
passivation. In a more industrially relevant cell using 
only standard processes, industry grade CZ Si and RIE-
texturing was used by Yoo et al. [4] a power conversion 
efficiency of 16.7 % was achieved. However, despite 
several advantages such as excellent light trapping, a dry, 
single-sided and scalable process method and etch 

independence on crystallinity of Si, RIE-texturing has so 
far not been proven superior to standard wet texturing, 
primarily as a result of lower power conversion 
efficiency due to increased surface recombination. This 
work does not fully solve this problem, but the results 
show promising potential of future improvements in 
power conversion efficiency, since excellent light 
absorption and decent power conversion efficiency has 
been shown for large-area, industry grade CZ Si wafers 

with several identified areas of improvement. We show 
that the RIE nanostructures lead to superior light 
absorption independent of crystalline grade and incident 
angle.  
A texturing method which is applicable to all industrially 
relevant grades of Si and yielding improved performance 
at non-ideal incident angles has a major scientific and 
commercial relevance. 

 
 
2 APPROACH 
 
The nanostructures are fabricated as the texturing step in 
the following solar cell process:  1) Saw damage 
removal, 2) Texturing using maskless RIE in a O2 and 
SF6 plasma 3) Emitter formation using a POCl3 doping 

process, followed by PSG-removal in 5 % buffered HF, 
4) Deposition of SiNX:H anti-reflective coating using 
PECVD with SiH4, NH3 and N2, 5) Screen-printing of 
front and rear, 6) Edge isolation using laser ablation. 

The starting substrates were 156x156 mm p-type, CZ 
mono-c Si wafers with a thickness of 200 μm and a 
resistivity of 1-20 Ω cm.  
 
 
3 CHARACTERIZATION 
 

Reflectance measurements of the RIE-textured mono-, 
multi and quasi-mono Si surfaces were performed using a 
broadband lightsource (Mikropack DH-2000), an 
integrating sphere (Mikropack ISP-30-6-R), and a 
spectrometer (Ocean Optics QE65000, 280-1000 nm). 
The reference solar spectral irradiance for AM 1.5 was 
used to calculate the weighted average reflectance in the 
wavelength range from 280-1000 nm.  

I-V curves on complete cells were measured under 1 Sun 
illumination (1000 W/m2) using a xenon light bulb, while 
the IQE measurements were carried out in a LOANA 
setup from PV-tools. 
 
 
4 RESULTS 
 

 
Figure 1: SEM-image at 45o tilt of the black silicon 
surface after RIE-texturing. The nanostructures are h ≈ 3-

400 nm tall and the area density is D ≈ 100μm-2. 



 
Figure 2: Weighted (AM1.5) average reflectance before 
and after emitter diffusion as well as the minimum 
reflectance of mono-, multi- and quasi-mono Si surfaces, 
respectively. 
 
Figure 2 shows average reflectance of RIE-textured Si 
below 1% for all three crystalline grades of Si, which is a 

clear improvement compared to KOH- and acidic-
textured Si used in standard industrial Si solar cells. The 
results furthermore show negligible increase in 
reflectance after emitter diffusion. The RIE-textured Si 
show near-zero minimum reflectance independent of 
crystalline grade.  

 
Figure 3: Total weighted (AM1.5) average reflectance as 
function of incident angle for a standard, KOH-textured 
(squares) and RIE-textured (triangles) mono-c Si 
substrates. The reflectance was measured using an 
integrating sphere with one axis angle variation of the 

incident optical fiber relative to the Si substrate. 
 
Figure 3 shows that the reflectance of KOH-textured Si 
increases more with incident angle up to 50o than the 
reflectance of RIE-textured Si. For angles above 50o the 
reflectance of RIE-textured Si increases more with 
incident angle than KOH-textured Si. The reflectance of 
RIE-textured Si is significantly lower than KOH-textured 
Si for incident angles of 0-80o. This result shows the 

potential of improved solar cell performance using RIE-
texturing at non-ideal incident angles. This will be 
investigated in detail in future studies.  

 
Figure 4: Internal Quantum Efficiency of two different 
black Si cells and three KOH-textured reference cells. 
 
Figure 4 shows that the IQE of the RIE-textured solar 
cells is lower than the IQE of the KOH-textured, 

reference cells – especially at wavelengths below 600nm. 
It is assumed that the decreased IQE of the black Si cells 
compared to the KOH-cells at wavelengths below 600nm 
indicates increased surface recombination, since light 
with shorter wavelength is absorbed closer to the surface. 
In order to confirm this, a LASSIE1 tool was used to 
evaluate the loss of current density of the differently 
textured solar cells. The result of this analysis is seen in 

Table I. 
 

 Total Carrier 
Loss 

Emitter 
recombination 
 

KOH 1.385 mA/cm2 0.761 mA/cm2 

RIE 4.163 mA/cm2 3.322 mA/cm2 
Table I: Calculated total carrier loss and carrier loss due 
to emitter, bulk and rear surface recombination for the 
KOH- and RIE-textured cell. 
 

The assumption that emitter recombination is the primary 
explanation behind the lower IQE for the RIE-textured 
cells compared to the KOH-textured is confirmed by the 
calculated carrier losses in Table I, since the emitter 
recombination is the dominant carrier loss mechanism of 
the RIE-textured cells. 
 

 PCE 
[%] 

JSC 
[mA/cm

2
] 

VOC 
[V] 

FF Rav 
[%] 

KOH 17.6 36.8 0.62 77.8 2-3 

RIE, 
type 1 

15.7 35.3 0.61 72.8 2.85 

RIE, 
type 2 

16.5 35.2 0.61 77.7 2.20 

Table II: PV performance results including power 
conversion efficiency, PCE, short-circuit current, JSC, 
open-circuit voltage, VOC, fill factor, FF and weighted 

average reflectance after emitter diffusion, Rav, of the 
RIE- and KOH-textured cells. 
Table 2 shows that the RIE-textured cells have lower 
PCE than the KOH-cell due to lower JSC. The current loss 
is explained by the increased emitter recombination 
shown in Table 1. Since the RIE-texturing has been 
further optimized after these cells were fabricated, with a 
resulting reflectance below 1%, it is expected that the 
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PCE will be increased in future studies.  
 

 
5 CONCLUSION 
 

The effect of a one-step, maskless, single-sided and 
scalable RIE texturing process applied on large-area Si 
solar cells has been documented resulting in 16.5% 
power conversion efficiency using only standard 
processes and industrial grade Cz wafers. The obtained 
efficiency is lower than the 17.6% efficiency of the 
KOH-textured reference cell. This is explained by non-
optimal texturing and increased emitter recombination. 
Based on the excellent light absorption properties 

independent of Si grade and less dependent on incident 
angle compared to KOH-texturing, the efficiency is 
expected to be improved in future studies.  
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Abstract

We present a completely mask-less process allowing for controlled definition of local contact
areas on a passivated Si surface. Without use of lithography, contact windows with sub-micron
feature size and controllable pitch are obtained. A contact to passivated Si fraction of 2.4% and
a contact diameter of ∼ 100 nm were realized by Al evaporation on nano-pillars fabricated by
mask-less reactive ion etching (RIE), followed by plasma enhanced chemical vapor deposition
(PECVD) SiO2 passivation with subsequent removal of the nano-pillars by isotropic RIE. The
resulting contact diameter and metal coverage may enable optimal specific series resistance and
surface recombination velocity on the backside of point-contacted solar cells. Calculations of
the specific series resistance and effective surface recombination velocity as function of contact
pitch and metal coverage show optimal photovoltaic performance at minimized pitch, minimized
contact diameter and a metal coverage in the range of 1− 5%. The technique has the potential for
realizing advanced high-efficiency solar cell concepts, such as PERL solar cells, without the use of
photolithography.

I. Introduction

Mask-less reactive ion etching (RIE) has been used for several different applications such as front
surface texturing of solar cells [1, 2, 3, 4] and surface-enhanced raman spectroscopy [5]. The
primary advantage of mask-less RIE is the ability to define nano-structured topologies with very
specific pitch and size in a controlled manner without the use of photolithography. This ability
allows for scalable fabrication of nano-scale topologies that would otherwise be impossible or at
least require extensive, costly photolithography processing. An example of the need for precise
definition of micro- and nano-scale features in a semiconductor device, which normally requires
photolithography, is the locally diffused and contacted backside of advanced silicon solar cells
such as the passivated emitter rear locally diffused (PERL) world record solar cell [6]. The PERL
solar cell and similar advanced cell concepts achieve higher power conversion efficiencies than
conventional Si solar cells due to their passivated backside, which reduces rear surface effective
recombination velocity (SRV), while allowing for backside Si-metal contacts in locally defined
highly doped areas only.

∗e-mail: rasda@nanotech.dtu.dk, phone: +45 45255848, Department of Micro- and Nanotechnology, Technical University
of Denmark (DTU), Ørsteds Plads building 345East, DK-2800 Lyngby, Denmark
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II. Theory

The optimal design of the rear surface of a solar cell must strike a compromise between minimized
series resistance and minimized surface recombination, since minimization of the series resistance
requires some metallization which increases the effective SRV. Here we consider a backside
topology with metallized point contacts – assumed disc shaped with radius a – arranged on a
square grid of pitch p on a silicon wafer of thickness W and resistivity $b. As a result only a
fraction f = πa2/p2 of the surface is contacted. The metallized contacts have an effective surface
recombination velocity Scont as referred the bulk, which may be significantly lower than that at the
metal-semiconductor interface (Smet ≤ 107 cm/s) due to the doping profile that may be present
below the contact. The remaining part of the surface is assumed to be well passivated with the
surface recombination velocity Spass.

The spreading resistance of the individual point contacts may be calculated from the approx-
imate expression due to Cox and Strack [7], and if the contacts are non-interacting the total
resistance can be obtained simply from a parallel connection of such point contacts. The contacts
are, however, interacting and thus heuristic corrections must be made in order to obtain closed
form expressions for the specific series resistance. The specific series resistance Rs,rear must
ultimately be larger than that of the substrate material $bW. In the literature quite accurate
expressions for the specific series resistance exists [8, 9, 10], and thus we have

Rs,rear = $bW

[
p

2W
√

π f
arctan

(
2W

p

√
π

f

)
− exp

(
−W

p

)]
+ $bW, (1)

where the first term is reminiscent of the Cox and Strack expression, the last term is the bulk
substrate specific resistance and the second term a heuristic correction [8] related to the contact
interaction, i.e. it assures that the expression is correct also in the large pitch limit. In the case of
small contacts and low pitch compared to the wafer thickness Rs,rear ' $bW + π$b p/(4

√
π f ) to

a good approximation. Note, in Eq. 1 the specific contact resistance of the metal-semiconductor
junction is ignored, since well behaved contacts have specific contact resistances on the order 10−6

Ω cm2.
As discussed by Fischer [8] the effective surface recombination velocity of the heterogeneous

point contacted surface is also related to the Cox and Strack expression as is evident from this
expression for the effective SRV, Srear,eff, of a point-contacted, passivated rear surface [11, 8]

Srear,eff =
Dp

W

[
p

2W
√

π f
arctan

(
2W

p

√
π

f

)
− exp

(
−W

p

)
+

Dp

f WScont

]−1

+
Spass

1− f
, (2)

where Dp is the hole diffusivity. The first two terms are recognized from the series resistance
expression, the third term is a correction for finite SRV at the contacts, while the last term corrects
for the SRV at the passivated surface. The passivation correction deserves a comment: the form
shown is the so-called "large scale" correction, but in the present work the "small scale" correction
(1− f ) Spass may be more appropriate as discussed by Fisher [8]. Nevertheless, with parameters
used here (see Table 1) the third term in the bracket of Eq. 2 is dominant, and then the intuitive
and simple expression Srear,eff ' f Scont + (1− f ) Spass is valid to a very good approximation.

Figure 1 shows values of SRV and specific series resistance calculated from Eqs. 1 and 2 as
function of metal coverage and contact pitch, respectively. In the calculations the parameters in
Table 1 are used.
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Parameter Description Value Unit
Dp Hole diffusion constant 11.6 cm2/s
W Wafer thickness 200 µm

$b Wafer resistivity 1 Ω cm

Scont Contact recombination velocity 55 cm/s

Spass Passivated recombination velocity 5 cm/s

Table 1: Parameters used in calculations of specific series resistance and effective rear surface recombination
velocity, respectively.

A) B)

Figure 1: Calculation of rear surface recombination velocity and series resistance, respectively, of a silicon
solar cell (A) as a function of the pitch between contact openings on the passivated rear with a
fixed metal coverage of 1% and (B) as a function of the metal coverage on the rear for a fixed pitch
of 1 and 250 µm, respectively.

Figure 1A shows that the effective rear SRV does not change significantly with the contact
pitch, when the metal coverage is fixed in perfect agreement with the discussion above, where the
SRV was shown to depend almost entirely on the metallized fraction f and the two SRV’s of the
heterogeneous surface, and is thus almost independent on the pitch.

The specific series resistance decreases with decreasing contact pitch, due to higher contact
density. For pitches in the range 0− 0.03 cm the specific series resistance remains below 0.5 Ω cm2,
which is the upper limit of the specific series resistance required to obtain high fill factors [9, 12].
Figure 1B shows that the metal coverage should be minimized in order to minimize rear SRV, as
expected from the discussion above. The specific series resistance does not change significantly
with metal coverage, when the pitch is small, e.g. fixed at 1 µm. When the pitch is sufficiently
small, the spreading resistance contribution becomes small, even at very small metal coverages.
For a fixed pitch of 250 µm, which is approximately the design of the PERL solar cell [6, 9],
the spreading resistance contribution becomes important and thus the specific series resistance
increases dramatically for metal coverages below ∼ 1%. This is in agreement with the actual
design of the PERL solar cell, which has a metal coverage of ∼ 1% [6, 9]. Based on the combined
results in Figure 1, it appears that the contact pitch should be minimized, while the metal coverage
is kept in the range 1− 5%, in order to optimize the solar cell performance. At a fixed contact
pitch of 1µm a 1% metal coverage corresponds to contact windows with ∼ 100 nm diameter.
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The calculation of SRV was also done for the case of local contacts without any diffusion, such as
in a Passivated Emitter and Rear Cell (PERC) [13]. In this case it is assumed that the contact SRV
is Scont = 107 cm/s. When the contact SRV is sufficiently high, the first two terms in equation 2
are comparable to the third term, and then the pitch influences the effective SRV. Furthermore, the
metal coverage must be low enough to mitigate the large SRV of the metallized areas. A calculation
shows that for non-diffused local contacts ( Scont = 107 cm/s ) the contact pitch must be at least
30 µm and the metal coverage less than 0.05% in order to obtain sufficiently low effective SRV, i.e.
below ∼ 1000 cm/s. These two requirements yield a maximum contact diameter below 1 µm.

III. Experimental Method and Results

We present a completely mask-less process allowing for controlled definition of local contact areas
on a passivated Si surface. The process results in submicron feature size and controllable pitch
between contact openings without use of lithography. Figure 2 shows a sketch of the process flow
used in this novel technique.

Figure 2: Sketch of the process flow consisting of 1) maskless nanopillar etch, 2) SiO2 passivation by PECVD, 3)
Al evaporation, 4) buffer HF (bHF) and isotropic RIE of pillar sidewalls and 5) second metallization
plus optional doping.

The technique consists of a mask-less RIE process, which defines ∼ 500 nm tall nano-pillars
with ∼ 100 nm diameter on the Si surface. The entire surface is then passivated using 30 nm SiO2
deposited by plasma-enhanced chemical vapor deposition (PECVD). Then 200 nm Al is deposited
on the surface by e-beam evaporation. Due to the nano-pillar topology and the poor step coverage
of the evaporation process, the sidewalls of the nano-pillars are not covered with Al. This enables
selective removal of the nano-pillars using buffered hydrofluoric acid (bHF) to etch SiO2 and
isotropic RIE masked by Al to etch Si. The isotropic etch leaves local openings whose pitch and
size are defined by the initial nano-pillar topology of the otherwise passivated and metallized
surface. Figure 3 shows SEM images of the surface before and after the isotropic RIE, respectively.
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A) B)

Figure 3: SEM-image of the nanopillar surface covered with Al before (A) and after (B) isotropic RIE,
respectively. The pillar density is ∼ 3 µm−2, which corresponds to a potential metal coverage of
2.4%. The etching process has removed most of the nanopillars and created holes in the passivated
Si surface covered with metal.

IV. Discussion

The topology in Figure 3 shows local contact areas of ∼ 100 nm in diameter, allowing for a much
lower pitch than photolithographically defined patterns, while maintaining the targeted metal
coverage of 1− 5%. Although techniques such as electron-beam and advanced optical lithography
allow for definition of even smaller pattern dimensions, the cost of such processes is much higher
and the scalability much lower than that of the technique presented in this work.

The pillar density of the topology in Figure 3 is ∼ 3 µm−2 [5], which corresponds to a potential
metal coverage of 2.4% assuming cylindrical pillars with diameters of 100 nm. Such metal coverage
is exactly within the range 1− 5% that simultaneously minimizes SRV and keeps the rear specific
series resistance below ∼ 0.5 Ω cm2, required for high fill factors [9, 12], and as shown in Figure 1.
Minimized pitch at a constant metal coverage in the range 1− 5%, directly implies minimized
contact diameter. The initial results of this work show contact openings of ∼ 100 nm in diameter,
which is significantly smaller than rear contact openings considered elsewhere [14, 12, 15].

For the case of non-diffused local contacts with much higher Scont, such as the PERC cell, the
requirement is a very small metal coverage, in this case below 0.05%, combined with a sufficiently
large pitch, in this case at least 30 µm. This requires very small contact openings, in this case
with contact diameter smaller than 1 µm. Such rear design would also be enabled with the type
of topology seen in Figure 3, as long as the contact pitch can be tuned. This should be possible,
since the pitch of nanopillars fabricated by maskless RIE may be tuned in numerous ways, e.g. by
varying the chamber pressure, as demonstrated in [5].

Photolithographically defined contacts typically used in PERL solar cells [6, 11] and the more
industrially feasible laser-patterned contacts [16, 17, 18] are both limited to contact windows
well above 1 µm in diameter. Therefore the feature size of ∼ 100 nm combined with 2.4% metal
coverage demonstrated in this work shows the potential for further optimization of locally defined
rear contacts for high-efficiency solar cells, such as the PERL cell, by using the mask-less RIE
technique presented in this work.

V. Conclusion

We have presented a completely mask-less process allowing for controlled definition of local
contact areas on a passivated Si surface without any use of lithography. The process results in
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submicron feature size and controllable pitch between contact windows. A metal coverage of 2.4%
and contact diameter of ∼ 100 nm was realized by Al evaporation on nano-pillars fabricated by
mask-less RIE, PECVD SiO2 passivation and subsequent removal of nano-pillars by isotropic RIE.
The technique has the potential for cost effective realization of advanced high-efficiency solar cell
concepts, such as PERL solar cells, without the use of photolithography.
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go athena  
2  
3 # simulation of needed thickness of oxide to withstand fosfor predep 
and anneal  
4  
line x loc = 0.0 spacing=0.01  
line x loc = 3.75 spacing=0.01  
line y loc = 0 spacing = 0.01  
line y loc = 2.00 spacing = 0.01  
9  
10 #initialize the mesh  
init silicon orientation=100 c.boron=1e15  
 
etch silicon start x=0 y=-0.1  
etch cont x=.1 y=0.2  
etch cont x=.15 y=0.38  
etch cont x=.18 y=0.4  
etch cont x=.21 y=0.38  
etch cont x=.26 y=0.2   
etch cont x=.36 y=0.03  
etch cont x=.39 y=0.01 
etch cont x=.42 y=0.03  
etch cont x=.52 y=0.2  
etch cont x=.57 y=0.38   
etch cont x=.60 y=0.4  
etch cont x=.63 y=0.38  
etch cont x=.68 y=0.2    
etch cont x=.78 y=0.03  
etch cont x=.81 y=0.01 
etch cont x=.84 y=0.03  
etch cont x=.94 y=0.2  
etch cont x=.99 y=0.38  
etch cont x=1.02 y=0.4  
etch cont x=1.05 y=0.38  
etch cont x=1.1 y=0.2   
etch cont x=1.2 y=0.03  
etch cont x=1.23 y=0.01 
etch cont x=1.26 y=0.03  
etch cont x=1.36 y=0.2  
etch cont x=1.41 y=0.38  
etch cont x=1.44 y=0.4  
etch cont x=1.47 y=0.38  
etch cont x=1.52 y=0.2   
etch cont x=1.62 y=0.03  
etch cont x=1.65 y=0.01 
etch cont x=1.68 y=0.03  
etch cont x=1.78 y=0.2  
etch cont x=1.83 y=0.38   
etch cont x=1.86 y=0.4  
etch cont x=1.89 y=0.38  
etch cont x=1.94 y=0.2    
etch cont x=2.04 y=0.03  
etch cont x=2.07 y=0.01 
etch cont x=2.1 y=0.03  
etch cont x=2.2 y=0.2  
etch cont x=2.25 y=0.38  



etch cont x=2.28 y=0.4  
etch cont x=2.31 y=0.38  
etch cont x=2.36 y=0.2   
etch cont x=2.46 y=0.03  
etch cont x=2.49 y=0.01 
etch cont x=2.52 y=0.03  
etch cont x=2.62 y=0.2  
etch cont x=2.67 y=0.38  
etch cont x=2.7 y=0.4  
etch cont x=2.73 y=0.38  
etch cont x=2.78 y=0.2   
etch cont x=2.88 y=0.03  
etch cont x=2.91 y=0.01 
etch cont x=2.94 y=0.03  
etch cont x=3.04 y=0.2  
etch cont x=3.09 y=0.38   
etch cont x=3.12 y=0.4  
etch cont x=3.15 y=0.38  
etch cont x=3.2 y=0.2    
etch cont x=3.3 y=0.03  
etch cont x=3.33 y=0.01 
etch cont x=3.36 y=0.03  
etch cont x=3.46 y=0.2  
etch cont x=3.51 y=0.38  
etch cont x=3.54 y=0.4  
etch cont x=3.57 y=0.38  
etch cont x=3.62 y=0.2   
etch cont x=3.72 y=0.03  
etch cont x=3.75 y=0.01 
etch done x=3.75 y=0.01  
 
struct outf=oxidation.str  
 
tonyplot -st oxidation.str  
 
#Predep process  
 
diff time=0.5 hours temp=975 c.phosphorus=8e19  
  
#Solid soluability at 1000 degrees  
 
#Drive-in process  
  
diff time=20 min temp=800  
...  
region.occno=1  
extract name="xj" xj material="Silicon" mat.occno=1 x.val=2.07 
junc.occno=1   
extract name="rho" sheet.res material="Silicon" mat.occno=1 x.val=2.07 
region.occno=1  
extract name="xj" xj material="Silicon" mat.occno=1 x.val=2.15 
junc.occno=1   
extract name="rho" sheet.res material="Silicon" mat.occno=1 x.val=2.15 
region.occno=1  
extract name="xj" xj material="Silicon" mat.occno=1 x.val=2.23 
junc.occno=1   



extract name="rho" sheet.res material="Silicon" mat.occno=1 x.val=2.23 
region.occno=1  
extract name="xj" xj material="Silicon" mat.occno=1 x.val=2.28 
junc.occno=1   
extract name="rho" sheet.res material="Silicon" mat.occno=1 x.val=2.28 
region.occno=1  
 
#structure outfile=pdiffusion.str  
 
#tonyplot -overlay pdiffusion.str 
 
quit 
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clear; 

 

//******************************************************************************

******* 

// Specify the solar cell ID; directory, substrate ID, cell ID and measurement 

number. 

//******************************************************************************

******* 

//directory='C:\Documents and 

Settings\rasda\Desktop\measurements\PhotoSolar_AngleMeasurements\bs_pseudo_full_

series' 

directory='C:\Users\rasda\Dropbox\PhD\PhotoSolar_AngleMeasurements\sunpower 

tests\cell4' 

substrate_ID='test'; 

cell_ID='1';     

meas_no='1'; 

 

//------------------------------------------------------------------------------

------------------------ 

//Makes a 2D-spline of the the data in "my_matrix" and finds the maximum of the 

surface. 

//Assumes that the vectors  

//x_vector=x-coordinate. y_vector=y-coordinate. my_matrix=data series. 

n=fineness of interpolation grid. 

//------------------------------------------------------------------------------

------------------------- 

function [maximum, az_at_max, ev_at_max]=find_maximum_position(x_vector, 

y_vector, my_matrix, n_grid) 

    C=splin2d(x_vector', y_vector', my_matrix) //2D-spline. 

    n=n_grid //Fineness of interpolation grid. 

    xx=[x_vector(1):abs(x_vector(size(x_vector,'r'))-

x_vector(1))/n:x_vector(size(x_vector,'r'))];  

    yy=[y_vector(1):abs(y_vector(size(y_vector,'r'))-

y_vector(1))/n:y_vector(size(y_vector,'r'))];  

    [XX,YY]=ndgrid(xx,yy); //Make the 2D interpolation grid. 

    zz=interp2d(XX,YY,x_vector',y_vector',C) //Make 2D interpolation. 

    format(5) 

    [maximum,s]=max(zz) //Find mpp_max and matrix indices at max (s). 

    az_at_max=xx(s(1)) //az @ max. 

    ev_at_max=yy(s(2)) //ev @ max. 

endfunction 

 

//******************************************************************************

******************************* 

//Function "read_IV_file" reads an IV-file and extracts, azimuth, elevation 

angle, short circuit current, open circuit voltage, maximum power point and fill 

factor. 

//******************************************************************************

******************************* 

function [param]=read_IV_file(filename) 

  z=mopen(filename, 'r') 

  l=[]; 

  while l~='Azimuth:' 

    l=mfscanf(1,z,'%s'); //read header until 'Azimuth:' 

  end 

  az=mfscanf(1,z, '%e') //Read azimuth angle. 

   

  l=[]; 

  while l~='Elevation:' //Read header on until 'Elevation:' 



    l=mfscanf(1,z,'%s') 

  end 

  ev=mfscanf(1,z, '%e') //Read elevation angle. 

   

  l=[]; 

  while l~='(W/m2)' 

    l=mfscanf(1,z,'%s'); //read header until (W/m2) 

  end 

  [m,V, I, T, P]=mfscanf(-1, z, '%e %e %e %e') 

  mclose(z)  

   

  //************************************* 

  //Calculate short circuit current, Isc. 

  //*************************************   

  disp("**********") 

  disp(filename) 

  disp([V I]) 

  IV_curve=splin(V,I, "monotone") //Make spline fit.   

  Isc=interp(0,V,I,IV_curve); //Given three vectors (x,y,d) defining a spline or 

sub-spline function (see splin) with yi=s(xi), di = s'(xi) this function 

evaluates s (and s', s'', s''' if needed) at xp(i) interp(xp,x,y,d): 

   

   //********************************** 

  //Calculate open circuit voltage, Uo. 

  //*********************************** 

  [iu,k]=gsort(I,'g','i'); //Sorts the I-values. 

  vu=V(k); 

   

  //Small subroutine that deletes doublet values - Scilab spline cannot work if 

two entries have the same value. 

  doublets=[]; 

  for i=1:length(iu)-1 

      if iu(i)==iu(i+1) then 

          doublets=cat(1,doublets,i+1) 

      end 

      i=i+1 

  end 

    iu([doublets],:)=[]; 

  vu(doublets,:)=[]; 

   

  //Make spline fit. 

  VI_curve=splin(iu,vu, "monotone"); 

   Uo=interp(0, iu,vu, VI_curve); 

   

  //***************************************************************** 

  //Calculates the maximum power point from the IV spline curve, pmx. 

  //***************************************************************** 

  P=[]; 

  t=linspace(Uo,0);//Creates 100 equidistant points from 0:Uo. 

  for n=1:length(t) 

    P(n)=interp(t(n), V,I,IV_curve)*t(n); 

  end 

  pmx=max(P) 

   

  //******************************* 

  //Calculates the fill factor, FF. 

  //******************************* 

  //FF=pmx/(Isc*Uo); 

   



 

  //sha=strtod(shadow); 

  //S=evstr(shadow, 1); 

  A=0.015; 

   

  eta=(pmx/(1000*A)*100); // Using 1000 W/m^2, converts to % 

  

   

  param=struct('az', az, 'ev', ev,'Isc', Isc, 'Uo', Uo, 'pmx', pmx, 'eta', eta, 

'A', A, 'shadow', shadow) 

  endfunction   

 

 //calculate power conversion efficiency 

shadow=mgetl('C:\Documents and 

Settings\rasda\Desktop\PhD\Matlab_filer\shadow9090.txt', 100); 

 //for q=1:length(shadow); 

     //a=(shadow(q)*0.0221); // area of solar cell in m^2 

 //end 

  

 function [param2]=read_shadow_file(filename) 

  z=mopen(filename,'r'); 

  l=[]; 

  [s]=mfscanf(-1, z, '%e') //Read shadow value. 

  mclose(z) 

  param2=struct('s',s) 

endfunction 

 

for q=1:100; 

fs(q)=read_shadow_file('C:\Documents and 

Settings\rasda\Desktop\PhD\Matlab_filer\shadow9090.txt'); 

A(q)=fs(q).s; 

end 

 

//Makes an array containing all the files in "directory" that contains the 

specified substrate_ID, cell_ID and meas_no. 

//IV_files=findfiles(directory, 

substrate_ID+'_'+cell_ID+'_'+string(meas_no)+'*', "*.txt") 

IV_files=findfiles(directory, substrate_ID+'_'+cell_ID+'_'+string(meas_no)+ 

'*.txt') 

 

//Runs the read_IV_file-function on all the chosen files. 

for j=1:length(length(IV_files)) 

  fs(j)=read_IV_file(directory+'\'+IV_files(j)) 

  az(j)=fs(j).az; 

  ev(j)=fs(j).ev; 

  //ev(j)=round(fs(j).ev/10)*10; //NB!NB! 2012-04-18: Inserted for odd-angle 

measurements ... 

  Isc(j)=fs(j).Isc; 

  Uo(j)=fs(j).Uo; 

  pmx(j)=fs(j).pmx; 

 // FF(j)=fs(j).FF;  

  //shadow(j)=shadow(i); 

  //A(j)=A-A.shadow; 

  eta(j)=fs(j).eta; 

end 

 

//shadow=mgetl('C:\Documents and 

Settings\rasda\Desktop\PhD\Matlab_filer\shadow9090.txt', 100) 

 



//Sorts the az vector in increasing values 

[az,k]=gsort(az,'g','i'); 

ev=ev(k); //Shuffle values to get the same order as in the above sorted az 

vector. 

Isc=Isc(k); 

Uo=Uo(k); 

pmx=pmx(k); 

//FF=FF(k); 

 

//shadow=shadow(k); 

eta=eta(k); 

//etas= eta(j)/(1-shadow); 

 

Ptotal=sum(pmx(k)); 

Pave=sum(pmx(k))/1296; 

etanorm=sum(pmx(k))/pmx(1); 

etaav=sum(eta(k))/1296; 

etanorm2=etaav/max(eta(k)); 

 

//p1=pmx(1); 

//p2=pmx(12); 

//p3=pmx(25); 

//p4=pmx(60); 

//p5=pmx(81); 

//s1=shadow(7); 

 

az_x=unique(az);//Returns a vector with the unique values of az vector, i.e. 

removes duplicates. 

ev_y=unique(ev);//Returns a vector with the unique values of ev vector, i.e. 

removes duplicates. 

 

dim_az=length(az_x);//Returns the length of the unique azimuth vector. 

dim_ev=length(ev_y);//Returns the length of the unique elevation vector. 

//Dimension of the matrices is thus dim_az*dim_ev. 

 

//******************************************************************* 

//The routine below creates the matrices with the correct dimensions. 

//******************************************************************* 

for l=1:dim_az; 

    [ev_sort,k]=gsort(ev((l-1)*dim_ev+1:l*dim_ev),'g','i'); //Sorts a subset of 

the ev vector. 

     

    Isc_temp=Isc((l-1)*dim_ev+1:l*dim_ev); //Takes out a subset of Isc vector. 

    Uo_temp=Uo((l-1)*dim_ev+1:l*dim_ev); //Takes out a subset of Uo vector. 

    pmx_temp=pmx((l-1)*dim_ev+1:l*dim_ev); //Takes out a subset of pmx vector. 

    //FF_temp=FF((l-1)*dim_ev+1:l*dim_ev); //Takes out a subset of FF vector. 

    eta_temp=eta((l-1)*dim_ev+1:l*dim_ev);//Subset of eta vector 

    //etanormal_temp=etanormal((l-1)*dim_ev+1:l*dim_ev); 

     

    Isc_temp=Isc_temp(k); //Shuffle values to get the same order as the above 

sorted ev vector.  

    Uo_temp=Uo_temp(k); 

    pmx_temp=pmx_temp(k); 

   // FF_temp=FF_temp(k); 

    eta_temp=eta_temp(k); 

    //etanormal_temp=etanormal_temp(k); 

     

    Isc_matrix(l,:)=Isc_temp'; //Defines the l'th row in the Isc_matrix. 

    Uo_matrix(l,:)=Uo_temp'; //Defines the l'th row in the Uo_matrix. 



    pmx_matrix(l,:)=pmx_temp'; //Defines the l'th row in the pmx_matrix. 

    //FF_matrix(l,:)=FF_temp'; //Defines the l'th row in the FF_matrix. 

    eta_matrix(l,:)=eta_temp'; 

    //etanormal_matrix(1,:)=etanormal_temp'; 

end 

 

//----------------------------- 

//Convert A -> mA and V -> mV. 

//----------------------------- 

Uo_matrix=Uo_matrix //Convert V -> mV (changed to Volt instead) 

Isc_matrix=Isc_matrix //Convert A -> mA 

pmx_matrix=pmx_matrix*1000; //Convert W -> mW 

 

//*********************************** 

//Makes 3D-surface plots. 

//*********************************** 

//subplot(351) 

//title('Substrate ID='+string(substrate_ID)+', cell ID='+string(cell_ID), 

'fontsize', 3) 

//--------------- 

//Plot #01 - Voc. 

//--------------- 

subplot(351) 

plot3d1(az_x,ev_y,Uo_matrix); 

title('V_oc [V]'); 

xset("colormap",hotcolormap(150));  

ax=gca(); 

ax.cube_scaling="on"; 

xlabel('Phi'); 

ylabel('Theta'); 

Uo_min=min(Uo_matrix) 

Uo_max=max(Uo_matrix) 

colorbar(Uo_min, Uo_max) 

a = gca(); 

a.view = '2d'; 

 

//------------------------- 

//Plot #02 - Voc, contour. 

//------------------------- 

subplot(352) 

contour2d(az_x,ev_y,Uo_matrix,{-0.6,-0.65,-0.7}) 

title('Voc [V]'); 

f=gcf(); 

//f.color_map=jetcolormap(7) 

ax=gca(); 

ax.cube_scaling="on"; 

xlabel('Phi'); 

ylabel('Theta'); 

f=gcf() 

 

//--------------- 

//Plot #03 - Isc. 

//--------------- 

subplot(353) 

plot3d1(az_x,ev_y,Isc_matrix); 

title('I_sc [A]'); 

f=gcf(); 

//f.color_map=graycolormap(64); 

ax=gca(); 



ax.cube_scaling="on"; 

xlabel('Phi'); 

ylabel('Theta'); 

//xset("colormap",hotcolormap(100));  

Isc_min=min(Isc_matrix) 

Isc_max=max(Isc_matrix) 

colorbar(Isc_min, Isc_max) 

a = gca(); 

a.view = '2d'; 

 

//------------------------- 

//Plot #04 - Isc, contour. 

//------------------------- 

subplot(354) 

contour2d(az_x,ev_y,Isc_matrix,{-1,-2,-3,-4}) 

title('Isc [A]'); 

f=gcf(); 

//f.color_map=jetcolormap(7) 

//f.color_map=hotcolormap(100) 

ax=gca(); 

ax.cube_scaling="on"; 

xlabel('Phi'); 

ylabel('Theta'); 

f=gcf() 

 

//-------------- 

//Plot #05 - FF. 

//-------------- 

//subplot(353) 

//xset("colormap",hotcolormap(100));  

//FF_min=min(FF_matrix) 

//FF_max=max(FF_matrix) 

//colorbar(FF_min, FF_max) 

//plot3d1(az_x,ev_y,FF_matrix); 

//title('FF'); 

//f=gcf(); 

//f.color_map=jetcolormap(7); 

//ax=gca(); 

//ax.cube_scaling="on"; 

//xlabel('Phi'); 

//ylabel('Theta'); 

//a = gca(); 

//a.view = '2d'; 

 

//------------------------- 

//Plot #06 - FF, contour. 

//------------------------- 

//subplot(356) 

//contour2d(az_x,ev_y,FF_matrix,{0.5,0.8}) 

//title('FF'); 

//f=gcf(); 

//f.color_map=jetcolormap(7) 

//f.color_map=hotcolormap(100) 

//ax=gca(); 

//ax.cube_scaling="on"; 

//xlabel('Azimuth'); 

//ylabel('Elevation'); 

//f=gcf() 

 



//--------------- 

//Plot #07 - MPP. 

//--------------- 

 

//subplot(258) 

//xset("colormap",hotcolormap(150));  

//MPP_min=min(pmx_matrix) 

//MPP_max=max(pmx_matrix) 

//colorbar(MPP_min, MPP_max) 

//plot3d1(az_x,ev_y,pmx_matrix); 

//title('MPP [mW]'); 

//f=gcf(); 

//ax=gca(); 

//ax.cube_scaling="on"; 

//xlabel('Azimuth'); 

//ylabel('Elevation'); 

//a = gca(); 

//a.view = '2d'; 

 

//------------------------- 

//Plot #08 - MPP, contour. 

//------------------------- 

//subplot(259) 

//contour2d(az_x,ev_y,pmx_matrix,2) 

//title('MPP [mW]'); 

//f=gcf(); 

//ax=gca(); 

//ax.cube_scaling="on"; 

//xlabel('Azimuth'); 

//ylabel('Elevation'); 

 

//-------------- 

//Plot #09 - Efficiency. 

//-------------- 

subplot(355) 

//xset("colormap",hotcolormap(100));  

eta_min=min(eta_matrix) 

eta_max=max(eta_matrix) 

colorbar(eta_min, eta_max) 

plot3d1(az_x,ev_y,eta_matrix); 

title('Power Conversion Efficiency [%]'); 

f=gcf(); 

//f.color_map=jetcolormap(7); 

ax=gca(); 

ax.cube_scaling="on"; 

xlabel('Phi'); 

ylabel('Theta'); 

a = gca(); 

a.view = '2d'; 

 

//------------------------- 

//Plot #10 - Efficiency. 

//------------------------- 

subplot(356) 

contour2d(az_x,ev_y,eta_matrix,{8,10,12,14,16,18,19}) 

title('Power Conversion Efficiency [%]'); 

f=gcf(); 

//f.color_map=jetcolormap(7) 

//f.color_map=hotcolormap(100) 



ax=gca(); 

ax.cube_scaling="on"; 

xlabel('Phi'); 

ylabel('Theta'); 

f=gcf() 

 

//-------------- 

//Plot #11 - Normalized Efficiency. 

//-------------- 

subplot(357) 

//xset("colormap",hotcolormap(100));  

etanormal=eta_matrix/eta(1) 

eta_min=min(etanormal) 

eta_max=max(etanormal) 

contour2d(az_x,ev_y,etanormal,{0.5,0.6,0.7,0.8,0.9}) 

title('Normalized Efficiency'); 

f=gcf(); 

//f.color_map=jetcolormap(7); 

ax=gca(); 

ax.cube_scaling="on"; 

xlabel('Phi'); 

ylabel('Theta'); 

f=gcf(); 

 

//-------------- 

//Plot #11 - Relative Efficiency. 

//-------------- 

//subplot(359) 

//xset("colormap",hotcolormap(100));  

//etarel=eta_matrix/(cos(az)*cos(ev)) 

//eta_min=min(etarel) 

//eta_max=max(etarel) 

//contour2d(az_x,ev_y,etarel,{0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9}) 

//title('Relative Efficiency'); 

//f=gcf(); 

//f.color_map=jetcolormap(7); 

//ax=gca(); 

//ax.cube_scaling="on"; 

//xlabel('Phi'); 

//ylabel('Theta'); 

//f=gcf(); 

 

disp(Ptotal, etanorm, etaav, max(eta(k)), etanorm2, eta(1)); 
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