<]
TUDelft

Delft University of Technology

Opto-electrical surface engineering of wafer based c-Si solar cells

Ingenito, Andrea

DOI
10.4233/uuid:1cc31eff-4871-4d6f-8f32-8669257dc1ab

Publication date
2016

Document Version
Final published version

Citation (APA)
Ingenito, A. (2016). Opto-electrical surface engineering of wafer based c-Si solar cells. [Dissertation (TU
Delft), Delft University of Technology]. https://doi.org/10.4233/uuid:1cc31eff-4871-4d6f-8f32-8669257dc1ab

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.4233/uuid:1cc31eff-4871-4d6f-8f32-8669257dc1ab
https://doi.org/10.4233/uuid:1cc31eff-4871-4d6f-8f32-8669257dc1ab

Opto-electrical surface engineering of wafer
based c-Si solar cells

Andrea Ingenito






Opto-electrical surface engineering of wafer
based c-Si solar cells

Proefschrift

ter verkrijging van de graad van doctor
aan de Technische Universiteit Delft,
op gezag van de Rector Magnificus prof. ir. K.C.A.M Luyben,
voorzitter van het College voor Promoties,

in het openbaar te verdedigen op 18 April 2016 om 10:00 uur

door

Andrea Ingenito

Master of Science, University of Naples Federico Il

geboren te Salerno, Italy



This dissertation has been approved by the promotor:
prof. dr. M. Zeman

and

copromotor:
dr. O. Isabella

Composition of the doctoral committee:

Rector Magnificus, chairperson
prof. dr. M. Zeman, Technische Universiteit Delft, promotor
dr. O. Isabella, Technische Universiteit Delft, copromotor

Independent members:

prof. dr. A. Weeber Technische Universiteit Delft and ECN

dr. P. P. Altermatt Trina solar l.t.d.

prof. dr. J. Poortmans imec

dr. A. Poruba Institute of Physics, Academy of Sciences of
the Czech republic, v.v.i. and Fill Factory s.r.o.

prof. dr. S. W. Glunz Fraunhofer-Institut fur Solare Energiesysteme
ISE

This thesis project was carried with a subsidy from the Dutch Ministry of
Economic Affairs under the EOS-LT program (Project No. EOSLT10037).

Copyright © 2016, Andrea Ingenito

Front and back cover is from a picture taken by Chantal Jimenez and designed
by Andrea Ingenito

Thesis printed by: CPI-Koninklijke Wéhrmann — Zutphen

All rights reserved.

No part of this material may be reproduced, stored in a retrieval system, nor
transmitted in any form or by any means without the prior written permission
of the copyright owner.

ISBN: 978-94-6328-033-4

A digital copy of this thesis is available at: http://repository.tudelft.nl

EKL

PVMD Else Kooi Laboratory




Per llaria, Chantal e

i miei genitori.






Contents

1. (08 o AN o I = S SRS 1
1.1 THE PROMISE OF PHOTOVOLTAICS.....cciiiitiete it eiteeiteeteeetessesaessbeesbesnsessseesassssesssesnsesnnes 1
1.2 LIGHT MANAGEMENT IN C-SISOLAR CELLS ...vtiuieiiieiteiteeeestesreeesresresseessesessessessesssesesses 4

121 Light in-coupling

26.1

1.2.2 Light scattering
1.2.3 Internal rear refleCtancCe. ... 7
13 AAIM OF THE THESIS . teutitetetestesteststeeetestesesseseesesee st esessesesbeseebessesesbe st eseabesebesteseebeanebeseessanens 8
1.4 OUTLINE OF THE THESIS. et itettuiieteteestesesisretstes ettt et ssssese st sssssesess st ssanesesnnesesese e 9
15 MAIN CONTRIBUTIONS TO THE FIELD ....tiueiteieieuisteeetesie s esieseeesnesnese s e sneseseeseenesnens 10
16 REFERENCES ... vttt sttt sttt bbbttt b s bbbt b e bttt b et e st e e st b 11
2. CHAPTER 2 ..ot ettt bbbt 15
21 VWORKING PRINCIPLES OF C-SI SOLAR CELLS ....cveieuerteeeiistereiesiesessesesseseesessessesesseseeseesens 15
2.2 SPECTRAL RESPONSE AND QUANTUM EFFICIENCY OF C-SI SOLAR CELL....ccoveiniirieneneenns 18
2.3 EFFICIENCY LIMIT FOR SINGLE JUNCTION C-SI SOLAR CELLS ....ccutiieieriresreieinieieeneseneenes 19
24 MECHANISMS OF RECOMBINATION .....c.titeterteteuesteeetesissessesesseseesessessesessessessssesesseseesessens 20
24.1 Radiative recombination ..o 21
2.4.2 AUGEr FeCOMBINATION ...t 21
243 Shockley-Read-Hall (SRH) recombination ...........c.cccocovvvvnnninniennnennes 22
244 Surface recombination
25 HISTORY OF C-SI SOLAR CELLS
251 History repeats itself: continuous swinging between n- and p-type wafer
DaSEd C-Si SOIAr CEIIS ..ot 24
252 Mass production and laboratory scale p-type c-Si solar cells ....................... 25
2521 Mass production p-type Al-BSF c-Si solar cells
2.5.3 Laboratory scale p-type wafer based c-Si solar cells
2531 High efficiency p-type passivated emitter and rear solar cells............. 26
2532 Metal wrap through (MWT) p-type c¢-Si solar cells.............cccovveinnnnen. 27
2533 Emitter wrap through (EWT) p-type ¢ -Si solar cells...........ccccceeennnee. 28
26  MASSPRODUCTION AND LABORATORY SCALE HIGH EFFICIENCY N-TYPE C-SI SOLAR
CELLS 28

WHY N-TYPE WATEIS? ...ttt s 28



2.6.2 Rear junction n-type solar Cells...........coovviiiiiiiciei e 29

2.6.3 Front junction n-type solar CellS..........ocooiniiiee e 29
26.4 Back contacted back junction c-Si solar Cells...........cccoviiiiiciinniisceins 30
2.6.5 Passivating contacts for high efficiency c-Si solar cells..........c..ccccovrvriinnnnne. 31
2.7 REFERENCES ....veutittiteieete ettt ettt bbb bbbt e bbbt et bt nn e b e nn et anean 32
CHAPTER 3.ttt ettt bbbt et et es st e s esnsnnenns 39

B L ABSTRACT .ttt etttk bbbk bbb bbbt b ettt

3.2 INTRODUCTION

3.3 OVERVIEW OF OPTO-ELECTRICAL DEVICE SIMULATORS FOR C-SI SOLAR CELLS............... 41

331 The ASA deVvice SIMUIATON ... s 43
3.4 STRUCTURE AND CHARACTERIZATION OF THE REFERENCE MC-SI SOLAR CELL............... 44
35 CALIBRATION PROCEDURE ... .vtvisiiesieessesiesessesessessesessessessssessesessessssessssessesenses

351 Optical modelling of front texture and anti-reflective coating

35.2 Opto-electrical modelling of the eMItter..........cccoovvvviisnnc e
3521 Modelling of SRH emitter recombination rate..........c.ccccoeveivviccennn 51
35.2.2 Modelling of Auger emitter recombination rate...........cccococeoenrieeenenn 52
3523 Modelling of Radiative emitter recombination rate............ccccooeeennee. 54
35.24 Optical modelling of the emMiItter..........ccooriiininc e 55

3.5.3 Opto-electrical modelling of the bulk MC-Si ... 55

354 Opto-electrical modelling of Al-BSF.........cccooiiinniis e 56

3.6 RESULTS 1ottt sttt

3.6.1 Calibration results

3.6.2 Analysis of the optical and electrical losses of the calibrated mc-Si solar cell
62

3.7 OPTIMIZATION OF P-TYPE C-SI SOLAR CELL

3.8 CONCLUSIONS ...ttt ettt bbbttt b bbbt
3.9 AAPPENDIX ..ttatettste ettt ettt s ekttt eb s h bt h e b bt b e e bt e R e ekt b et Rt R e b st Rt n e b r st ane
39.1 Optical constant Al-Si @llOY ... 70
3.10 REFERENCES
CHAPTER ...ttt ettt e e es st e snsnssenas 79
4.1 AABSTRACT ..ttiueeteste sttt ste e teste st sttt st et s bbbt e e e st e b b e s b e e e bt e b et e bt s b et e bt e b et e st e b et e bt et et enenbe s 79
4.2 INTRODUCTION ..ottt ettt ettt e b 80
4.3 FABRICATION AND CHARACTERIZATION ....ootiieiiiteeeiisieniesesseressesessesessesseseesesnessssesssnessens 81
431 Process flow description of advanced light trapping scheme........................ 81
432 Characterization methods of the advanced light trapping scheme.............. 83
44 RESULTS AND DISCUSSIONS......cttteiirtiteuesteseesestetessesessessesessessesessessesessesessessesessessssessensasens 84

44.1 Morphological analysiS..........cccuviiiiiiiiiiiices s 84



44.2 Design of Distributed Bragg Reflector (DBR)........ccccoceovvvvvievenivcieeiesiceenens 85

443 Optical absorption of the advanced light trapping scheme ...........cccocccce... 88
45 CONCLUSIONS ...ttt ettt n ettt r e e en e 94
4.6 APPENDIX .ottt 95

46.1 Optical MOAEIHTING ...t 95

4.7 REFERENCES

CHAPTER 5 ..o 103

5.1 ABSTRACT

5.2 INTRODUCTION ....eitiitieitieiteeeteeette st eiteesteesbeeeteesbeesaeesbsesaeebesbeesbeesbeeabeesbsesbeesaeesbeenbeessens
5.3 STRATEGY FOR FRONT SIDE PASSIVATION ......coiiuiiteeieiiestesseerestesseeseessessessessssssessessessenns
5.4 PROCESS FLOW DESCRIPTION .....cutiitieitieeteeteeeeeseesteesseeesssssesssseessesssessessesssessssesssesssesnns

55 REAR GEOMETRY DEFINITION FOR THE FABRICATED IBC....

5.6 CHARACTERIZATION TOOLS ...ttt seeiestessesesessessessesessesessesbessssessesessesesseseesessessasessene
56.1 Theoretical background of QSSPC measurements...........ccococeeererreeenneriennn. 111
5.6.2 Determination of Jos at high injection levels...........ccccoccovvicinncciiscce 112
5.6.3 Determination of Jos at low injection levels. ... 112

5.7 FABRICATION TOOLS ....vuiitiieuiiteseeiestesie st sttt st e st sbe b se st esesbe e besee e ese st e e e besee e ebeneens 113
5.7.1 Implantation of P-ions for FSF and BSF fabrication............cccccocecvvciienne, 113
5.7.2 Epitaxial growth of in situ B-doped Si for emitter fabrication.................... 113

5.8 RESULTS AND DISCUSSIONS ....ctirieiiieieiesiesiesisterestesessessessssessesessessessssesessessesessessessssessens

5.8.1 Design of BSF and FSF
5.8.2 Design of epitaxially grown emitter
5.8.3 Impact of FSF design on IBC solar cell performance...........cccccceceevvecciinnennas 119
5.8.4 Impact of rear geometry on IBC solar cell performance ...........ccccoceoeevennee 120

5.85 Analysis of the role of FSF in IBC c-Si solar cells
59  ROADMAP FOR HIGH CONVERSION EFFICIENCY ....ocviuiuiiiiieininieieieseinnssessessesesssessseseneens
5.9.1 Optimization of implanted FSF...........cccoiiicee e
5.10 CONCLUSIONS
511 REFERENCES
(O] 1 o I RSP 135
6.1 AABSTRACT .evititeteete sttt st bes bbbt bbbt s bbb b e e b etk bt e bbbt ekt e st e bttt be s bbbt 135
6.2 INTRODUCTION ...ttt etttk b bttt bbbttt 136
6.3 FABRICATION AND CHARACTERIZATION ....cviiiuiiteieeiisiesresesteresiesesse s e ssenes e e sesnenees 137
6.3.1 Fabrication of advanced passivation scheme..............cccovvevnvcincisseenn, 138
6.3.2 Fabrication of advanced light trapping scheme...........cccccoivinniinnnceene. 138
6.3.3 Fabrication of IBC SOlar CellS ... 138

6.3.4 Samples charaCterization..........ccocceviieeieisisce e 139



6.4 RESULTS AND DISCUSSION ...cutitiuiiieitessetetsiss ettt ss st snese e snanese e 139
6.4.1 Advanced passivation scheme of nano-cones by using DRE and SiO:z.....139
6.4.2 Advanced light trapping scheme with MST surfaces ..........ccccococeoevinieecnne. 143
6.4.3 Application in high efficiency IBC solar cells

6.5 DISCUSSION ...ttt sttt ettt b et b et b et bbb s e e b nr et enennne

6.6  CONCLUSIONS

6.7 AAPPENDIX c.uttiuiieteteestetest ettt ettt ee bbbt bbbttt bbb bt
6.7.1 Passivation of nano-textured surfaces with dielectric with large Qr......... 151
6.7.2 Impact of the DRE on the optical absorption

6.8 REFERENCES .....tttuttteitistet ettt ettt bttt

CHAPTER 7 ..ttt 157

7.1 ABSTRACT

7.2 INTRODUCTION ...uoiiiieiieitieiteestee et e eteeeteesteesbeesteeeseesaeesaeesteesbeeassesseesaeesssesnsesnseasessseesransns

7.3 EXPERIMENTAL DETAILLS ..vtteuteteteietesteseetessesessesesseseestssessesesseseestseasessessssessensssessssessessens
7.3.1 Distributed Bragg RefleCtOr..........cooiiiiciiiiicice e
7.3.2 White paint back refleCtor ...
7.33 AQ DACK FEFIECTON ...
7.34 n-Pasha solar cells fabrication............coooiiniieieeeeee e

74 RESULTS AND DISCUSSION ....ueititerietistesestesteseesesesseseesessessesesseseesessestssessesessessssessessssessens
7.4.1 Optimized DBR for textured SUIfaceS........cccooiriiniinniineccceeeee s

7.4.2 Optimized Ag Back reflectors
7.4.3 Performance of the optimized BRs in n-Pasha c-Si solar cells
7.5 CONCLUSIONS ..ottt bbb

7.6 REFERENCES ...utiitiiteeiteeete et e st tee et e e teeteete e beesbeeabaessesasesaaeesbeenteanbaebeesbesteesnsesnnesnnaanes
(08 N o I = < F U 175
8.1 CONCLUSIONS ....veviiteetreiesteste e eseseste et e ssesbessaste e st esesbessessesbesbeabaessesesbessesreenearesneensensenes

8.2 OUTLOOK OF THE THESIS

8.3 REFERENCES ...ttt ettt ettt ettt etttk ese bbbt be bbbt et et eb e et e e et ebennene
SUNMMIMIAIY ettt et et et e et et e e e e et et e e e e s e tea e e e ea et e e ateeene e 181
SAMENVALTING L. ittt e e e e et e e e 183
List of pUDIICAtIONS ..ot 185
ACKNOWIEAGMENTS ..vu ittt e e e e e e e 189

CUITICUIUM VITAE ..ot e e e e e e e e e e e e e aens 193



Chapter 1 The promise of Photovoltaics 1

Introduction

1.1 The promise of Photovoltaics

Average human power consumption in 2015 has been of ~17 TW [1] and according to
recent prediction provided by the International Energy Agency (IEA), such number is
expected to double by 2050 [2]. To meet the continuous increase of mankind’s energy
demand, renewable energy sources alternative to commonly used fossil fuels are
necessary. In fact, fossil fuels not only constitute a limited energy source but are also the
culprits of increased air pollution and global warming [3]. Climate changes due to
increase of CO2 emission are becoming a serious issue for this planet. The so called
climate crises has been the main topic of the last United Nations Climate Change
Conference, COP 21 or CMP 11 which was held in Paris, France, from 30 November to 12
December 2015. As result of the conference a global agreement between 196 countries
representing more than 55% of the greenhouse emission has been reached [4]. The
agreement calls for zero greenhouse emission for the first half of the 21th century [4].
Direct conversion of sunlight into electricity is one of the most promising technologies
for achieving the COP21 agreement. At 2015 G-20 Summit, the Indian Prime Minister
Narendra Modi along with French President Francois Hollande, proposed to create an
alliance of solar-rich countries similar to the Organization of the Petroleum Exporting
Countries (OPEC) [5]. At COP 21 Summit, the two leaders sent written invitations to
over 100 countries to join the coalition proposed to be called the International Agency for
Solar Policy and Application (InSPA) [6]. This clearly indicates that the attention of
world leaders towards solar energy is finally stronger. Solar energy is the most abundant
renewable energy source on Earth. In particular, the amount of energy that the sun
strikes every year on emerged continents is more than 30 times larger than the total
reserve of coal and 1500 times larger than the current human energy consumption [3]. To
be used by our society, solar energy must be converted in other energy forms adopted
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by humans such as electricity or cell-fuels. The physical effect for which solar energy is
converted into electricity by a semiconductor material is known as photovoltaic (PV)
effect. The semiconductor employed in most of today’s solar cells is crystalline silicon (c-
Si). Silicon is in fact an abundant element in Earth’s crust and is non-toxic. In addition, c-
Si solar modules have demonstrated high durability and long term stability making this
technology to be a PV market leader with a share higher than 90% [7]-[10].

Global cumulative installed PV capacity in 2014 is estimated to be around 170 GWp [11]
and additional 50 GW are expected to be installed in 2015 [12]. Although this seems still
a small number, it should be seen in the contest of the exponential growth over the last
10 years of the cumulative PV installed capacity (see Figure 1.1). In addition, despite the
ongoing economic crisis and political uncertainties, the number and volume of the PV
market is still increasing, mainly driven by the fast growing Asian PV market [11]
(especially in China and Japan).

200

ORest of Europe
mltaly

o Spain
BGermany
mRest of World
mChina

o United States
W Japan

[GWp]

160

120

80

40

o 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014e
Figure 1.1. Annual PV installations from 2005 to 2014 per different counties and
geographic area, taken from [11].

One of the reasons for the exponential increase of the cumulative installed PV capacity is
related to the constant price reduction of the PV modules which within the last 30 years
has followed a learning curve with a learning factor of 20% [13] which has been driven
by continuous technology development. The PV price reduction has been even stronger
(~80 %) between 2008 and 2012 due to the entry of the Chinese PV market and economic
crises. This has brought the price of PV modules, commonly expressed in euro per watt
peak (€/Wp), below 0.6 €/ W, (in Germany) [14]. To evaluate how cost-effective is the
energy generated by a certain technology the so-called Levelized Cost of Electricity
(LCOE) has been introduced [15]. The LCoE is defined as the total cost of installing and
operating a project expressed in dollars or euros per kilowatt-hour (kWh) of electricity
generated by the system over its life [15]. Therefore, it includes: the initial investment,
cost of capital, maintenance, installations and cost of fuel. For instance, the LCOE in
Germany has reached values between 0.078 and 0.124 € / kWh in 2013, leading to a cost
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of a solar power plant between 1000 and 1800 € / kWp [16]. The average end-costumer
electricity price from conventional power generation technologies in Germany in 2013
was of 0.289 Euro/kWh. These data indicate that the LCoE of PV plants has reached the
grid parity with other power generating technologies [16]. Even more impressive results
have been obtained in India where electricity produced by large PV plant has reached
the value of 0.05 cents/kWh. Despite that, pressure on manufacturing companies for
price reduction will substantially remain also in 2015 since the anticipated PV
production will be > 60 GW; while the demand is expected to be around 50 GWp [7] [12]
[17]. Therefore, there will be an overcapacity of PV production also in 2015 that leads to
a gap between the demand and the offer. Notice that, this gap is constantly decreasing
thanks to the reduction of PV module cost. Therefore, PV module price is one of the key
for boosting solar energy installation and utilization. The International Roadmap for
Photovoltaics (ITRPV) foresees three strategies [7] to make PV more cost-effective:

i. Continue the cost reduction per piece along the entire value chain by
optimizing the utilization of the installed production capacity and by using Si
and non-Si materials more efficiently.

ii. Introduce specialized module products for different market applications (i.e.
trade-off between cost-optimized, highest volume products and fully
customized niche products).

iii. Improve module power/cell efficiency without significantly increasing
processing costs.

To meet the goal of strategy (i) raw material costs need to be reduced. In fact, as shown
in [8], the cost of a PV module is mainly determined by the silicon wafer, the
metallization and the module. Therefore, a possible solution to reduce solar cell price
would require the usage of thinner wafers or cheaper substrates. When focusing on the
first solution, ITRPV predictions indicate that the minimum as cut wafer thickness is
expected to decrease from the current 180 um to 100 um in 2025 [8]. However, wafer
thickness reduction needs to be accompanied by innovative cutting and handling
methods, high efficiency cell concepts and new interconnection and module
encapsulation methods capable to minimize breakage. In addition, metallization
paste/inks containing Ag or Al constitute the most expensive (10-20% of the cell costs)
non-silicon material forming a c-Si solar cell [7]. In fact, current Ag consumption for a
156 x 156 mm? wafer is of 100 mg and is expected to decrease to 40 mg in 2025 [7].
Despite its lower consumption Ag price is expected to remain constant in the coming
years. Copper has been proposed as a valid candidate for replacing Ag metallization,
however, its introduction in mass production is not expected to happen before 2018 [7].
Building integrated photovoltaic (BIPV) is an emerging field in PV industry [39]. In the
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framework of strategy (ii), BIPV can be seen as a strong candidate to decrease the LCOE
of PV modules by integrating the PV functionality to the building elements. Aside
improving material utilization, cell / module efficiency should also be increased (see
strategy (iii)). Focusing on cell efficiency, recombination in the bulk, front and rear side
needs to be minimized. The reduction of each recombination component at industrial
level should be achieved by using lean processes requiring minimum investments in
new tools.

1.2 Light management in c-Si solar cells

As stated in Section 1.1, for continuing large-scale implementation of c-Si solar cells,
their cost must be further lowered by optimizing manufacturing processes, offering
customized products and using fewer materials without sacrificing the efficiency [19]-
[21]. Focussing on the last strategy, the Si wafer contributes to more than 50% of the total
cell cost, therefore a possible solution to decrease material costs would require the usage
of thinner wafer. Thinner wafers are not only cheaper but also lighter and more flexible
[22], exhibit a lower bulk recombination and [6] and in case of Czochralski wafers also a
lower light-induced degradation [23][24]. However, as c-Si is an indirect band-gap
semiconductor, the absorption in the infrared region (IR) of the solar spectrum is
significantly reduced when the wafer thickness is reduced. Therefore, advanced light
trapping schemes are essential to enhance light absorption in thin c-Si solar cells [25].
The main aspects of light management in (thin) c-Si solar cells are:

1. Light in-coupling;
2. Light scattering;
3. Internal reflectance;

These three techniques have to be optimal and concurrently active in order to achieve
broad band light absorption enhancement. In addition, when pushing them to their ideal
limits of: (i) perfect broad-band light-in coupling (reflectance R = 0 V A), (ii) totally
randomized and ideally diffused light inside the slab (the so-called Lambertian
scattering), and (iii) ideal internal reflectance (Ro = 1 V A), they fulfil the ideal
assumptions of the so-called 4n? classical absorption limit in a dielectric slab [26], where
n is the real part of its complex refractive index. In such case, in the wavelength region of
weak absorption such light trapping scheme theoretically results in an absorption
enhancement factor of 50 (4n?) [26]. In other words this means that by employing such
advanced light management techniques the optical thickness of the absorber becomes 50
times larger than its geometrical one. In Table 1.1 state-of-the-art and advanced light
management techniques are summarized.
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Light-in coupling Light scattering Back reflector
State-of-the-art Random Random pyramids, iso- Metals,
pyramids + ARC textures Metal/dielectric
Advanced Nano-texturing, NWs, MST, gratings, Dielectric,
Mie coating, NWs | plasmonic, honey comb plasmonic

Table 1.1. State-of-the-art and advanced light management techniques. The abbreviation
NWs stays for nano-wires while MST for modulated surface textures.

1.2.1 Lightin-coupling

Light in-coupling is a light management technique aiming to minimize the front
reflectance losses. In Figure 1.2 (d), (e), (f) is reported the so-called first reflectance (Ry),
obtained from linear extrapolation at long wavelengths of the measured R for four
different optical systems. As Figure 1.2 (d) clearly shows, for polished Si in air (see
sketch in Figure 1.2 (a)) more than 30% of the incoming light is lost in reflection. Such R
losses are not tolerable to reach high absorption and therefore high conversion
efficiency. A well-established technique to reduce Ry, consists in texturing of the front
surface. Random pyramidal texturing (see in Figure 1.2 (b)) is typically employed in
state-of-the-art c-Si solar cells and leads to Rf around 10% (see red curve in Figure 1.2
(e)). Such surface texturing is fabricated by using alkaline etching of a <100> Si wafers
leading to random pyramids with <111> surface orientation. To further, reduce Ry,
random textured surfaces are usually coated with an ARC of a thickness (darc) designed
to minimize R around the wavelength of design (Aarc) according to the following
equation:

A ARc 1.1
4-Narc

darc =

where, narc is the real part of complex refractive index of the ARC. An example is
presented in Figure 1.2 (e), where a SiNx with real part of the complex refractive index
(narc= 2.03 at A = 600 nm)! is used. However, as Figure 1.2 (e) indicates, the antireflective
effect of the ARC leads to Rr values below 5% only within a certain wavelength range
[450-850] nm.

Advanced light in-coupling such as surface nano-texturing can feature a strong and
broad-band anti-reflective effect (see Table 1.1). As shown in Figure 1.2 (f) measured Rs
below 1% can be achieved by nano-textured surfaces even without additional ARC. Such
anti-reflection properties are achieved due to a gradual refractive index matching
between the incident medium (air) and Si nano-cones which minimize the intensity of

1 Such value constitutes the optimal value between parasitic absorption at short wavelengths and
refractive index matching after cell encapsulation.
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the reflected wave-vector (k). The nano-texturing, studied in this work, was fabricated by
using a mask-less process implemented in commercially available reactive ion etcher
(RIE) tool. Other advanced light-in coupling techniques such as Mie coating are also
capable to deliver low Rr (<2%) on broad wavelength range even without ARC [27].
However, Mie coatings are usually fabricated by using advanced lithographic techniques
(such as ion beam or nano-imprinting) which at the moment are less suitable for large
scale application.

4
R 0.6 ks
J' kW —— Polished (d)
T 04 e

(a) } T Nl rels il At

0.2

a7 0.0

400 600 800 1000 1200

Wavelength [nm]

—o— Random textured (e)
—+— Random textured + ARC

d s O Mo e AR
400 600 800 1000 1200

Wavelength [nm]

()
Nanotextured
d

400 600 800 1000 1200

(c) Wavelength [nm]

Figure 1.2. Ray diagram of normally incident light on (a) polished, (b) random pyramids
texturing and (c) nano-textured Si. R: calculated by linear extrapolation at long
wavelengths of measured R in case of (d) polished surface, (€) random pyramids with
and without ARC, (f) nano-texturing without ARC.

1.2.2 Lightscattering
Light scattering is a light management technique devoted to increase the optical light

path length in the absorber layer. In fact, when the product a-d (where « and d, are the Si
absorption coefficient and Si thickness, respectively) becomes lower than 1, Si starts to be
a weak absorber? In addition, when decreasing d the wavelength region of weak

2 ad < 1, where a and d are respectively, the Si absorption coefficient and thickness, for d = 180
um the weak absorption region is defined by A > 1020 nm.
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abortion becomes larger. Therefore, increasing the optical path length inside the
absorber layer becomes essential to enhance optical absorption at long wavelengths.

In case of Si with polished surface, a ray of light impinging with normal incidence will
just propagates straight through the absorber leading to an optical light path equal to
geometrical thickness of the absorber. State-of-the-art light scattering in c-Si solar cells is
achieved by using random pyramids. This type of texturing exhibits features size in the
micro-meter scale allowing the usage geometrical optics to describe the propagation of
the light in the absorber layer. As sketched in Figure 1.2 (b), the optical path length of the
first and second transmitted rays through a random pyramidal textured surface are
increased of a factor of 1.36 and 1.7 (1/cos(6:1=43°) and 1/cos(02=51°)), respectively, with
respect to the normal direction (A=700 nm). In addition, as shown in [28] at long
wavelengths random pyramids exhibit a nearly ideal light scattering (i.e. Lambertian)
and therefore a fully randomization of the light in the absorber.

Optical light path enhancement delivered by advanced texturing in the subwavelength
range is not yet well understood. As presented in Chapters 4 and 6 of this thesis, light
scattering properties of the nano-textured surfaces (fabricated in this work) are found to
be inferior to the ones delivered by standard random pyramids. Therefore, to enhance
light scattering at long wavelengths, advanced surface texturing approaches combining
nano- and micro- texturing scale (in a decoupled front and rear texturing or modulated
surface texturing (MST)) are required. Other advanced light scattering techniques such
as nano-wires (NWs) [29][30], nanodomes [31], periodic grating [32][33] and plasmonic
nano-particles [34][35] (see Table 1.1) have also been extensively studied for enhancing
light scattering in thin film Si solar cells. However, their application in real devices has
so far demonstrated much lower performance with respect to the theory, mainly due to
significant increase of the parasitic absorption in the solar cell supporting layers.

1.2.3 Internal rear reflectance
Back reflectors are essential to avoid transmittance losses through the absorber layer in

the weak absorption region and at least double (in case of specular BRs) the optical light
path. Metals are the most well-known and used BRs for c-Si solar cells since they can
play the double role of rear electrode and BR. Ideally the most performant metallic BR
would be made of Ag. However, this metal is expensive and in reality exhibits parasitic
plasmonic losses [36]. In commercial c-Si solar cells (see section 2.5.2.1), BRs are made of
Al (typically screen printed) which is more cost effective than Ag but exhibits poor
internal rear reflectance (Rv), usually between 60 and 70% [37] [38]. To reduce metal
parasitic absorption and enhance Ri, a non-absorbing dielectric locally opened in
correspondence of the contacts is usually placed in between the Si and the metal [36].
The dielectric plays the roles of: (i) increasing the refractive index mismatch between Si
and the BR; (ii) shift the metal surface plasmon at short wavelengths where light is
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totally absorbed in the Si [36]; (iii) reduce recombination rate at rear contact. In this
thesis metal-free back reflectors are studied (notice that a certain amount of metal is still
required for collecting the carriers) as alternative to metal back reflectors. In particular,
dielectric BRs based on distributed Bragg reflectors (DBR), TiOz diluted in water in the
role of white paint are proposed.

1.3 AiIm of the thesis

The aim of this thesis is to provide valid solutions for strategies (i) and (ii) proposed by
the ITRPV (see Section 1.1). According to strategy (i), a possible solution to reduce the
cell price is to use thinner wafers. As discussed in the previous sections, advanced light
management techniques, represent a key aspect to enhance light absorption and
maintain high efficiency in thin c¢-Si solar cells. In Chapter 4, the design and fabrication
of an advanced light trapping scheme capable to deliver optical absorption comparable
to the upper 4n? limit is shown. In particular, the proposed light trapping scheme
combines nano-texturing at front side, micro-texturing at back side and advanced back
reflectors, in order to deliver nearly ideal light in coupling, light scattering and internal
rear reflection, respectively. However, such optical absorption enhancement can be
translated in an increase of the final conversion efficiency if, and only if, a proper
passivation of the surface textures is employed.

Combining the advanced light trapping and passivation schemes, nano-textured IBC c-Si
solar cell with conversion efficiency of 19.8% is presented in Chapter 6. This device
shows perfect light-in coupling and same spectral response around the wavelength
corresponding to the band-gap of Si of solar cells endowed with the micro-textured
surfaces and constitutes the technological platform for fabricating highly efficient ultra-
thin (<50pm) c-Si solar cells. As for strategy (ii), manipulating light interaction at front
and/or rear side of a solar cell is not only instrumental to enhance its optical absorption
but also enables the fabrication of customized PV products. Building integrated
photovoltaic (BIPV) is an emerging field in PV industry [39] and constitutes a concrete
possibility to decrease the LCOE by integrating the PV functionalities to building
elements. Black modules are one of the most requested PV products for residential
application [40]. PV modules based on IBC solar cell technology exhibit a pretty dark
colour appearance. However, colour perception of IBC fabricated with state-of-the-art
random pyramids coated with ARC, depends by the angle of incidence. High efficiency
nano-textured, aesthetically black, IBC devices are demonstrated in see Chapter 6 of this
thesis, and can be seen in the BIPV framework where black modules with colour
resilience also for large angles of incidence are requested.

For BIPV application where the PV module is used as facade a glass/glass module
configuration is often employed. In such case the rear side of the cell presents is either
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coated with Al-paste (exhibiting a grey colour) or in case of bi-facial cells with rear
passivation layer (usually exhibiting a blue colour). In addition, for bi-facial cells such
layer is transparent to the light (leading to T losses) and might be in low albedo light
conditions. Therefore, to offer a larger variety of rear colours and increase internal rear
reflectance dielectric back reflectors with tuneable colour perceptions are demonstrated
in Chapter 7.

1.4 Outline of the thesis

Aside this Chapter, where introduction and motivation of this thesis are given and light
management techniques are introduced, this thesis contains other seven Chapters.

In Chapter 2, general working principle and recombination mechanisms in wafer based
c-Si solar cells are described. State-of-the-art at both (laboratory and industrial scale) of
fabricated wafer based (n-type and p-type) c-Si solar cells with different architectures is
also presented.

In Chapter 3, an accurate analysis of the main opto-electrical losses for a fabricated mc-Si
solar cell is performed by using Advanced Semiconductor Analysis simulation (ASA)
tool. The analysis showed that the main optical losses for a mc-Si solar cell are due to
high R, incomplete absorption at long wavelength and poor internal rear reflectance of
the AI-BSF.

In Chapter 4 an advanced light trapping scheme aiming to minimize optical losses in
thin Si absorbers is presented. For such light trapping scheme a combination of surface
textures with different geometrical dimension was applied in order to trigger different
optical effects and therefore enhance Si absorption on a broad wavelength range. In
particular, nano-texturing fabricated via reactive ion etching (RIE) on the front side and
micro-texturing based on alkaline etching on the rear side were used. Nearly ideal back
reflectors such as Ag or Distributed Bragg reflectors (DBR) are applied on the rear side.
Interdigitated back contacted (IBC) solar cell was indicated as the most promising
architecture for demonstrating the capability of such light trapping scheme.

In Chapter 5, a simplified process for fabrication high efficiency IBC c-Si solar cells is
demonstrated. The process was designed in order to be self-aligned and involved the
combination of phosphorus ion implantation and is situ boron doped epitaxial growth of
Si. The usage of these doping techniques enables high flexibility, and quality of the
doped layers together with process simplifications.
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In Chapter 6, the application in IBC device of the advanced light management technique
as proposed in Chapter 4 is demonstrated. A novel and cost effective process to remove
surface defects induced by the nano-texturing process is proposed. The application of
such etching to the nano-textured samples resulted in a decrease of the surface
recombination while still maintaining its light in-coupling properties. The
implementation of the light trapping scheme (see Chapter 4) to the developed IBC (see
Chapter 5) was not straightforward. In fact, the IBC process developed in this thesis
requires a polished rear side. Therefore, the decoupled front and rear side light trapping
scheme of Chapter 4 was modified in order to be applied in the IBC device. In particular,
the two textures were superposed on the front side leading to the so called modulated
surface texture (MST) demonstrating comparable absorption enhancement with respect
to the decoupled approach. The combination of the advanced light trapping and
passivation schemes were employed in IBC c-Si solar cells.

Chapter 7 focuses on the application of advanced back reflectors for bifacial c-Si solar
cells. The advanced BRs here used pursue the roles of: (i) enhancing cell efficiency by
increasing its internal rear reflectance (ii) providing novel solutions BIPV applications. In
particular, DBR and TiO: diluted in H20 in the role of white paint (WP) are used as back
reflectors of bifacial c-Si solar cells. The WP BR showed higher solar cells performance
enhancement compared with DBR. However, the colour tuning possibilities of the DBR
enables to fabricate rear side coloured bifacial modules which can be used for BIPV
applications.

In Chapter 8, conclusions of this thesis are reported. In addition, an outlook is given on a
roadmap to follow in order to realize record ultra-thin c-Si solar cells.

1.5 Main contributions to the field

In this section the main contribution to the PV field from this thesis contribution are
presented.

e Classical 4n2 absorption enhancement limit was experimentally demonstrated,;

e An analytical model to calculate the light absorption in Si (from the measured
total absorption) for an optical system formed by Si / BR was proposed;

e High efficiency IBC c-Si solar cells based on self-aligned process were designed
and fabricated;

o Defect removal etching (DRE) was demonstrated as a possible solution to
eliminate surface defects induced by RIE process;

e Application of the advanced light management technique and surface
passivation in IBC c-Si solar cells was reported with top efficiency of 19.8%;
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Woafer-based c-Si solar cells

2.1 Working principles of c-Si solar cells

For a working solar cell at least three elements are required:

1.  An absorber layer which absorbs the incoming photons and convert them into
electrons-holes (e-h) pairs;

2. A membrane which allows to selectively collecting one type of photo-generated
charge carrier. Typically a pn junction formed of adjacent p-doped and n-doped
semiconductors is used;

3. Contacts which allow carriers transfer to an external load;

In the language of semiconductor physics, the first process is known as generation. In
case of Si, after photon excitation an e is created in the conduction band (Ec) leaving an h
in the valence band (Ev). As consequence of this process e-h pairs are formed. After
generation e and h can randomly diffuse in the semiconductor lattice resulting in a zero
photo-generated current flow. In order to create a net current flow after light excitation e
and h need to be collected at two different terminals. This is usually obtained by forming
selective contacts which can collect only type of charge carrier. In c-Si solar cells this is
achieved by forming a pn junction and a high-low junction also known as emitter and
surface field, respectively. For instance, in a p-type substrate, the emitter is a n-type
doped region usually located at front side, while the back surface filed (BSF) is a p-type
doped region located at rear side. Therefore, for this solar cell architecture, photo-
generated electrons would be collected at emitter while holes at BSF. Such flow of
carriers is called photo-generated current (I.) and under the assumptions of infinite
thickness of the pn doped regions and uniform generation (G), can be written as:

I, =gAG(L, +w+L;) 2.1
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where, g is the elementary charge, A is the cross-sectional area of the pn diode, w is the
width of the depletion region and L. (Ln) is the diffusion length for the electrons (holes).
Therefore, Equation 2.1 indicates that only carriers generated within the depletion region
and in the region up to the minority-carrier-diffusion length from the depletion region
contribute to the photo-generated current. In a solar cell, on the opposite direction to the
drift current of the photo-generated carriers, a diffusion current composed of e from the
electron-rich n+ emitter diffusing to the electron-poor p-type base is also flowing. Such
current flow can be simply expressed as the I-V relationship of a forward-biased diode
and is usually called dark current (Ioark). Mathematically, the current voltage (1-V) output
of a c¢-Si solar cell under illumination, under the assumptions of the superposition
principle, can be written as:

v 2.2
(V) =lpak =L =lo[ e™T =1 -1,

where, q is the elementary charge, k the Boltzmann constant, T the temperature, lo the
saturation current and n the ideality factor. Usually Equation 2.2 is formulated in terms
of positive current density (J) as:

. 23
V) = I = Jpark =L —Jo enkT —1

Important operational modes of a solar cell are short circuit (SC) and open circuit (OC).
At short circuit conditions V=0 and Equation 2.3 leads to J(V=0) =Jsc=]., where Jscis called
short circuit current density and is the maximum current density deliverable by the
device. At open circuit conditions (J=0) and Equation 2.3 becomes:

24
Voe = ﬂm[‘]iJr 1}
q

Where, Voc is defined as open circuit voltage. Notice that an increase of Jo leads to a
decrease of both Jsc and Voc. For an ideal pn junction n=1, however, in real devices such
quantity can be larger than 1. To describe mathematically ideal and non-ideal behaviours
of a real solar cell a double diode model is often used:

v v 25
I(V)=Jdsc —Jog €T —1|= 3y ™K -1
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where, ni= 1 and Jo: are the ideality factor and saturation current density of an ideal
diode, respectively, and Joz and nz represent the same components of a non-ideal diode.
The second diode is traditionally linked to recombination in the depletion regions where
nz < 2. However, in real devices, n2 is often even larger than 2 due to various
recombination phenomena [1]. When describing the J-V behaviour of a real solar cell,
Equations 2.4 and 2.5, are yet not sufficient because they only account for recombination
losses. For a more accurate description of the J-V behaviour of real solar cells resistive
losses need to be considered. This leads to a more general version of Equation 2.5 which
becomes:

qQv-I(V)Rs qQv-I(V)R; 2.6

IV)=Jsc—Jogl e ™ —1]-Jple ™T -1 —%
sh

where Rs and R« are the series and shunt resistance, respectively. The Rs contains the
contributions of the grid lines, contact resistances, lateral current flow in the doped
layers, and current flow in the base. Possible current leakage across the pn junction is
taken into account by the ohmic parallel resistance Rs. Both resistive losses lead to
power losses in the solar cell which are described by the fill factor (FF). The efficiency (1)
of a c-Si solar cell is defined as the ratio between the maximal deliverable power and the
incident power (Pin):

_Vwmee -Impp _ Voc -lsc -FF 2.7
P, P

where, Vmee and Ivee are the voltage and current at maximum power point (MPP),
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Figure 2.1. Joar-V characteristic of the c-Si  Figure 2.2. J-V and P-V characteristics of c-
solar cell calculated by using Equation 2.6  Si solar cells under illumination calculated
with parameters listed in the figure and by using Equation 2.6. Maximum power
Jpn=0. point is also reported.
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respectively. The MPP defines the operational point of a solar cell. The Joa-V and
illuminated J-V characteristics of a c¢-Si solar cell (calculated with equation 2.6 and the
parameters (Rs, Rs, Joi, Joz, N1 and n2) reported in Figure 2.1) are depicted in Figure 2.1
and Figure 2.2, respectively.

2.2 Spectral response and quantum efficiency of c-Si solar
cell

Spectral response (SR) of a c-Si solar cell is measured in order to evaluate the response of
the device for different wavelengths of the incident light. In particular, the spectral
response is calculated as the ratio between the current generated by the solar cell over
the incident power. Such quantity is very important because allows to calculate the so-
called external quantum efficiency (EQE). The EQE of a solar cell indicates the fraction of
photons incident on the solar cell that creates e-h pairs which are also successfully
collected at the solar cell terminal. This quantity is generally wavelength (A) and bias
light and voltage dependent. Usually EQE is measured at short circuit condition (V=0 V)
and is expressed as:

I(A) 2.8

EQE(A) =
NS qdin ()

where, ®@in is the spectral photon flux incident on the solar cell. The EQE spectra are
usually measured by means of a spectral response setup. As Equation 2.8 indicates, to
measure the EQE (at V=0 V), solar cell current and incident photon flux at each A are
required. The first can be easily measured with an Ampere-meter while the second is
indirectly evaluated by performing a measurement with a calibrated photodetector
whose EQE is known. Therefore, the EQE is mathematically expressed as:

I(A) 2.9

EQE(L) = EQE(A )¢ .0

For an accurate evaluation of the EQE it is extremely important that light source is
sufficiently stable during the whole measurements. In fact, Equation 2.8 assumes that @in
is the same for both calibration and actual measurement. Finally the short circuit current
density (Jsc) can be calculated by convoluting the EQE with the photon flux across the
relevant wavelength of interest.

M 2.10
Jsc = [ EQE(R)-®in(R)dh
Ay
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Typical wavelength range [A1, A2] for terrestrial c-Si solar cells is between 300 and 1200
nm and @in fixed by the AM 1.5 standard. In this thesis the measured EQE are reported
with respect to a photodiode calibrated at Fraunhofer ISE CalLab. The EQE includes all
optical losses of a solar cell such as reflectance (R) and or transmittance (T). However, it
is often useful to look at quantum efficiency of a solar cell after correcting for its R ant T
losses. Such quantity is called internal quantum efficiency (IQE) and refers to the
photons that are not reflected or transmitted out of the cell and which generated carriers
that are collected at solar cell terminals. Mathematically the IQE is expressed as:

EQE(4) 211

1QE(4) = R(2)-T(2)

To accurately evaluate carrier collection efficiency, Equation 2.11 should further include
additional optical losses of the solar cell such as parasitic absorption in the ARC and free
carrier absorption in the doped regions.

2.3 Efficiency limit for single junction c-Si solar cells

For a c-Si absorber layer with band gap around 1.1 eV, Shockley and Queisser (S-Q) in
the ‘60s [2] calculated a maximal conversion efficiency of 33% under AM 1.5 illumination
and no concentration [3]. Such calculations were based on the ideal case in which the
only mechanism of recombination occurring was the radiative one. In this case the
efficiency limitations were set by thermalization losses of photons with energy higher
than band-gap and non-absorption of photons with energy lower than the band-gap (see
Figure 2.3). However, in a real c-Si solar cell the radiative recombination does not play
the major role as in the calculations of S-Q due to the indirect band structure of Si.
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Figure 2.3. Photon losses due to thermalization and non-generation for c-Si
semiconductor as absorber material.
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Wopt[um] | Jsc[mA/cm? | Voc[mV] | FF[%] | n[%]
10 | 433 | 7613 | 8926 | 2943
Table 2.1. Optimal wafer thickness and limiting efficiency calculations proposed by
Richter [5].

The main intrinsic recombination mechanism in Si is instead Auger recombination.
Recently, combining accurate models of intrinsic recombination losses in c-Si [4], Richter
et al. [5] assessed the efficiency limit for a single junction c-Si solar cell at 29.4%. The
calculated external parameters of the optimal silicon solar cell under 1 sun illumination
[5] are reported in Table 2.1. This is yet an ideal calculation which only serves to
understand what is the maximal theoretical efficiency achievable and cannot be realized
in practice. For devices actually manufactured, additional mechanisms of recombination
occur, setting the maximal conversion efficiency to 26% as calculated by Swanson [6].

2.4 Mechanisms of recombination

The main mechanisms of recombination in a semiconductor are:

a. Radiative recombination

b. Auger recombination

¢. Recombination via defect states in the semiconductor band-gap (also called
Shockley-Read-Hall or SRH recombination).

d. Surface recombination (treated as a special case of bulk SRH recombination
applied to a two-dimensional surface).

Typically, injection level dependent minority carrier lifetime (7(An)), is used to quantify
recombination losses in a solar cell. Such quantity represents the amount of time that a
photo-generated carrier survives before recombining and it is expressed in terms of ratio
between a volumetric recombination rate (U) and the excess carrier concentration (An)
as:

4n 2.12

This quantity is also the sum of the invers of the lifetimes associated to each
recombination mechanism:

1 1 1 1 1 U;
—= + + == Z—
T TRad TSRH TAuger Ts 4n 2.13
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where Trad, TsrRH, Tauger, Ts iNdicate the minority carrier lifetime associated to radiative,
Shockley-Read-Hall, Auger, and surface recombination mechanisms, respectively.

241 Radiative recombination
Radiative recombination (Urad) refers to a direct recombination process between e and h

and is the opposite of the generation process. The energy released during such process
results in photon emission. The Urad rate is mathematically expressed as:

U rag=Bnp=B(ng +4n)(py +4p) 2.14

where B is the radiative recombination coefficient, n and p are the electron and hole
volumetric concentrations, no and po are the equilibrium doping concentrations and An
and Ap are the excess concentrations (generated by light in the case of a solar cell). In
silicon solar cells direct recombination is usually negligible. In fact, silicon is a
semiconductor with indirect band gap, which means that the bottom of the conduction
and valance bands do not line up in k-space (momentum). As recombination requires
that both energy and momentum are conserved, radiative recombination in Si requires
the participation of a phonon of the right momentum. This extra requirement reduces
the probability of radiative recombination and is reflected in the low value of B around
4.73:10-%cm-3s at 300 K [8].

2.4.2 Auger recombination
Auger recombination is a process whereas the energy released by an electron-hole

recombination is transferred to a second electron instead of being emitted as heat or
photons. If such energy is high enough, it can allow the electron (hole) to jump to the
higher (lower) level of conduction (valence) band. Such e (h) thermalizes back down to
the conduction (valence) band edge. According to the advanced parametrization
presented by Richter et al. [5], the Auger recombination rate (Uauger) can be written as:

U auger =(Np _nizeﬁ )(Cnng +Cppo +CaAno'92) 2.15

where, niet is the Si effective intrinsic carrier concentration and:

Cp=25-10"* geen(n ) 2.16
Cp=85-10"gpe(po) 217
C,=3102% 2.18

where, Cn and Cp are the Auger coefficients for h and e, respectively, while gen and gnne the
enhancement factors describing the Coulomb-enhanced Auger recombination
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introduced by Altermatt [10], [11]. From Equation 2.15 it appears clear that Auger
recombination increases with square of the doping concentration and therefore is one of
the dominant recombination mechanisms for heavily doped semiconductors.

2.4.3 Shockley-Read-Hall (SRH) recombination
The presence of defects within the semiconductor bandgap can significantly contribute

to decrease the energy of a photo-generated carrier. Such defect states might be due to
impurities and/or crystal defects in the semiconductor lattice. Under 1-Sun illumination,
SRH recombination is the dominant mechanism in the base (also known as bulk region)
of solar cells fabricated on defective (such as multi-crystalline silicon) or impurities-
contaminated materials. The recombination rate due to defect levels in the bandgap was
first analysed by Shockley, Read and Hall for a single defect level:

Tpo(n+”1)+TnO(D+ P1)

U sy =

where ni is the intrinsic carrier concentration, tpo and no are the volumetric electrons and
holes lifetime, which are related to the thermal velocity (vin), the volumetric trap density
(N7), and the capture cross-section for electrons (on) and holes (op), respectively, as:

. 1 2.20
no =
onVinNT
. 1 2.21
0= i
P opVinNT

The capture cross-sections (op and on) define the probability of a defect state to capture
an electron or a hole, respectively. Finally, n1 and p: are volumetric concentration related
to the filling of the trap level with carriers, and are given by:

(ﬁj 222
n =ne kT

[ﬁj 2.23
Py =nié KT

where, Ei is the intrinsic energy level respectively, T is the temperature and k is the
Boltzmann constant. It can be seen from Equation 2.19 that the SRH recombination
depends on the dopant levels, injection level and defect-specific properties, like the
capture cross-section and the defect energy level.
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2.4.4 Surface recombination

Surface recombination can be treated as a special case of SRH recombination. Assuming
single defect level at mid-gap of the semiconductor, the surface recombination rate (Us)
can be written as [12][13]:

nsps*ni2 2.24
Ng +Ng i Ps +P1

S, S

Us=

where, ns (ps) is the surface concentration of the e (h), n1, p1 are statistical parameters, Sn =
onvinNit (Sp= opvinNit) is the surface recombination velocity of the electrons (holes) with on
(op) capture cross section of electrons (holes), surface defect density (Ni). In reality, the
wafer surface has a large number of surface states at various energy levels Dit(E),
therefore, Us is calculated by replacing S» and Sp in Equation 2.24 with Nit:f;‘f D;:(E)dE

and integrating over the entire bandgap as:

Ec 2 2.25
_ NsPs — Nj )

Ue= [ wme) Dy rpyE) OB
B o,(E) on(E)

Finally the effective surface recombination velocity (Ser) is defined as:

Us 2.26

Seff = ———
An(z=d)

where An is the injection density and d is the edge of the c-Si surface space charge

region. Surface recombination rate is one of the most important source of recombination

in c-Si solar cells. Therefore, it is extremely important to minimize its contribution.

According to Equations 2.25 and 2.26 to Se«i can be decreased by:

1) Reducing the interface density of state Dit (this mechanism is known as
chemical passivation).

2) Reducing the surface concentration of one of the two carriers (also known as
field effect)

Chemical passivation is the driving mechanisms of passivation for a-Si:H or thermally
grown SiO2. Passivation of SiOz is further enhanced by using annealing in H2 mixture or
other H treatment in order to decrease the Dit[14].

On the other hand, since recombination to occur it requires the presence of both carriers
type, field effect can be employed to alter surface concentration of one carrier type.
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Possible ways to obtain such effect are via doping or application of highly charged
dielectric.

For instance, field effect passivation of the rear side of a p-type c-Si solar cell is typically
achieved by employing p*-doped (high-low junction) region known as BSF. Dielectrics
with high density of fixed charges can induce, (depending on doping type and surface
concentration), accumulation, depletion or strong inversion of the surface doping
concentration. For example, a dielectric with high density of positive fixed charges (+Qr)
as SiNx, is typically used to further decrease minority carrier concentration of a P-doped
region. However, a positive Qr can also be used to achieve an efficient field effect
passivation of a p-type doped Si if strong inversion conditions at surface are reached. In
fact, according to Equation 2.25 in case of strong inversion Us o< op With op<<on.

2.5 History of c-Si solar cells

2.5.1 History repeats itself: continuous swinging between n- and p-type
wafer based c-Si solar cells
The historical efficiency trend of c-Si solar cells is reported in Figure 2.4. The first c-Si

solar cell ever reported in literature was fabricated in the 1941 and delivered efficiency
below 1% [15]. Almost fifteen years later, at Bell laboratory, Pearson, Fuller and Chapin
fabricated the first p-type diffused pn junction solar cell with efficiency around 4.5% [16].
Later they switched to n-type Si arsenic doped wafers achieving almost 6% efficiency
[17]. Such device was presented as candidate in a contest for power suppliers in space
application. Its success at that competition drastically increased the attention towards PV
modules, which are nowadays still the dominant energy source for space applications.
The continuous development of n-type devices led to conversion efficiency around 15%
in the 1950. In the same period it was found that the space radiation hardness was less
detrimental for p-type rather than n-type wafers [18]. Due to this effect, a new switch
from n-type to p-type wafer based c-Si solar cells started. The efficiency of such devices
was lower than the n-type and took more than 10 years to develop p-type wafer based c-
Si solar cells with same conversion efficiency of n-type (15%) [19]. After this initial phase
p-type wafer based c-Si solar cells have dominated the PV scenario for more than 30
years, as Figure 2.4 shows. In particular, in the 80ties strong effort was put in the
development of p-type c-Si solar cells which led to excellent results®. All began with the
introduction of the so-called passivated emitter solar cell (PESC) architecture which
showed an important breakthrough reaching 20% conversion efficiency [20]. This
technology was the first ancestor of the well-known passivated emitter rear locally

3 This was related to the simple fabrication process of p-type solar cells based on low
temperature P-diffusion (~850 °C) passivated with SiNx on the front side and AI-BSF on the rear
side.
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Figure 2.4. History of c-Si solar cell efficiency on p- (blue symbols) and n- (red symbols)
type wafer based devices. The plot is reproduced from [23] and [26].

diffused (PERL) solar cells. In the 1996, a PERL solar cell with efficiency around 24% was
fabricated at UNSW [21]. Its further optimization led to solar cells with conversion
efficiency of 24.7% in the 1999 [22]. Such device was later re-measured using the current
standard showing conversion efficiency of 25.0% [23]. The important feature introduced
by the p-type PERL architecture was the high passivation quality of the front and back
surfaces which minimizes the minority carrier recombination.

Over the last ten years history is repeating itself again with a new attention towards n-
type wafer based c-Si solar cells. A strong contribution for reaching high efficiency has
been given by the introduction of n-type interdigitated back contacted (IBC) solar cell
architecture. In particular, n-type IBC c-Si solar cells are taking the lead in this special
efficiency race thanks to two major contributors: Sunpower Corporation [24] and
Panasonic [25]. Sunpower is a company leader in producing IBC with the highest
efficiency at cell (24%) and module level (21%) commercially available [27], [28].
Panasonic has demonstrated world record efficiency IBC of 25.6% at R&D level on large
area [29]. A more detailed analysis of the solar cell structure is presented in Section 2.6.4.

2.5.2 Mass production and laboratory scale p-type c-Si solar cells

2521  Mass production p-type Al-BSF c-Si solar cells
The current PV market is dominated by p-type multi c-Si (mc-Si) solar cells based on a

front diffused emitter and screen printed aluminium back surface field (Al-BSF) [30] (see
sketch in Figure 2.5). The success of this technology is attributed to the low cost and high
throughput nature of the fabrication process. However, the high scalability of the
process is paid in terms of limited conversion efficiency.
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Figure 2.5. Typical p-type mc-Si solar cell with P-doped emitter and AI-BSF.

In general, conversion efficiency of Al-BSF solar cells has a plateau around 18-19% for
mono-Si and 17-18% for multi c-Si (mc-Si) solar cells [31]. In fact, the AI-BSF results in
fairly high rear recombination losses and has a high degree of parasitic light absorption.
An extensive modelling of such device together with its loss analysis cells is presented in
[31], [32] and in Chapter 3 of this thesis. Another limitation of such technology is related
to the thermal coefficient mismatch between the Al and Si which often results in warping
of wafers after the firing of Al necessary for the formation of the Al-BSF. The warping
worsens as the wafer thickness drops. Thinning wafers down to < 150 um is an
important commercial goal for decreasing PV costs, as discussed in section 1.1. However,
warping of thin wafers can lead to wafer breakage/cracking thereby reducing yields to
unacceptably low levels. Therefore, to avoid wrapping caused by Al-BSF firing standard
doping techniques as diffusion, ion implantation, laser doping [33] or past adjustment
can be implemented.

2.5.3 Laboratory scale p-type wafer based c-Si solar cells

2531 High efficiency p-type passivated emitter and rear solar cells
High efficiency solar cells have been achieved at laboratory scale in many research

centres and R&D. Usually, high efficiency devices are processed in very clean
environment with complicated process steps and high quality materials which makes
them not directly transferable to the PV industry. For instance, passivated emitter and
rear cell (PERC), and passivated emitter rear locally diffused (PERL), sketched in Figure
2.6 (a) and (b) respectively, have demonstrated the capability to reach high efficiency
already 15 years ago (23% PERC in the 1989 [34] and 25% PERL in the 1999 [22]).
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Figure 2.6 (a). Passivated emitter and rear cell (PERC), (b) passivated emitter rear locally
diffused (PERL) c-Si solar cells architectures. PERC and PERL figures are taken form [34]
and [22], respectively.

However, their process simplification for industrial application is still under
development. The fabrication complexity of the PERL cells has been drastically reduced
within the years. Inverted pyramids have been replaced by random pyramids saving 4
lithographic steps and still leading to efficiency higher than 21% [35]. More recently laser
fired contact (LFC) has brought a significant contribution in reducing the fabrication
steps for the formation of the locally-passivated back side [36]. In fact, point contacts can
be created by locally firing the metal at the back side through the dielectric layer. The
usage of more industrially compatible processes has brought to the so called industrial-
PERC (i-PERC) technology which has been recently introduced in mass production [37].
Excellent results of 22.13% efficiency with i-PERC on large area (156 x 156 mm) mc-Si
wafers have been shown by Trina solar.

2532  Metal wrap through (MWT) p-type c-Si solar cells
In conventional industrial c-Si solar cells with front and rear contacts, front metal bus-

bars cover the 3-4% of the front surface area. To avoid the optical shading losses of the
bus-bars, Kerschaver et al., introduced the metal wrap through concept [38]. In this
architecture only the bus-bars are moved at back side of the wafers and are connected to
the front metal grid via holes drilled through the wafer fabricated by using laser etching.
At ECN the concept was optimized by employing fewer holes and customized by using
natural pattern shapes. Having both bus-bars at the back side allows also the usage of
new module concepts in which series interconnection between cells is managed by using
conductive substrates. As estimated by Solland the application of such technology leads
to efficiency gain of 3% at cell level, 3% on module level and additional 3% thanks to a
higher packing density [39]. Based on ECN technology, Canadian Solar manufactures
EWT modules with cell efficiency of 21.2% [40]. To further enhance their conversion
efficiency MWT cells have also been combined with PERC in MWT-PERC device. In this
case the bus-bar is placed at the back side on top of the passivation layer reducing not
only optical shading losses but also recombination. MWT-PERC on large area float zone
substrate with efficiency of 20.2% has been demonstrated [41].
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2533  Emitter wrap through (EWT) p-type c -Si solar cells
In EWT solar cells the collecting emitter stays at the front side and is contacted through

highly density holes doped via diffusion with metallic fingers and bus-bars which are
located at the rear side (see Figure 2.7). The presence of the diffused region at front and
back side of the wafer makes this technology suitable for substrates with low bulk
lifetime. Kray et al. have demonstrated EWT with efficiency of 22 % [42].

n*-diffusion

Figure 2.7. Structure of EWT c-Si solar cells, taken form [42].

2.6 Mass production and laboratory scale high efficiency
n-type c-Si solar cells

2.6.1 Why n-type wafers?
As discussed in the previous sections high quality surface passivation at passivated and

contacted regions are instrumental to reach high efficiency solar cells. However, once
that surface recombination is minimized, solar cell efficiency might become bulk lifetime
limited. Most of the cell manufactures uses either mc-Si or mono- Czochralski-grown
(Cz) p-type wafers. The electrical properties of the first are limited by high metallic
impurities and crystal defects. While B doped Si Czochralski-grown (Cz) wafers suffer
from the so called light induced degradation (LID) effect [43]. In fact, metastable defects
related to boron oxygen complex are activated after light illumination or carrier
injection. This leads to a decrease of the bulk lifetime and therefore solar cell
performance. There are several methodologies to reduce the LID effect such as: the usage
of thinner wafer, decrease of boron and/or oxygen [44] concentration and regeneration
processes [45]. LID can also be reduced by using different growth method than Cz. For
instance p-type FZ wafers show better stability against LID but are not industrially
feasible. Other possibilities are based on cast Si, for which quasi-mono crystalline
materials can be obtained. The crystallization process is based on a standard directional
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solidification starting from a mono-Si seed layer [46], [47]. For such material very low
oxygen concentration can be achieved. The final possibility to avoid LID is to switch to
n-type doping. In addition, P-doped wafers are less sensible to the most common
metallic impurities [48] than B-doped making them more suitable for reaching high
efficiency [49].

2.6.2 Rear junction n-type solar cells
In principle, the easiest way to switch from p-type to n-type solar cell would consist in

using the same process sequence already well-known for fabricating a p-type solar cell.
For instance, the standard AI-BSF process developed for p-type solar cells could be
straightforward applied to fabricate the rear emitter of an n-type solar cell. On the same
way the front side P-doped diffusion would create the so called front surface field (FSF).
If in terms of processing sequence the two devices are equivalent but they present strong
differences in their working principle. In fact for the n-type device the pn junction
collecting minority is located at rear side while most of the photo-generation (~2/3)
occurs at front side (FS). In this case, to achieve efficient carrier collection, high FS
passivation and minority bulk lifetime are required. Rear junction n-type solar cells with
efficiency of 19.8% (without selective FSF) have been demonstrated at laboratory scale
[50]. At industrial level remarkable results of 20.8% have been achieved by Trina solar
[51]. At imec n-type rear emitter based on passivated emitter rear totally diffused (PERT)
on large area (152 x 152 mm) with conversion efficiency of 22.5% have been reported
[52]. For devices light induced plating of Cu was used to create the front side metal H
pattern. By using such technique very fine and thick metal fingers can be achieved in
order to reduce optical shading losses without increasing series resistance losses of the
metal grid. The FSF design is strongly affected by the trade-off between low doping
concentration necessary to minimize recombination and high doping concentration
necessary to minimize Rs. Such trade-off can be partially solved by using a selective FSF
with high doping concentration underneath the metal contacts and low doping
concentration underneath the passivation layer.

2.6.3 Frontjunction n-type solar cells
To benefit from the high quality properties of the n-type bulk material front and rear

side diffusions well passivated and locally opened in correspondence of the contacts are
usually employed. In this case boron diffusion is used to create the front side emitter
while phosphorous diffusion for the BSF. If the P-diffused BSF can be well contacted and
passivated by using the well-established know-how of P emitter in p-type devices, the
passivation of the B-emitter requires special attention. Standard SiNx is not ideal to
passivate B doped layers due to non-optimal field effect. Usually a stack formed by SiO2
(chemically or thermally grown) or Al203 coated with SiNx is used. Combining locally
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diffused P-doped BSF passivated with thermal SiO: and boron-diffused emitter
passivated with Al:0s / SiN stack, (see Figure 2.8) efficiency of 23.9% have been
demonstrated [53]. Another n-type solar cell architecture which employs front and rear
diffusion is the so called bifacial or open rear as depicted in Figure 2.9. For such solar cell
architecture screen printing of Ag is performed to fabricate the H grid pattern on both
front and rear sides. This allows to reduce the rear contacted area and its metal
recombination with respect to the standard fully metallized device. However, this type
of device exhibits high transmittance losses at long wavelengths. To overcome such
limitation bifacial cells are encapsulated, either with a white foil placed on the rear side
or in a glass/glass configuration. In the latter case light can enter from both sides of the
cell and depending on the albedo light and the bifaciality factor of the cell a certain
increase of output module power is achieved. Currently, bifacial devices are available on
the market. Yingli Solar [54][55][56] and Megacell [57] have demonstrated efficiency
around 20% in pilot line, based on the process developed at ECN and ISC Constance,
respectively.

SiNyantireflection coating

AlLO; passivation layer  AITI/Pd/Ag Screen printed contacts

Al, 054/ SiN, passivation

o 4 " VVVVYPYy v m Boron doped emitter

Phosphorus doped BSF

n-type base

. . . SiO,N/SiN, passivation
| i | Screen printed contacts ’
Aluminium SiO; passivation layer

Figure 2.8. Structure of n-type c-Si  Figure 2.9. Structure of n-type bifacial c-Si solar
solar cell with front side B-doped, cells fabricated via P and B diffusion, taken from
image taken from [53]. [56].

2.6.4 Back contacted back junction c-Si solar cells
Interdigitated back contacted back junction (IBC) c-Si solar cells were developed at

Stanford University in 1986 for concentrator applications. In IBC c-Si solar cell
architecture contacts are placed at the back side in interdigitated fashion which
alternates both polarities (see Figure 2.10). The IBC architecture is a very elegant solution
to avoid optical shading losses at front side of the cell. In addition, it introduces several
electrical advantages as described more accurately in Chapter 5. This technology was
adopted by Sunpower Corporation which has simplified the fabrication steps and
brought it to mass production in 2007 with conversion efficiency of 22% [58]. The
company has recently demonstrated 25% conversion efficiency on 121 cm? area at R&D
level [28] which is very close to the 26% efficiency limit calculated for a potentially
manufactured single junction c-Si solar cell proposed by Swanson [6]. Sunpower
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produces solar cell and modules with the highest conversion efficiency commercially
available [27]. The design and fabrication of such solar cell architecture will be
extensively presented in Chapter 5.
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Figure 2.10. IBC c-Si solar cells fabricated by Sunpower, figure taken from [58].

2.6.5 Passivating contacts for high efficiency c-Si solar cells
In high efficiency c-Si solar cells recombination at metal contacts plays the major role.

This is also the case of PERL or IBC devices where only point contacts are implemented.
A possible solution to further reduce the surface recombination at metal contact requires
its passivation. The most well-known passivating contacts technology is based on
placing a layer with wider bandgap than Si, usually hydrogenated amorphous silicon (a-
Si:H), in between the interface Si / metal. Such solar cell architecture is called hetero-
junction (HJT). Its main drawback is related to the high parasitic absorption in the a-Si
and transparent conductive oxide used at front side which typically leads to a poor cell
response in the blue part of the spectra. Accurate optimization of HIT cells has been
reported by Panasonic demonstrating efficiency of 24.7% on large area 102 cm? [59]. In
order to reduce the parasitic absorption at front side HJT and IBC have been combined
by Panasonic in so-called HJT-IBC device demonstrating a new world record efficiency
of 25.6% on large area substrates (143.7 cm?) [29]. From such results, it appears clear that
the reduction of the contact recombination is instrumental to approach and maybe
overcome the 26% efficiency limit for a fabricated c-Si solar cell as calculated by
Swanson. Notice that at time of his calculations, passivated contacts were not available
yet. Passivating contacts as alternative to a-Si:H, have been recently introduced by
several groups. Doped polysilicon in combination with a thin (< 1.5 nm) tunnelling SiO2
chemically grown has demonstrated excellent passivation quality and electrical
transport [62]. Using such approach fully-rear metallized c-Si solar cells with world
record conversion efficiency of 25.1% have been reported by Fraunhofer ISE [63].
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Configuration without light-receiving electrodes

Passivation layer minimizes reflection / absorption to maximize light
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Figure 2.11. HIT-IBC world record c-Si solar cell structure fabricated by Panasonic,
taken form [60] and [39].
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Accurate opto-electrical modelling of
multi-crystalline silicon wafer-based
solar cells

3.1 Abstract

Modelling of multi-crystalline silicon solar cells has been recently widely used to
identify in a fast and cost-effective way performance improvements. The optimization of
device performance requires deep understanding of the opto-electrical losses of a
reference (fabricated) solar cell. To carry out trustworthy analysis and optimization, the
simulation program has to be calibrated to the performance of the fabricated device. In
this chapter an accurate opto-electrical modelling of multi-crystalline silicon solar cells is
presented. Specific issues arose during the calibration process were addressed, such as
the optical model describing light scattering due to wafer texturing, the electrical
modelling of heavily doped emitter and the opto-electrical modelling of the back surface
field. Model parameters, obtained from theory or measurements, led to an excellent
simultaneous matching of simulated and measured reflectance spectrum, internal and
external quantum efficiencies and dark and illuminated current-voltage characteristics of
the multi-crystalline silicon solar cells. In addition, opto-electrical losses in the
investigated solar cells were determined and quantified. Based on such results the
design of an optimized device is proposed.

This Chapter is based on the following publication: A. Ingenito, O. Isabella, S. Solntsev, M.
Zeman - Solar Energy Materials and Solar Cells, 123, 17-19, 2014, DOI:10.1016/j.solmat.2013.12.019
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3.2 Introduction

The structure of wafer based crystalline silicon (c-Si) solar cells is a complex opto-
electrical system. In particular, to enhance the absorption in the Si absorber layer several
light management techniques are employed at the same time. Anti-reflective coating(s),
surface textures for decreasing front reflectance and enhancing light scattering and
efficient back reflectors can be typically found in nowadays’ solar cells. In addition, to
create a net photo-generated current, carriers need to be selectively collected. For this
reason the bulk region is sandwiched between an electron collector (also known as
emitter) at the front side and a hole collector (also known as back surface field (BSF)) at
the rear side. To reduce carrier recombination front and back passivation layers are
employed [1]. Hence, for integrated analysis and optimization of the opto-electrical
performance of this complex device, computer modelling has become an extremely
important tool [2]. In addition, the computer model should use Fermi-Dirac statistics to
properly describe the behaviour of the heavily doped regions [3]. In this chapter is
presented: (i) a detailed opto-electrical model based on the Advanced Semiconductor
Analysis (ASA) program [4] of an industrial multi-crystalline silicon (mc-Si) solar cell
that was used as a reference (ii) the analysis of opto-electrical losses of these devices and
(iii) based on such analysis, an optimized device where opto-electrical losses are
reduced. Special care was devoted to the assignment of proper values to the input
parameters of the numerical model. This step is known as calibration of model
parameters [5]-[6]-[7].

Generally a calibration process consists of tuning a number of input parameters until a
good matching between measured and simulated characteristics of the reference solar
cell is achieved. Despite the simplicity of this approach, it must be noted that the
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Figure 3.1. Flow-chart for obtaining calibrated input parameters fitting measured R, EQE
and J-V characteristics of the calibrated mc-Si solar cells. The chart starts at step #1 using
optical and structural input data. Upon fitting the measured reflectance, step #2 is
triggered with the usage of electrical input data. Finally, EQE and dark and illuminated
J-V characteristics are carried out and simultaneously fit with measured curves.
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extracted values of the input parameters might not be unique or represent realistic
values. To avoid this situation, values predicted by theory or experimentally determined
can be used as a starting point. A schematic flow-chart of the calibration process
followed in this chapter is depicted in Figure 3.1. In particular, for proper modelling of
anti-reflective effect and light trapping in mc-Si solar cells, the morphological analysis
together with the measurements of the optical properties of the device were carried out
(step #1 in Figure 3.1). In order to realistically represent the front emitter, the
mechanisms of electrical recombination were investigated and the values of fitting
parameters such as surface recombination velocity (SRV) and minority carrier lifetime
were compared with those predicted by the theory (step #2 in Figure 3.1). The electrical
recombination in the bulk was modelled by using the effective minority carrier diffusion
length of the wafer. The rear reflectance was described with optical properties of Si-Al
alloy. Recombination losses for the rear side were also modelled in terms of the effective
minority carrier diffusion length. Using the parameters of our calibrated opto-electrical
model, the simulated reflectance spectrum (R), the internal and external quantum
efficiencies (QE) and (iii) the dark and illuminated current-voltage characteristics (J-V)
were simultaneously matched very well the measured curves of a commercial reference
mc-Si solar cell. Furthermore, the opto-electrical losses in all supporting layers of the
reference solar cell were determined and quantified.

3.3 Overview of opto-electrical device simulators for c-Si
solar cells

Numerical modelling has been widely applied to c-Si solar cells both by academic
institutions and industries. Commercially available software programs like ATLAS [8],
SENTAURUS [9][10], and MICROTECH [11] are the most common software programs
used by the photovoltaic (PV) industry. However, specific physical models may be
absent in these commercial software programs or have to be adapted. For these reasons,
many research groups have developed their own advanced physical models describing
processes in solar cells that are not implemented yet in commercial computer programs.
For simulating the electrical operation of c-Si wafer-based solar cells, it is sufficient to
solve the two-carrier time-dependent semiconductor transport equations in one
dimension. In 1960s, Gummel from Bell Laboratories introduced an iterative method to
solve this set of equations in steady state condition [12]. Since then, several models based
on his numerical approach were developed and applied to Si wafer-based solar cells.
Around ten years later, a numerical code was written and used at Bell Laboratories to
investigate and design solar cells with conversion efficiency higher than 20% [13][14]. In
1980s, the SCAP1D software was developed at Purdue University. This software
program was later extended into two dimensions and enabled to simulate a broad



Chapter 3 Overview of opto-electrical device simulators for c-Si solar cells 42

variety of solar cell structures such as interdigitated back contact solar cells [15][16]. In
mid-1980s, a one-dimensional (1-D) semiconductor simulator called PC-1D [17] was
developed as free-available software. In contrast with most of the device simulators at
the time, it solved the equations not using the finite difference method but the finite
element method. This software, broadly used by the PV community, has strongly
contributed to the progress in design of highly efficient c-Si solar cells [18][19]. Recently,
the PC-1D software has been used together with the optical modelling of the so-called
isotexture [20] to simulate the opto-electrical behaviour of mc-Si solar cells [21]. The
AFORSHET software, developed at Helmholtz Centre in Berlin, has been mainly used
for simulating hetero-junction silicon-based solar cells [22]. The DESSIS software was
used at University of New South Wales in Sydney to analyse c-Si solar cells. Simulation
results were employed to realize a solar cell with a record efficiency of 24.7% in 1994
[23][24][25] and to optimize the design of a solar cell on a 47 um thick float-zone c-Si
wafer with record efficiency of 21.5% [26]. In 2011 the PV Lighthouse website was
launched. The web site offers online free calculators that simulate various aspects of
solar cell operation [27]. Recently on the website a very versatile simulation tool called
QUOKKA has been introduced. The program can simulate front and rear or all rear
contacted c-Si solar cells in 2D or 3D. The abovementioned software programs are
mainly suited for analysis and optimization of the electrical performance of solar cells.
The trend in PV industry towards the use of fewer raw materials demands the
development and application of advanced light management techniques in order to
maximize light absorption in thinner c-Si wafers. This trend also requires that modelling
can correctly handle optical processes such as scattering, diffraction and plasmonic
absorption using textured surfaces in c-Si solar cells. Since typical c-Si solar cells
accommodate textures whose features are much larger than the incident wavelengths,
ray tracing approach is widely employed to calculate the optical properties of c-Si solar
cells. The most frequent models RAYN [28], TEXTURE [29], SUNRAYS [30], RAYSIM
[31], SONNE [32] and recently introduced DAIDALOS [33] or CROWM [34] are three
dimensional (3-D). To incorporate optical results of 3-D models into a 1-D device
simulator, the 3-D generation profile G(x,y,z) is usually averaged in a 1-D generation
profile G(z) which describes the optical situation inside the device along its depth [7].
Recently, better light in-coupling and light scattering triggered by textures with smaller-
than-wavelength features are being implemented also in c-Si wafer solar cells [35]. In this
case, both coherent non-scattered (i.e. specular) and incoherent scattered (i.e. diffused)
light inside the device must be considered [36]. Examples of optical simulators that take
into account both specular and scattered light propagation are optical models from Ecole
Polytechnique Palaiseau [37], SUNSHINE program from Ljubljana University [38],
GENPROS3 optical module implemented in the ASA program of Delft University of
Technology [39][40] and the Prague optical model [41]. The ASA program was
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developed and used at Delft University of Technology to simulate thin-film amorphous
Si solar cells. For this purpose advanced models for describing the properties of the
amorphous silicon were implemented in this program. Later the ASA program was
extended with the models that enabled the program to simulate c-Si solar cells. In this
chapter we demonstrate that the optical and electronic models that are implemented in
the ASA program can be used for simulating state-of-the-art mc-Si solar cells fabricated
with industrial-scale processes.

3.3.1 The ASA device simulator
The ASA program is a 1-D device simulator that integrates both optical and electrical

simulations for the complete modelling of solar cell operation. From optical point of
view, solar cells are multi-layered optical systems with flat and/or textured interfaces.
Since all practical c-Si solar cells use textured surfaces, modelling must take into account
refraction and scattering at these surfaces in order to calculate the absorption profile
accurately. In case of scattering, an optical model has to take into account both coherent
and incoherent light propagation throughout the simulated device [38]. The optical
model GENPRO3 implemented in the ASA program fulfils this requirement and, in
addition to wavelength-dependent complex refractive indices of individual layers, uses
as input descriptive scattering parameters of a rough interface, like haze and angular
intensity distribution (AID) [42]. Simulating a solar cell with the ASA program, optical
outputs are R and T spectra, the absorptance spectrum (A) in each layer of the multi-
layered structure and the generation rate related to the optical absorption profile. Once
the generation rate is determined, it is used as an input for the electrical simulations. The
electrical part of the ASA device simulator is based on semiconductor equations and
includes, among other models, Shockley-Read-Hall (SRH) and Auger recombination-
generation rates as well as Fermi-Dirac statistics. Particularly, the dependence of carrier
mobility (Klaassen’s model [43] [44]), diffusion lengths, band-gap narrowing (Shank’s
model [45]) and minority-carrier lifetime on the doping densities of donors (No) and
acceptors (Na) is included. The steady state operation of homo-junction semiconductor
device is described by a set of coupled differential equations which, in general, cannot be
solved analytically. In the ASA program, this set of equations it is solved by means of
numerical methods. The free electron concentration, n, the hole concentration, p, and the
electrostatic potential, ¢, are used as variables. After reading structure-statements from
an input file, the ASA engine (i) generates via finite element method a grid along the
depth of the device (set by the user), (ii) carries out the spectral absorption rate and the
reflectance / transmittance spectra, (iii) solves the Poisson equation at thermal
equilibrium and finally (iv) computes the current density-voltage characteristic with
Newton-Raphson [46] and/or Gummel [12] methods. Once the set of equations has been
solved, quantities such as energy band diagram, electron-hole concentration and electric
field profile can be also carried out. Finally, external parameters of the device
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performance such as spectral response, dark and illuminated current-voltage
characteristics are calculated. Lumped elements such as series (Rs), and parallel (Rsh)
resistance and parallel diode [47] can be included in the equivalent circuit to model the

final J-V characteristics.

3.4 Structure and characterization of the reference mc-Si
solar cell

Calibration of the ASA model parameters was carried out with respect to a typical p-
type mc-Si solar cell fabricated at Solland Company. The mc-Si wafer-based solar cell
had a laterally homogeneous emitter and a full-area aluminium back surface field. The
structure of such reference solar cell is schematically shown in Figure 3.2(a). Wafer’s
thickness was initially around 200 um with uniform boron doping concentration (Na) of
106 cm3. Wafer was textured by using a mixture of HF and HNOs, which removed
about 10 um of the bulk. The emitter of the cell, located at the front side, was fabricated
by using in-diffusion of phosphorus from spray-on source. During this process,
phosphoric acid is employed as P-doping source, which diffuses into the silicon by
subsequent heating (typically employed at 850 °C).

A SIMS profile of the donor concentration (Nb) in the emitter fabricated at Solland
showed a Gaussian-like profile of phosphorous distribution with a peak in the doping
concentration Nomax = 5.2:102 cm=? and a thickness of approximately 320 nm. Figure
3.3(a) shows the SIMS profile of the P-emitter provided by Solland and one simulated in
ASA program consisting of sixteen layers. The vertical dashed lines define the heavily

Model of antireflection
effect of iso-texture

Compact Al-Si

Figure 3.2. (a) Schematic sketch of a typical mc-Si solar cell fabricated by Solland
(thicknesses are not in scale); (b) cross-sectional SEM image of the fabricated rear back
reflector. The firing process led to the formation of the Al-Si and AI-BSF; (c) model the
antireflective effect of the iso-textures coated with SiNx was modelled with SiNx /
synthetic buffer layer (dashed boxes indicate textured interfaces, see Section 4.1).
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doped (A), moderately doped (B) and lightly doped (C-D) regions, respectively. Table
3.1 summarizes the number of layers and grid points for each region of the simulated
emitter. After this process, an appropriate wet etching based on HF was used to remove
the residual of phosphosilicate glass (PSG). A SiNx layer was deposited by PECVD on
top of the emitter. It served as emitter front side passivation as well as anti-reflective
coating (ARC) of solar cell. Its thickness of 75 nm is designed for minimizing reflectance
losses at wavelengths around 650 nm. This thickness was optimized for surface
passivation purposes rather than maximizing current output. For the formation of front
and back contacts, a typical industrial process involving screen-printing and co-firing
was used.
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Figure 3.3. (a) SIMS profile of the doped diffused emitter provided by Solland
compared with the one simulated in the ASA program composed by sixteen regions
(see Table 3.1); the vertical dashed lines define the heavily doped (A), moderately
doped (B) and lowly doped (C-D) regions, respectively. The averaged relative
deviation between the doping profile measured and simulated |1-Nosim/Nbsims] is less
than 7% in the regions A-C. Such quantity rises for region D because of noise in the
SIMS measurements. The limit of the solid solubility of P in Si is nimit= 2.9 102 cm at
850 °C [56] and the active doping concentration as found in Section 3.5.2.1, are also
reported. (b) Al-BSF doping profile simulated with the ASA program divided in seven
layers (see Table 3.2). Zero depth indicates the position of the p/p+ interface.
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During the co-firing, the frit contained into the silver paste printed on the front surface
penetrates through the ARC allowing the of the Ag contact with underlying silicon,
while full-area Al-BSF forms at the rear side. In particular, by alloying o the Al paste
screen printed at the back side an aluminium-doped p+ region is formed. This process
has been widely studied in literature [49]-[53] and consists of the following phases: at
melting temperature, Al liquidizes within the stable paste and Si dissolves from the
surface into the Al melt according to the phase binary diagram. As consequence, Al
diffuses to the Si surface forming an Al-Si alloy. At peak temperature (typically between
850 and 950 °C), the Si reaches the maximum concentration within the melt. When the
cooling starts, the Si is rejected from the melt and recrystallize epitaxially at Si surface
with Al incorporated into the Si lattice. This leads to the formation of the Al-doped p+
region. When the temperature reaches the 570 °C (i.e. eutectic temperature), the
remaining melt solidifies forming the Al-Si eutectic (i.e. 12.6 w.t.% in Si). In addition, to
the Al-Si eutectic layer within the particles composing the paste a compact eutectic layer
with a lamellar structure is also formed at interface between the Si and the Al-doped
region [54]. This layer sets the internal real reflectance of the cell [54]. The p+-type Si
layer forming BSF and had a doping concentration between 10 to 3-10% cm= within a
thickness of around 3 um. The agglomerated Al-Si layer was around 30 pum thick. The
real Al-BSF doping profile of the reference cell couldn’t be provided by the company for
confidential reasons. Therefore, we used a typical doping profile measured for standard
AI-BSF reported in [50] and [55] (see Figure 3.3(b)). As the Al solubility decreases with
decreasing the temperature the doping profile shows the typical decrease of Al
concentration when going from the bulk/Al-BSF towards the Al-BSF surface [50] [51].
The vertical dashed lines in Figure 3.3(b) define the moderately doped (Z) and lightly
doped (Y) regions respectively. The latter region was included in order to include
process in-homogeneities [50]. Table 3.2 summarizes the number of layers and grid
points used for each region of the simulated AI-BSF. A cross-sectional scanning electron
microscopy (SEM) image of the back contact in the fabricated reference cell is reported in
Figure 3.2(b).

Region | #Layers | #Grid Region | #Layers | # Grid
points points
A 3 60 Y 5 150
B 4 60 z 2 80
C 8 150
D 1 50

Table 3.1. Number of layers and grid Table 3.2. Number of layers and grid points
points for each region of the simulated for each region of the simulated AI-BSF (13
emitter (1 nm / point). nm / point).
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Layer Thickness
SiNx 80 nm
Emitter (see Figure 3.3 (a)) 322 nm
Bulk mc-Si layer (Na = 10%cm-) 190 um
AI-BSF (Figure 3.3 (b)) 2.95 um
Si-Al ~1um
Al 30 pm

Table 3.3. Layer thickness of the reference mc-Si solar cell

An overview of layers thickness related to the reference solar cell is presented in Table
3.3 The characterization of such reference mc-Si solar cell was carried out at Solland,
where dark and illuminated J-V characteristics, series and shunt resistance, EQE and
total reflectance R were measured. The latter two quantities were measured between two
metal fingers in order to avoid optical shading losses from the front metal grid which
covered 6.5% of the total area. Further morphological and optical characterizations were
carried out at Delft University of Technology. Atomic force microscopy (AFM) image of
wafer’s textured surface is presented in Figure 3.4, where large random features with
peak-to-peak height larger than 4 um are recognizable. The scattering parameters of the
cell were characterized with an Automated Reflectance / Transmittance Analyser
(ARTA) and Integrating Sphere (IS), accessories of a Perkin Elmer Lambda 950 spectro-
photometer [57]. Diffused and total components of reflected and transmitted light where
measured and their ratios (haze parameters H) were calculated as follows:

_To.y _Ro 31

H ‘Hg =
T Ry

R=

Noteworthy, both Hr and Hr were almost equal to one in the whole wavelength range of
interest. This means that light in both reflectance and transmittance is fully diffused by
wafer’s surface. Figure 3.5 demonstrates that there is almost no dominant specular
component or wavelength dependence in the measured AID at air/Si interface (AIDR).
This quantity is defined as:

AlDg =107'(4:9¢) 3.2

where | the measured intensity as function of the wavelength scattering angle (6) and
azimuth angle ¢.
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Figure 3.4. AFM scan of mc-Si wafer textured surface.

Figure 3.5. AID in reflectance (AIDr) of the mc-Si etched surface measured with the
ARTA accessory. The measured sample was covered with 100 nm of Ag to avoid Si
absorption.

3.5 Calibration procedure

3.5.1 Optical modelling of front texture and anti-reflective coating
The surface texture of the wafer serves to scatter light into the solar cell but also to

introduce an anti-reflective effect. Such combined effects can be simulated either by ray-
tracing or by decoupling the anti-reflection from the scattering effect with appropriate
optical models. The second approach was chosen as compatible with the optical
capabilities of the ASA program. The optical model called GENPRO3 implemented in
ASA was used to simulate the light scattering. This model required as input parameter
the measured Haze (H) and AID reflected and transmitted at each interface as function
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of the wavelength and scattering angle. Unfortunately, the measured AIDr, presented in
Figure 3.5, only contains information regarding light scattering in reflectance at air / Si
interface. As presented in [20], the optical model of the AID in transmittance (AIDr) of
isotextured surface by means of ray-tracing follows a cos(3/2-0) distribution rather than
an ideal Lambertian distribution (i.e. cos(6)). Here 6 is the angle at which a ray traverses
the substrate with respect to the surface normal (scattering angle). In the ASA program
the measured AIDr distribution to describe the scattering at front texturing in reflectance
(see Figure 3.5) and a cos(3/2:0) to describe the scattering in transmittance through the
front surface (see Figure 3.7) were finally used. The anti-reflective effect, due to random
features of the surface texture and enhanced by the presence of SiNx in the role of ARC,
was simulated by adding an additional buffer layer on the top of the SiNx layer, whose
purpose was to decrease the total reflectance by improving the light in-coupling at the
front interface. As sketched in Figure 3.2(c), such buffer layer was modelled by using a
synthetic non-absorbing layer with a refractive index averaged between those of air and
SiNx (at 600nm).

1.0 T T T T T

=== 80nmSiN (simulated)
0.8  —— 47.nmSiN + 66 nm buffer (simulated) 4
—s— 80 nm SiN (measured)

R[]

400 500 600 700 800 900
Wavelength [nm]
Figure 3.6. Measured total reflectance of mc-Si reference solar cell. The antireflective

effect was simulated by combining SiNx layer with an additional non-absorptive buffer
layer.

Varying the thickness of both buffer and SiNx layers, a good matching between the
measured and simulated total reflectance was achieved until around 900 nm (dsin = 47
nm and douier = 63 NM, see Figure 3.6). This approach is only suited in case of non-
absorbing SiNx ARC otherwise it leads to an underestimation of the parasitic absorption
into the SiN layer. The complex refractive index provided by Solland showed an
imaginary part equal to zero in the wavelength range of interest.
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At longer wavelengths Si becomes weak absorber and the total reflectance measured at
front side is also depending by the rear internal reflectance. In Section 3.5.4, where the
rear side of the device will be opto- electrically modelled, the modelling of total
reflectance will be properly extended.

3.5.2 Opto-electrical modelling of the emitter
As depicted in Figure 3.2(b), the emitter doping concentration varies over many orders

of magnitude in a narrow region of few hundreds nanometres. Such doping profile
causes variation in its optical properties and recombination mechanisms. The
recombination in standard industrial emitters is often affected by the formation of
inactive phosphorous precipitates. As the SIMS in Figure 3.3 (a) shows, the first 20 nm of
the fabricated emitter present a doping concentration higher than the P solid solubility in
Si at 850° C (niimit= 2.9-10%° cm-2 [56]), meaning that for No > nimit, P is electrically inactive.
Such region is called P-supersaturated [62]. Based on experimental data, researchers have
demonstrated that to model the recombination losses in highly P-doped industrial
emitters two approaches can be followed [62]:

i.  Assume that the Auger recombination in the supersaturated emitter region is
determined by the electrically active doping concentration and the surface
recombination velocity at emitter surface (Spo) depends on the chemical doping
concentration at surface (x=0);

ii.  Assume that the recombination rate in the emitter is function of the undissolved
P-doping concentration (measured by SIMS) and Sy is set by the electrically
active P concentration at emitter surface;

1.0 T T T :
0.8
_. 06}
a
< 0.4
cos(6)
02 cos (3/2 6)
00 1 1 L 1
0 20 40 60 80

0[deq]
Figure 3.7. Comparison between normalized cos(0) (i.e. Lambertian) and c0s(3/2:-6)
angular intensity distributions.
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3521 Modelling of SRH emitter recombination rate
Quantify Sp is rather challenging because it depends on many parameters as surface

doping concentration and properties of the passivation layer [59]. The total electrical
losses of a passivated emitter are usually quantified by measuring its emitter saturation
current density (Joe). Various models have been proposed to extract Spo from Joe. A well-
established model for P-doped silicon emitters based on Fermi-Dirac statistics has been
proposed by Altermatt et al. [60]. According to such model, Spo can be expressed as
function of the surface doping concentration No(0) as follows [60]:

3.3
Np(0) ™ Np(0) )™
Spo :Spl N +Sp2 —N

pL p2

where Np1 = Npz2 = 10 cm?3, Sp2 = 500 cm/s, Sp2 = 60 cm/s, yp1 = 0.4 and yp2 = 3 are
numerically derived in [60]. In this case, the recombination rate in the emitter is
modelled following the second approach (ii). To strictly follow this approach both SIMS
and Electrochemical capacitance voltage (ECV) doping profiles would be required. Since
only SIMS measurements were performed, in this work the value of Sy, and thus Nb(0),
was extracted via matching of measured and simulated characteristics. In particular, by
using equation 3.3 and Nbp(0) = 5.2.10% cm a Sp = 8.44-10% cm/s would be expected.
However, when referring to the results of our calibration (see Section 3.6.1), a good
agreement between measured and simulated solar cell external parameters was found
for a Spo =1.3-10° cm/s. To achieve such value of Sy, a No (0) = 1.3:102 cm has to be used
in Equation 3.3. This indicates that the electrically activated doping concentration (Nactive)
at emitter surface might be lower than the one measured via SIMS. ECV not performed
in this work is required to confirm such assumption. Finally, the extracted Syo includes
all front side recombination including these happening at emitter \ metal interface (Smet).
However, in case of homogeneous emitter with low Rsu and low metal surface coverage,
as in this case, the Smet contribution on Sy becomes negligible [63]. The SRH
recombination in the emitter was modelled by using the model proposed by Min et al.
[64]. This model showed that the recombination losses in most of industrial emitters are
limited by SRH rather than Auger mechanisms. In particular, the SRH was modelled by
using an effective capture-cross section, gp = 7.5:108 cm?, and an effective defect of
density (N1) given by the difference between total (SIMS) and active (ECV) P-doping
concertation. Therefore, we calculated the minority carrier lifetime in the emitter for SRH
recombination (tpo srH) in ASA by using equation 2.21. In this work Nt was only
estimated for the first 40 nm of the emitter as the difference between nacive (Constant with
emitter depth) and Nb (X)sims with 0 < x < 40 nm of the emitter.
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3,522  Modelling of Auger emitter recombination rate
Auger recombination also constitutes an important recombination mechanism in heavily

doped emitter. In standard illumination conditions and for heavily doped emitter, the
excess of carrier concentration is smaller than the concentration of donors (Nb), which
means that the emitter generally operates at low injection conditions. The ASA software
calculates the Auger recombination rate as follows [65]:

— 2 2
UAuger = Cneff n p+Cpeff pTn 3.4
with:
C ff =C ND +& P 35
ne n Np+p 2 {Np+p
c -c NA +C_a n 36
PP NpA+n) 2 (Np+n

where Cn() is the Auger coefficient for electrons (holes) at low injection levels, Ca is the
ambipolar Auger coefficient at high injection levels, n(p) is the thickness dependent
concentration of majority (minority) carriers in the emitter (see Figure 3.3(a)) and Na is
the acceptors concentration. In Equations 3.5 and 3.6, the thickness dependency is not
explicitly stated but contained in the doping concentrations. Inputs were the so-called
effective Auger coefficients Cnet and Cpet indicated in Equations 3.5 and 3.6. One of the
first parametrization of the Auger coefficients was proposed by Dziewior and Schmid,
for which Cn = 2810 cm®/s and Cp = 0.99:10-% cméb/s, while the implied ambipolar Auger
coefficient is expressed as the sum of Cn and Cp (Ca= 3.79-10-%! cmé/s) [66]. The thickness-
dependent carrier lifetime in Auger-dominated emitter is automatically calculated in ASA
as follows [65]:

An 3.7
u Auger

T Auger _emitter —

In case of high doping concentration and low injection condition of the emitter, the second
factor on the right side of Equation 3.4 becomes negligible. Despite Equation 3.4 physically
describes the Auger recombination, Equations 3.5 and 3.6, that model the effective Auger
coefficients tend to underestimate the Auger recombination rate as they do not include
the Coulomb enhancement effects at high and low injection levels [67]. The most
comprehensive determination of Auger coefficients for low injection levels and low
doping concentration was proposed by Altermatt et al. [68]. They performed an
empirical parameterization of Auger coefficients by multiplying the Dziewior and
Schmid Auger coefficients with the enhancement factors (gen, genn) [67][68]. According to
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this modified model, the Auger recombination rate is calculated by replacing Cret and

Cpef in Equation 3.4 with genCn and genCp, respectively. However, at intermediate doping
concentration (1-10Y7 cm- < Nuop < 5:10%8 cm3), also this modified model is not accurate. A
more general parameterization of Auger recombination rate for a wide range of dopant
concentration and injection levels was proposed by Kerr & Cuevas [65]. However, this
model does not include Coulomb enhancement effects. Finally, the model proposed by
Richter et al. [69] adds to the model of Kerr & Cuevas [65] the enhancement factors (geh,
genn) @s introduced by Altermatt. According to Richter model, the Auger recombination
rate can be written as:

U auger = (np_nizeff )(Crng +Cppo +CaAn0'92) 38
with:

Cn(ng)=25x1031 g (ny) 39
Cp( Po)=85x10" g (o) 3.10
C,(ng)=3x10"% 3.11

Where, n is equal to no in condition of low injection (4An << no), po = ni? / no, ni is the
intrinsic carrier concentration in silicon and gen and gen are those defined in the
Altermatt model [67][68]. To strictly implement Richter model in computer software, one
should describe the emitter with many layers, each characterized by (i) thickness equal to
the measurement step in the SIMS profile and (ii) doping concentration at that specific
depth. Using certain Cn and Cp in the approach implemented in ASA, one can eventually
calculate accurate Rauger for different doping levels at low injection levels. To this aim, the
emitter was divided in sixteen regions in order to ensure a physically trustworthy
modelling of this layer. These sixteen layers in the ASA program had different optical
properties, doping concentrations and thicknesses. Simulated doping concentration in each
layer was linearly approximated to the SIMS profile as shown in Figure 3.3(a). The set of
Cn used in this work is illustrated in Figure 3.8 together with Cn predicted by the Richter
and Altermatt models calculated for the simulated doping profile. The Cn extracted with
ASA followed the trend predicted by the Richter model, showing the capabilities of our
computer model in handling both dopant density and injection levels. In addition, in
Figure 3.9, the Auger recombination rate calculated with the Richter and Altermatt
models were compared to the one simulated by the ASA software. By using the
Equations 3.4-3.6 with Auger coefficients expressed by Equations 3.9-3.11 the Auger
recombination rate calculated in ASA matched to the one predicted by the Richter
model.
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Figure 3.8. Cn Auger coefficient for the simulated doping profile predicted by the Richter
model (blue dash-dotted line), the Altermatt model (green dashed line) and the one
extracted with ASA (red solid line). The averaged relative deviation (in the regions A-C)
between the Cn extracted with ASA and the Cn calculated with Richter model for the
simulated doping profile was found to be | 1-(Cn asa/Cn richter(sim)) | <7%.
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Figure 3.9. Auger recombination rate predicted by the Altermatt (green dashed line) and
the Richter (blue dash-dotted line) models compared to the Auger recombination rate
extracted from ASA simulations (red solid line). Auger recombination calculated with
the Altermatt model showed slightly larger deviation from Richter and ASA models in
regions A and D.

3.5.23 Modelling of Radiative emitter recombination rate
Aside Auger recombination mechanism, also radiative recombination was taken into

account. It is calculated in ASA as:
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2
Rradiative= B(NP-N{") 3.12

where B is a constant equal to 4.7-10%%cm-3s1 [71]. This recombination mechanism was set
for all electrical active layers of the simulated device (emitter, bulk and BSF).

3.5.24  Optical modelling of the emitter
The optical properties of the emitter were modelled by using the complex refractive index

of Si as reported in [73]. However, due to heavy doping of this layer parasitic losses due to
free carrier absorption occur. To include such losses Rudiger et. model presented in [70]
was used. For the regions A, B, C in Figure 3.3(a) the extinction coefficient (k) calculated
at doping concentrations of 1-10%, 10%°, and 10 cm-3, respectively, for region D, the k of
undoped Si was used (see Figure 3.10).
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Figure 3.10. Imaginary part of the complex refractive index for un-doped, P and B
doped Si calculated according to [70]. For the regions A, B, C in Figure 3.3 (a) the
calculated k values for doping concentrations of 1-:10%, 10, and 108 cm, respectively,
were used. For region D, k for undoped Si was used.

3.5.3 Opto-electrical modelling of the bulk mc-Si

Passing to the bulk region, which is p-type mc-Si doped (10 cm), the modelling
parameter describing the SRH bulk recombination is the minority carrier lifetime (7n_bui).
In case of high quality mono c-Si material such quantity is spatially constant over the
bulk. However, in mc-Si materials, recombination also occurs at the boundaries between
crystalline grains [72]. Usually such grains have different shapes, sizes, dislocations and
recombination mechanisms. This leads to a distribution of the value of 7n buk Which is
difficult to determine. In the proposed model it was assumed that the mc-Si bulk is
composed of equal grains with identical electronic properties leading to a unique value
of nbui. The SRH Tno buik Was set as free-parameter in the simulations and the extracted
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was 70 ps, corresponding to minority carrier diffusion length of 450 um. This value was
in agreement with Solland expectations. The optical modelling of the bulk was
performed by using the surface morphology as discussed in Section 3.5.1 and the Si
complex refractive index as reported in [73].

3.54 Opto-electrical modelling of Al-BSF
A typical industrial process for Al-BSF formation involves screen printing of Al paste

followed by a firing step. As result an Al-p+ doped region is formed together with a Si-
Al eutectic layer. In this section, the optical model of the rear reflectance set by Si-Al
eutectic and the electrical model of the AI-BSF are presented. The optical characterization
of Si-Al eutectic layer is not a trivial task because of its location at the rear side of the
solar cell and its formation on a textured morphology. To model the back reflectance in
absence of optical properties of Si-Al eutectic layer, a common way is to assign a
constant value of rear internal reflectance together with Brendel’s approach [75] or
Phong factor [76] to describe the light scattering. In this work, simulated and measured
total reflectance of our reference cell were matched at wavelengths longer than 900 nm
by using constant values for the real part (n) and the imaginary part (k) of the complex
refractive index and previously mentioned scattering properties of the isotextured
surface (see Section 3.5.1). More details about the optical properties of the Al-Si are
shown in the Appendix 3.9.1. Four back reflectors applied to the same solar cell structure
were simulated: two modelling the reference cell (Si-Al / Al) with flat interfaces and
rough interfaces, respectively, and two (Si / Al) with textured and flat interfaces for
reference purposes. For the two textured cases, scattering properties at front and back
sides were taken into account. In Figure 3.11, the solution Si-Al/Al textured resulted in
lowered escaped reflectance at long wavelength (compared with flat case) which fairly
enough matched the measured reflectance of the reference cell. As reported in Section
3.6.2, at long wavelengths the Si-Al alloy exhibits considerable absorptance, and
therefore lower reflectance with respect to Al. This result also points out that the
reflectivity of the back contact has to be strongly improved in order to increase the
absorption of light in the absorber layer of the reference solar cell. The purpose of a BSF
is also to electrically reflect the minority carriers back in the bulk and to decrease the back
surface recombination velocity (BSRV) at the rear contact. In other words, the BSF
essentially decreases the high BSRV at Si / Al interface (typically, Sai = 107 cm/s) in a
lower BSRV at the interface bulk / p+ [78] (S pp+ < 1000 cm/s, depending by the quality of
the Al paste and sintering process). When modelling the Al-doped Si, together with SRH
and Auger recombination mechanisms, also lateral doping in-homogeneities and effect
of incomplete ionization need to be taken into account [79]. Following a similar approach
to that described in Section 4.3 for modelling the emitter, the Al-BSF was divided in two
regions (Y-Z, see Figure 3.3(b)) including a total of 7 layers (see Table 3.2).
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Figure 3.11. Measured and simulated total reflectance of the reference mc-Si solar cell.
Flat (textured) in the legend indicates that front and back side are assumed to be flat
(textured). Free carrier absorption (FCA) in both emitter and BSF is included.

In Figure 3.12(a) the Cp Auger coefficient calculated according to the Richter model and
the one used in ASA are reported. The averaged relative deviation (in the regions Y-Z)
between the Cp extracted with ASA and that calculated with the Richter’s model for the
simulated Al-BSF doping profile was found to be less than 6%. The SRH recombination
model, associated to the Si-Al doped region used in this work is based on the incomplete
ionization model for Al doped silicon [79]. According to such model, the knowledge of
the absolute defect concentration and capture cross section would be required. Due to
restriction of the simulation tool, the parameterization of the SHR minority carrier
lifetime due to incomplete ionization as proposed by Altermatt was used [80][81]. Such
analytical model calculates the SRH recombination (TsrH arermatt) due to incomplete
ionization by only using the Al doping profile (Nak-gsr):

1 3.13

-3
NA"BSF(_gm)J +2.8339x10°%4 . f
lcm

TSRH Altermatt (£8) = (

where f is a dimensionless scaling factor given in literature [82]. In ASA is possible to
model doping dependent minority carrier lifetime for used for calculating the SRH (tsrH
AsA) as:
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where, Na is the acceptor concentration (as reported in Figure 3.3 (b)) and 7o, 3 and Nonset
are constants. The TsrH alermatt Wwas matched with tsrr asa as function of the doping profile
by using the set of values: 1o = 1.18:10¢ s, 3 = -1.5, Nonset = 2.3-101” cm®and Na = Naissr. The
relative deviation between these two lifetime values calculated as | 1-7srH Asa/ TSRH Altermatt
| was found to be less than 4%. The effective carrier lifetime in Al-BSF (tai-esF) can be
expressed as:

1 1 1 3.15
= +

TAI-BSF TSRH T Auger

Where, both tsrn and tauwer are automatically calculated in the ASA program from the
related recombination mechanism. As Figure 3.12 (b) depicts, as expected, the dominant
mechanism of recombination in the AI-BSF region is SRH rather than Auger
recombination. The spatially average effective lifetime calculated with Equation 3.15 for
the intermediate doped region was 370 ns, which is in good agreement with the value
found in literature [79].
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Figure 3.12. (a) Cp Auger coefficient predicted by the Altermatt (green line with dots)
and the Richter models (red dashed line). Auger coefficient extracted from ASA
simulations in both Y and Z regions is in good agreement with the Richter model
(blue line). The relative deviation |1-Cp asa/Cprichter] Was found to be less than 6%. (b)
Effective lifetime from Equation 3.15 (blue line) and its Auger (Taugr asa) and SRH

(tsrH asa) components (orange and red lines, respectively) simulated with ASA
program.
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3.6 Results

3.6.1 Calibration results

By using previously calculated or measured input values, in this section, the results of
the calibrated model are reported. Measured and simulated IQE, R and illuminated J-V
characteristics of reference mc-Si solar cell are presented in Figure 3.13 (a) and (b). In
Table 3.4, measured and simulated external parameters of the reference device are
summarized, showing an excellent matching. The Jsc here compared does not include the
optical shading losses of the front grid covering the front surface. The Jsc of illuminated
J-V characteristic was corrected for the optical shading losses which are estimated to be
around 6.5%. In addition, the dark J-V characteristic of our reference cell was also
modelled. In Figure 3.14 (a), measured and simulated dark current densities as function
of the voltage are illustrated. Series (Rs) and shunt resistance (Rs), and diode were added
as lumped elements in the solar cell equivalent circuit. The measured and simulated
dark J-V characteristics were found to deviate in the voltage range between 0.3 and 0.5 V.
In particular, the measured dark J curve is higher than the simulated one between the
voltage range of 0.3 and 0.5 V. A better matching between simulated and measured J-V
on the full voltage range was achieved by adding a lumped parallel diode [47] to the
equivalent circuit with the Joz and ideality factor (12) reported in Table 3.5. Such diode is
added to describe the in-homogeneities of the mc-Si material. In particular, between 0.3
and 0.5 volt, Rs and recombination losses in the space charge region (SCR) of the pn
junction become dominant. Higher recombination losses in the SCR could originate from
recombination at grain boundaries, as well as a possible in-diffusion of Ag acting as
recombination centres in the SCR [48].
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Figure 3.13. Measured and simulated (a) IQE and total reflectance (R) and (b)
illuminated J-V characteristic of the mc-Si reference solar cell. The square indicates
the maximum power point (MPP).

Measured Simulated
Voc [V] 0.617 0.613
Jsc [mA/cm?] 35.71 35.65
FF[-] 0.773 0.775
n [%] 17.03 16.93

Table 3.4. Measured and simulated external parameters of the calibrated mc-Si solar
cell.



Chapter 3 Results 62

12 —————————
Rqp Jo2 1, Jou M R /
101 L
—v— Measured
Simulated + Diode
100 4

Simulated

10t

Jpar [MA/cm?]

102

10

10 . : : ' ' ;
0.1 0.2 0.3 0.4 0.5 06
Voltage [V]

Figure 3.14. Measured and simulated dark J-V characteristic of the mc-Si reference solar
cell. A better fitting between measured and simulated characteristic was achieved by
adding a lumped parallel diode. The voltage regions where Rs and Rsh, n1, Jo1, n2 and Joz
are dominant are indicated. The values of such parameters are summarized in Table
3.5.

Rs Rsh Jo1 Joz m 12
[Qcm?] | [kQcm?] | [mMA/cm?] | [mA/cm?] [-1 [-1
Measured 0.93 25 1.10-10° 6.4.10¢ - -
ASA 11 28 1.510° - 1.0
ASA + diode 11 28 1.5:10° 5.8:10% 1.0 | 21

Table 3.5. Measured and simulated external parameters of the calibrated mc-Si solar
cell and extracted values from the equivalent circuit.

3.6.2 Analysis of the optical and electrical losses of the calibrated mc-Si
solar cell
Understanding and quantifying the electrical and optical losses is crucial for designing

new solutions aimed to enhance solar cell’s performance. In this respect, physically
trustworthy opto-electrical simulations are instrumental for obtaining insights in loss
processes, since measured properties of a solar cell often do not give clear indications
where optical and electrical losses occur in the device and of which type they are. Figure
3.15 illustrates the conservation of energy, intended as sum of reflectance, optical
absorptances in all parts of the solar cell and transmittance (which is equal to zero on the
whole wavelength range). In this type of plot, both optical and electrical losses can be
quantified, while T is numerically negligible for the presence of the metallic back
reflector.
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Figure 3.15. Total reflectance and absorptance in all layers of our reference cell
together with simulated EQE. Implied photo-current densities are also reported.

For analysing optical losses, implied photo-current densities were calculated by
integrating reflectance or absorptances with the standard photon flux (lamis) [83] as

follows:

2 3.16
Jp = IAt(l)' I am1504

A

where A1 = 350 nm and A2 = 1200nm, At(A) is the wavelength-dependent reflectance or
absorptance and subscript t indicates different parts of the solar cell. Setting A,(1) = 1vA
in Equation 3.16, one can calculate the total photo-current density available in the
considered wavelength range, the so-called Shockley-Queisser limit [84]. In the
wavelength range of interest, this total photo-current density corresponds to 45.6
mA/cm2. According to Equation 3.16, implied photo-current densities related to
reflectance, emitter, bulk, AI-BSF and Si-Al back reflector are estimated to be 4.04
mA/cm?, 5.03 mA/cm?, 32.80 mA/cm?, 0.34 mA/cm? and 3.68 mA/cm?, respectively. The
photo-generated current density (J») in the device is the sum of the absorptions in
emitter, bulk and BSF and is equal to 37.6 mA/cm?. Such current density is higher than
the Jsc (35.65 mA/cm?) obtained from the simulated EQE reported in Figure 3.15. In
particular, Figure 3.15 shows that the simulated EQE extends in the optical absorptance
of the emitter at short wavelengths, while leaves out a part of absorptance in the bulk at
long wavelengths. The origin of this behaviour can be explained in terms of electrical
and optical (FCA) losses. In Table 3.6, the calculated current densities due to SRH, Auger
and radiative recombination mechanisms as function of the position in our reference
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device are illustrated. Along device depth, the current densities associated to each
mechanism were calculated as follows:

W(zi)=9-1*(2)-(zi41 — 7)) 3.17

where, r is the recombination rate (m-3s?), subscript k stays for SRH, Auger or radiative
recombination and [zo,z1,22,...,zn] are the grid points defined in the ASA program with zo
individuating the interface SiNx / emitter and z» the interface Al-BSF / Si-Al back contact.
Afterwards, these current densities were integrated in the emitter, bulk and AI-BSF
within their respective thicknesses:

dyr 3.18
Jyk= 2 (7))

i=d
where, subscript y stays for emitter, bulk or AI-BSF and [dys, dy<] is the range of
coordinates between the starting and finishing grid points of the equivalent y layer.
Finally, current density due to recombination in each layer could be simply carried out

by summing all the contributions:
Jy=2yk 3.19
K

In addition, the current density associated to the SRH recombination at surface was
calculated as:

JsrH-surf =0 Sp - Ap(zg) 3.20

where, Ap(zo) is the excess of minority carriers at SiNx / emitter interface. The equation
applies also for the rear surface with Spo= 108 cm/s in place of Sn, where Spois the surface
recombination velocity at Si / metal interface, and An(zn) in place of Ap(zo). The analysis
of the electrical losses was performed at maximum power point (MPP), which is the
operational point of a c-Si solar cell. As indicated in Table 3.6, the dominant
recombination mechanisms at MPP are: (i) Auger recombination in the emitter, (ii) SRH
recombination in the emitter bulk, front and rear sides. The comparable recombination
current density for Auger and SRH into the emitter is related to large number of defects
introduced by the inactive P [64]. Current densities associate to Radiative recombination
were found to be negligible. This is related to the fact that impurities and defects are
important losses for mc-Si and that Si has an indirect band-gap. The total current density
related to the recombination mechanisms occurring in all parts of our reference cell was
found to be equal to 4.2 mA/cm?. The difference between implied photo-current densities
due to optical absorption and electrical recombination (4y) in the emitter, bulk, Al-BSF
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and surfaces constitutes the current density at MPP (Juee) of the reference mc-Si solar cell
is presented in Table 3.7.

Solar JSRH JAuger JRad JSRH-Surf Total per
cell [mA/cm?] | [mA/cm?] | [mA/em?] | [mA/cm?] part
Part [mA/cm?]

Emitter 0.944 1.215 1.33-10° - 2.159
Bulk 0.816 5.3.10° 1.46.10° - 0.822
Al-BSF 0.038 1.1.10° 1.33-10° - 0.039
Front - - - 0.786 0.786
Surface
Rear - - - 0.402 0.402
Surface
Grand 1.798 1.221 0.001 1.188 4.20
Total

Table 3.6. Current densities calculated for the calibrated device associated to SRH,
Auger, Radiative, front and rear surface recombination mechanisms at Vmer= 0.5 V.

Solar cell Part Joptical JopticaI-FCA Jelectrical-rec Ay

[mA/cm?] [mA/cm?] [mA/cm?] [mA/cm?]

Emitter 5.03 -0.263 -2.15 2.61

Bulk 32.80 - -0.82 31.97

Al-BSF 0.34 -0.300 -0.03 0.01

Front surface - -0.78 -0.78

Rear surface - -0.40 -0.40

Current density at Viypp -> Jypp = 234, 334

Table 3.7. Analysis of implied photo-current and recombination current densities (Vmep =
0.5 V) in all parts of the reference mc-Si solar cell. Subscript y stays for emitter, bulk, Al-
BSF, front and rear surfaces.

3.7 Optimization of p-type c-Si solar cell

As discussed in Section 3.6.2 the implied photo-generated current density (Jn) of the
calibrated device is 37.6 mA/cm2. The maximal Jp that a silicon slab with thickness of 190
pum can deliver is equal to 43.5 mA/cm? according to the 4n? limit [87]. This means that
the light trapping scheme employed for the calibrated device presents serious optical
limitations mainly due to high front reflectance (R), non-ideal light scattering and poor
internal rear reflectance as described in Section 3.6.2. To decrease optical losses due to
surface reflectance and incomplete photon absorption in the infrared region of the
spectrum surface textures exhibiting better light trapping properties than the one
exhibited by iso-textures are required. Random pyramids fabricated via alkaline etching
of mono-c Si (<100>), are known to exhibit excellent light trapping properties [88]. The
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internal rear reflectance (Rb) in a solar cell can be enhanced by: (i) using a dielectric layer
at the rear side locally open in correspondence of the Al-BSF contacts (ii) by replacing
screen printed Al-BSF with B doped region and evaporated Al or Ag contacts (also in
this case a dielectric layer locally opened is beneficial to further increase Rv). As shown in
the previous section, the poor optical absorption was not the only factor limiting the
performance of the calibrated device. In particular, the sum of recombination current
densities at Vmee was found to account for more than 10% of Jvee. A selective emitter is a
well-established solution to minimize emitter recombination and front surface
recombination velocity. Selective emitters are formed by two doped regions with
different doping concentrations: (i) high doping concentration underneath the metal
contact in order to achieve low contact resistance and recombination Si / metal interface
[63], (ii) lightly doped emitter (LDE) concentration underneath the passivation layer, in
order to minimize recombination losses [63]. The doping profile of such region needs to
be optimized in order to ensure reasonable lateral transport of the electrons and low
doping surface concentration in order to minimize the electrical losses (Auger and SRH).
As shown in [89] a very effective solution to minimize emitter recombination consists in
fabricating a LDE with deep doping profile and low doping concentration rather than
narrow but heavily doped. For this optimization study we used a LDE emitter with a
sheet resistance of 100 Q)/sq, surface doping concentration of 10! cm= and depth of 1um
as proposed in [89] and reported on the lefts axis of Figure 3.16. For such emitter the
front surface recombination velocity (FSRV) calculated by using Equation 3.3 is equal to
4-10% cm/s (the extracted FSRV for the calibrated device was found to be more than 30
times larger). The P-dopants were considered fully-activated. This is a reasonable
assumption for lightly doped emitter fabricated by using low rate of the N2-POCLs
carrier gas [64]. To reduce SRH recombination in the bulk, higher quality bulk material is
required. For this study a p-type wafer (Na = 1-10% cm-) with touk of 0.6 ms was used.
Such value was chosen to be almost 10 times larger than the touik of the mc-Si wafer used
for the calibrated device in order to minimize SRH bulk recombination. To reduce rear
recombination the AI-BSF can be replaced by more performing BSF. For this study the
doping profile reported on the right axis of Figure 3.16 was proposed. Such doped layer
was fabricated by using epitaxial growth of B-doped silicon in situ. As already analysed
in Section 3.5.4, the role of the BSF is to create a high / low junction that reduces the
surface recombination velocity at metal/Si interface (Syo) in an effective surface at p/p+
interface (Spip+). Godlewski et al. [14] have derived and expression for (Spp+) as:

S, . - Dgse Ngsg 1 Spo/Desk - Lpse + tanh(W pse /Lgsr ) 321
.
PP Dpuik Npuik Lesr 1+Spo/Dse - Lgsr - tanh(W gsr /Lgsk )
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where, Desr (Douk) is the BSF (bulk) diffusion coefficient, Nesr (Noui) is the BSF (bulk)
doping concentration, Wesr and the Lesr are the thickness and the minority carrier
diffusion length in the BSF, respectively. Such quantities are summarized in Table 3.8
together with Spp+ calculated with Equation 3.21 for both Al-doped and B-doped BSF.
Equation 3.21, assumes that the doping concentration and charge transport properties
within the doped region are constant. As shown in [90] this leads to possible deviations
between the measured and calculated values of Spp+. In addition, under these
assumptions, Equation 3.21 determines the Spp+ based on the built-in potential at p/p+
interface and the minority carrier recombination within the BSF, but does not account for
recombination in the SCR [91]. However, Equation 3.21 was used to analytically evaluate
Sep+ Which is not a direct output of the simulator. Notice, that the simulator solves
numerically the semiconductor equations and therefore does not rely on the
assumptions aforementioned.

As shown in Table 3.8, in case of the epitaxial BSF, the Spp+ can be reduced by one order
of magnitude with respect to that of AI-BSF. The IQE over the optimized device
compared with calibrated one is presented in Figure 3.17.
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Figure 3.16. ECV doping profile of lowly doped region of the selective emitter taken
from [89] and epitaxially grown B-doped BSF.

Al-BSF B-epi BSF
Sgo [cmis] 10° 10°
Wase/ Lase [] 0.176 0.167
Ngse [cm™] 3.10% 3.10%"
Spip+ [CM/s] 550 43.5
Nouik [cm ] 10% 10%

Table 3.8. Summary of the parameters used to calculate Spp+ by using equation 3.21.
Dssr and Lesr were calculated by using the calculator in ref.[92] and constant doping
profile Nesr within Wasr.
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The figure shows a clear enhancement of the IQE of the optimized device on the full
wavelength range with respect to the calibrated one. In particular, a strong increase of
the IQE of the optimized device is achieved at short wavelength due to lower
recombination losses at front side. The IQE enhancement at long wavelength is achieved
because of the better light trapping (light scattering and internal rear R) and lower bulk
and rear recombination losses of the optimized device. The simulated Voc and Jsc for the
optimized device increase of more than 50 mV and 4 mA/cm?, respectively, compared to
the Al-BSF device, leading to an absolute efficiency gain of 4.6%. A comparison of the
optical and electrical losses at MPP (following the approach described in Section 3.6.2) is
presented in Figure 3.18 for both devices. For the optimized device optical absorption is
clearly enhanced because of the better light trapping scheme employed. This leads to an
increase of Jpn of +2.7 mA/cm? with respect to the standard AI-BSF. The employment of
selective emitter and B-doped BSF decrease of the front and rear recombination losses
(including emitter and BSF) with respect to the calibrated cell. This increases the
minority carrier concentration (n) in the bulk compared to the calibrated cell (see Figure
3.19) and thus Voc.

Calibrated Optimized
Voc [V] 0.613 0.667
Jsc [mA/cm?] 35.65 40.01
FF [-] 0.775 0.807
7 [%] 16.93 21.53

Table 3.9. Simulated external parameters of the calibrated (mc-Si) and optimized (mono
c-Si) solar cells.
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Figure 3.17. Simulated IQE and R of the calibrated (mc-Si) and optimized (mono c-Si)
solar cells.
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Figure 3.18. Comparison of optical (i.e. Jphan2(180 umy) - Jpn) and recombination losses
analysis between calibrated (mc-Si) device at Vmer = 0.5 V and optimized (mono c-Si)

device and devices at Vmer=0.56 V.
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Figure 3.19. Minority carrier concentration (n) at MPP as function of the bulk depth
for the calibrated (Vmee = 0.5 V) and optimized (Vwmer = 0.56 V) solar cell, respectively.

3.8 Conclusions

An accurate opto-electrical model together with a calibration procedure based on the
ASA program to simulate mc-Si solar cells was presented. Theory, measurements of
optical and transport properties and realistic parameters were successfully used in the
ASA program for simulating the electrical and spectral performance of a mc-Si solar cell.
The front reflectance was matched along the entire wavelength range of interest (350 nm
- 1200 nm) (i) by using measured scattering parameters of textured wafer to simulate the
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scattering effect, (ii) by considering a non-absorbing additional buffer layer stacked on
SiN ARC to simulate the antireflective effect and (iii) by employing possible optical
properties of Si-Al layer. At the interface SiN / emitter, front surface recombination
velocity was extracted and compared with model proposed by Altermatt et al. The
extracted value of FSRV was in agreement with one predicted by the model when an
Nactive cONCeNtration was used rather than No sivs(0). Min et al. model was used to take
into account the enhanced SRH recombination rate due to inactive dopants in P-diffused
emitters. Auger coefficients proposed by Richter et al. were used to model Auger
recombination in all doped regions. Also for the AI-BSF, both Auger and SRH
recombination mechanisms were taken into account. Calibrated input parameters used
in the simulations carried out by the ASA program resulted in an excellent simultaneous
matching between measured and simulated reflectance, spectral response, and dark and
illuminated current-voltage characteristics of the reference device. Opto-electrical losses
in the reference device were determined quantitatively and qualitatively. It was found
that optical losses were mainly determined by the high front reflectance and high
absorption in the Si-Al alloy, while electrical losses were mainly determined by high
surface recombination velocities at front and back contacts, SRH recombination in the
bulk, Auger and SRH recombination both pay an important role in the emitter and
finally SRH dominates in the AI-BSF. A further study to enhance conversion efficiency of
the calibrated cell was carried out. In particular, to enhance optical absorption iso-
textures were replaced by standard random pyramids. This required switching from
multi to mono c-Si wafers. To reduce front recombination, Auger and SRH
recombination in the emitter and rear recombination, selective emitter and B doped BSF
fabricated via epitaxial growth are proposed. By employing all the proposed solutions
conversion efficiency could be increased by more than 4% abs. with respect to the
calibrated device.

3.9 Appendix

3.9.1 Optical constant Al-Si alloy
Optical constants (n,k) of the AlSi-alloy (12.6% Si) have been measured by means of

spectroscopic ellipsometer by Jaglarz et al. [93] and are reported in Figure 3.20. For
comparison the figure reports also the n,k values of pure Al measured by Palik et al. [94].
When modelling the internal rear reflectance of the cell by using the n.k values of Palik et
al., as expected, higher values of the simulated R at long wavelengths (>100 nm) with
respect to the measured ones are observed (see Figure 3.21). When using the optical
constant provided by Jaglarz et al. even higher values of the R at long wavelengths were
observed compared with the measured ones.
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The reason for this effect could be related to the different structural properties of the Al-
Si alloy measured by Jaglarz et al. compared with the one of the Al-Si formed after
sintering process. As shown in [54] the AlSi-alloy formed after the sintering process has
two different structures. The first one , in contact with Al-BSF is more compact while on
top of it there are the AISi agglomerates composing the paste. In this work, a good
matching between measured and simulated R was obtained by modelling the internal

rear reflectance of the Al-Si alloy with a wavelength independent naisi=2.3 and Kai-si =6.8.
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Notice, that this might not constitute the true n,k optical constant of the Al-Si alloy but as
shown in Figure 3.21, lead to a reasonable matching between measured and simulated R
at long wavelengths.
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Experimental demonstration of 4n?
classical absorption limit in nano-
textured ultra-thin solar cells

4.1 Abstract

The experimental demonstration of the 4n? classical absorption limit in solar cells has
been elusive for last thirty years. Especially the assumptions on front and internal rear
reflectance in a slab of absorbing material are not easily fulfilled unless an appropriate
light trapping scheme is applied. An advanced metal-free light trapping scheme for
crystalline silicon wafers is proposed. For different bulk thicknesses, at the front side of
the wafers nano-texture known as black-silicon was fabricated. At the rear side, random
pyramidal textures coated with a distributed Bragg reflector were employed. Such
dielectric back reflector was designed to exhibit an omni-directional and maximized
internal rear reflectance in the region of weak absorption of crystalline silicon.
Integrating the measured absorptance spectra of the fabricated wafers with the reference
solar photon flux between 400 nm and 1200 nm, the so-called implied photo-generated
current densities were calculated. More than 98% of the implied photo-generated current
density based on the theoretical 4n? classical absorption limit was experimentally
demonstrated. Successful implementation of the proposed mask-less and metal-free light
trapping scheme in crystalline silicon solar cells requires the adequate surface
passivation of the front nano-texture. Our findings, applied in a solar device structure
where front side losses are minimized, open the way for the realization of next
generation high-efficiency, cost-effective and ultra-thin crystalline silicon solar cells.

This Chapter is based on the following publication: A. Ingenito, O. Isabella, M. Zeman - ACS
Photonics, 1, 3, 270-278, 2014, DOI: 10.1021/ph4001586.
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4.2 Introduction

Light trapping using textured surfaces and metallic back reflector (BR) has contributed
to a significant conversion efficiency gain in crystalline silicon (c-Si) solar cells [1]. As
stated in Section 1.1, for continuing large-scale implementation of c-Si solar cells, their
cost must be further lowered by optimizing manufacturing processes, by offering
customized products and by using fewer materials without sacrificing the efficiency [2],
[3], [4]. Focussing of the last strategy, the Si wafer contributes for more than 50% of the
total cell cost, therefore a possible solution to decrease material costs would require the
usage of thinner wafers. Thinner wafers are not only potentially cheaper but also lighter
and more flexible [5], exhibit a lower bulk recombination and [6], in case of Czochralski
wafers, also a lower light-induced degradation [7], [8]. However, as c-Si is an indirect
band-gap semiconductor, the absorption in the infrared region (IR) of the solar spectrum
is significantly reduced when Si wafer thickness is reduced. Thus light trapping schemes
are essential to enhance light absorption in thin c-Si solar cells [9]. Light management
techniques such as front light in-coupling, light scattering and internal back reflectance
(Ro) have to be optimal and concurrently active in order to achieve broad-band light
absorption. These techniques ultimately fulfil the ideal hypotheses of the so-called 4n?
classical absorption limit in a dielectric slab [10], where n is the real part of its complex
refractive index: (i) a surface-textured morphology at air / dielectric interface in the role
of a perfect broad-band anti-reflective coating (ARC) (reflectance R = 0 V A), (ii)
randomized and ideally diffused light inside the slab (the so-called Lambertian
scattering), and (iii) a perfect back reflector (Ro =1 ¥ A). In the wavelength region of
weak absorption of ¢-Si, i.e. ad < 11 such light trapping scheme theoretically results in an
absorption enhancement factor of ~50 (4n?) [11].

Light trapping in commercial c-Si solar cells is achieved by using randomly textured
surfaces coated with antireflection coating and metal or dielectric/metal stack as back
reflector. Even though standard random pyramid texturing exhibits a nearly Lambertian
scattering [11], it does not result in a perfect broad-band anti-reflective effect. In this
respect, nano-textures with feature sizes in the nano-meters range are considered valid
candidates for providing broad-band anti-reflective effect [12]. Among various advanced
light trapping schemes that were lately presented to fulfil the hypothesis of the 4n?
classical absorption limit [13], [14], [15] a recent optical simulation study showed that the
absorptance in c-Si can approach the 4n2 classical limit in just 2-um thick structured c-Si
slab. Such slab was endowed with high aspect ratio periodic nano-gratings at the front
side (FS) for anti-reflective purposes and with low aspect ratio pyramidal structures at
the back side (BS) for efficient long-wavelength light scattering [12]. This arrangement

1 Where «a and d are the absorption coefficient and thickness of the dielectric slab, respectively.
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was called decoupled front and rear texturization [16]. Based on this design, a c-Si solar
cell with a thickness of around 9 um was also reported to achieve a potential photo-
generated current density (Jen) > 36 mA/cm? and a conversion efficiency > 7% [17]. In this
contribution an advanced metal-free light trapping scheme for maximizing light
absorption in crystalline silicon solar cells is proposed. Such light trapping scheme is
based on decoupled front and rear textures and employs low-cost and industrially
scalable processes for its fabrication. In particular, nano-texturing - also known as black-
silicon (b-Si) - is employed at FS and random pyramids coated with a Distributed Bragg
Reflector (DBR) are used at the BS [18], [19]. In the following the process and design
steps for the realization of the light trapping scheme will be reported. Afterwards
measured c-Si absorptance spectra will be presented and performance of dielectric and
reference silver BRs will be compared with the 4n? classical absorption limit. Finally, a
possible scenario regarding next-generation of c-Si solar cells is discussed. As shown in
Chapter 6 and in [20] [21], nano-texture can be efficiently passivated by using SiO:
grown via dry thermal oxidation or by Al.0s deposited via Atomic Layer Deposition
(ALD). Moreover, it has been also demonstrated that efficiencies comparable with state-
of-the-art c-Si solar cells can be achieved by using front b-Si texture (see [20] and Chapter
6 of this thesis). This opens the possibility to couple the proposed advanced light
trapping scheme in ultra-thin c-Si wafers with efficient passivation techniques for
realizing high-efficiency and cost-effective solar cells.

4.3 Fabrication and characterization

4.3.1 Process flow description of advanced light trapping scheme
Cz 4-inches p-type Si wafers with initial thickness 300 pm +/- 5 pm and resistivity > 1000

QO-cm were used. The high resistivity wafers were chosen in order to minimize the free
carrier absorption at high wavelengths and thus fully observe the potential of the
designed light trapping scheme. The fabrication steps of the proposed advanced light
trapping scheme are presented in Figure 4.1. The front b-Si texture was fabricated by
mask less deep reactive ion etching (RIE) using a gaseous mixture of SFe and O: (see
Figure 4.2(a)) in Drytek 384T. This plasma etcher had two opposing electrodes powered
with the same frequency (13.56 MHZz), with a grounded chamber wall and a grid. The
RIE etching process is rather independent of wafer doping (concentration and type) and
crystal orientation. During the etching the SFe/O2 plasma provides a continuous flow of
fluorine radicals (F*) and oxygen radicals (O*) which feeds two competing chemical
reactions: F* and Si react forming SF+* ions, while from the reaction between O* and Si a
silicon oxyfluorine (SiOxFy) layer is formed. The precipitation of SiOxFy particles which
starts the formation of randomly distributed etch pits. The SiOxFy acts as mask against F*
etching but is physically broken by sputtered ions’ bombarding the surface of the
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sample. Such effect occurs with higher speed on the horizontal rather than the vertical
plane leading to a strong anisotropy of the Si etching rate [22]. The etching parameters
such as: pressure, SFs/O2 flow and etching time were optimized in this work. A cross
sectional scanning electron microscope (SEM) of the nano-texturing fabricated on the
front side of the Si wafer is shown in Figure 4.1 (step 1).

After standard cleaning, rinsing and drying of the substrates, SisN4 was deposited on
both sides of the wafers in a tube furnace by means of low pressure chemical vapour
deposition (LP-CVD). On the non-textured side of the wafers, a photolithographic step
was performed to create two openings each measuring 3 x 3 cm? area. In such openings
the SisN4 layer was dry-etched in a CzFe-plasma for 20 seconds. After that the photoresist

1. FS Mask Iess
Reactive Ion

_ Etching

(Opening #1 is more than 5 pm thinner than
Opening #2 due to back side texturing)

d 190 pm 140 pm 98 pm 85 pm 40 pm 28 pm

4. Wet thermal

Si0, (FS, BS)

5. Back reflector

AccV SpotMagn  Det ey
SN 20 e oE 101" bwioTD

Figure 4.1. Fabrication steps of the proposed I|ght trapping scheme The front side of the
wafer is first etched in the RIE tool (step 1). After this step the wafer is coated with a LP-
CVD SiN layer followed by a photo-lithographic step to create to openings on the rear
side of the wafer (step 2). After this step KOH etching is performed to thin the wafer.
Different wafer thicknesses (d) reported in the figure were fabricated. Alkaline etching in
TMAMH/IPA is performed to texture one of the rear openings (step 3). This step reduce
the Si thickness of opening # 1 of more than 5 pm compared with opening # 2. After
etching of the SiN, wafers are oxidized in H20 (step 4). The back reflector (Ag or DBR) is
deposited on step (step 5).
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outside the openings was dry-etched in a Oz plasma for 5 minutes (Europlasma stripper),
the silicon bulk in the two openings was thinned in a KOH bath at temperature of 80 °C
characterized by an etching rate of 100 um/h. Tuning the etching time, two c-Si slabs
were fabricated in each of the six different c-Si wafers (see step 2 of Figure 4.1). The
thickness of the slabs in the flat region was measured by means of SEM, obtaining 190,
135, 100, 85, 40 and 28-pum thick bulk c-Si, respectively. For each wafer, one of the
openings was further etched in a TMAH-IPA alkaline bath to realize a textured surface
characterized by random pyramids (textured BS), (see step 3 of Figure 4.1), while the
other opening was kept flat by using Al Technology wax [23] as protective layer resistant
to the alkaline solution (flat BS). It should be noted that TMAH-IPA etching reduces the
Si thickness in the textured opening of more than 5 pum with respect to the flat one. The
protective thinning wax layer was later etched in acetone at room temperature for 2 min.
At this point, the LP-CVD SisNg, still present on front b-Si and on the rear side outside
the openings, was etched from all samples in a HsPO4 solution (85% wt diluted in H20)
at 157 °C for 42 min. Wet thermal SiO2 layer 100-nm was grown on both sides of the
wafers at 1100°C in a tube furnace (see step 4 of Figure 4.1). All c-Si slabs were first
coated on the rear side with 100-nm thick Ag layer (reference metallic BR) using
physical vapour deposition in Provac PRO500S. For a fair comparison between the
optical performance of the Ag and DBR back reflector, Ag was removed in a HNOs
solution (69.5% HNOs) at room temperature for 30 seconds, which left untouched the
SiO:2 (after the optical characterization of the samples). Finally, the dielectric DBR was
fabricated by depositing six a-Si:H / a-SiNx:H pairs using SiHs and SiH4 + NHs plasmas
in rf-PECVD AMIGO Elettrorava cluster tool (see step 5 of Figure 4.1).

4.3.2 Characterization methods of the advanced light trapping scheme
The morphological analysis of the samples was performed with AFM using NT-MDT

nTegra setup. Extracted values of orms and Lc are reported in the inset table of Figure 4.2.
For the visual investigation of the surface textures, the thickness of c-Si textured slabs
and the composition of the DBR, a Philips XL-50 SEM was used. Wavelength-dependent
complex refractive indexes of a-SiNxH, a-Si:tH and SiO:2 were extracted from
ellipsometry spectra using J. A. Wollam CO. M-2000DI spectroscopic ellipsometer. At
the design wavelength of our dielectric DBR (As = 1000 nm), the real part of the complex
refractive indexes of a-SiNxH, a-Si:H and SiO2 were 1.76, 3.67 and 1.5, respectively.
Reflectance (R) and transmittance (T) of passivated FS/BS textured c-Si slabs with and
without metallic BR or dielectric DBR were measured using an integrating sphere (IS)
accessory mounted on Perkin-Elmer Lambda 950 spectro-photometer in the wavelength
range between 400 nm and 1200 nm.



Chapter 4 Results and discussions 84

4.4 Results and discussions

4.4.1 Morphological analysis
A schematic cross section of the surface textures used in this work is illustrated in Figure

4.2. Two thin free-standing absorbing slabs in c-Si wafers that were originally 300-um
thick were realized. Both slabs had the same high aspect ratio b-Si FS texture, but the BS
was either alkaline-textured with low aspect ratio random pyramids (textured BS) or just
kept flat (flat BS). The b-Si FS texture was realized with a mask-less reactive ion etching
(RIE) process, which can be implemented in all commercially available dry etching tools.
The thickness of the slabs was tuned by varying the etching time as described in Section
4.3.1. A series of six pairs of slabs with different thicknesses was investigated. The
thickness of the six slabs was measured in the flat opening to be 190, 140, 98, 85, 40 and
28 um, respectively. It could be noticed that the standard alkaline etching process for
fabricating the pyramids generally reduced the corresponding thicknesses of slabs in the
textured opening by more than 5 pum. The AFM scans of b-Si texture, random pyramids
and flat opening are illustrated in Figure 4.2 (a-c), respectively.

0.6 um
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(ur;)

0.18

4.23

4.81

Figure 4.2. (Top left) Schematic structure of our structured c-Si wafers: (a) nano-texture
at the FS with (b) textured or (c) flat BS. Scale bars in x- and y- directions of the AFM
scans are 20-um long. In the inset table, AFM-extracted root mean square roughness
(orms) and correlation length (lc) for the three investigated surfaces.

The extracted root mean square roughness (oms) and correlation length (Ic) of these three
surfaces are reported in the inset table in Figure 4.2. The fabricated b-Si FS texture
exhibited an aspect ratio oms / Ic close to 0.37 while the random pyramids had a
shallower aspect ratio close to 0.18. Finally, the surface of the flat opening was found to
be ‘virtually’ flat.
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4.42 Design of Distributed Bragg Reflector (DBR)
A 3-D Maxwell equations solver based on the finite element method [24] was used to

design the dielectric DBR [25], [26]. A DBR is formed by alternating dielectric layers with
refractive index mismatch. Such a multi-layer stack can be designed to deliver high
reflectance in a certain wavelength range called photonic band gap (PBG) around the so-
called Bragg wavelength (As). In the context of this work, the most stringent requirement
for a DBR used as BR is to achieve Ro = 1 in the wavelength range of weak absorption of
¢-Si independently from the angle of incidence and the polarization of light. This is the
so-called omni-directional behaviour [26]. This concept is of major importance for
enhancing Asi at long wavelengths. In fact, for the studied light trapping scheme, long
wavelength light might be fully randomized in the absorber slab (see Chapter 6).
Therefore, the BR must provide the highest rear reflectance for all illumination
conditions (i.e. angle of incidence and polarization). Such behaviour is typical of metal
BRs but more difficult to observe for dielectric BRs. To achieve an omni-directional
dielectric DBR, two conditions have to be fulfilled: (i) the maximal refraction angle at the
interface between the incident medium and the DBR must not exceed the Brewster angle
at the internal interface of the first DBR pair and (ii) the DBR must exhibit a high
reflectance in a selected wavelength range for all angles of incidence and for both
polarizations [26], [27], [28]. In particular, when the first condition is not fulfilled, the
electro-magnetic field is partly transmitted throughout the dielectric reflector, which
results in Ro < 1. The first condition can be mathematically expressed as follows [29]:

nb: Ny -NL > 1y 41

ng +n?

where no, n+ and nc are the real part of complex refractive index of the incident medium,
high refractive index material and low refractive index material, respectively. Given the
refractive index of the incident medium, one can choose the refractive indexes of
materials that will constitute the DBR in such a way that their combination no® is greater
than no. To fulfil such condition for a DBR (no=f(n.,nH)) having bulk c-Si as incident
medium (no) (see yellow area in Figure 4.3), non-absorbing materials with high n. and nn
refractive indexes at As = 1000 nm are required. Their fabrication is however not trivial.
Instead, considering a SiO2 layer (no = nsio2(00 nm) = 1.5) between the bulk c-Si and DBR
allows for the use of existing non-absorbing materials As = 1000 nm like a-SiNxH (n. =
Na-sinx(000 nm) = 1.76, da-sinx = 146 nm) and a-Si:H (N = Na-si:H@Eooonm) = 3.61, dasix = 69 nm). Real
(n) and imaginary (k) part of the complex refractive indexes of a-Si:H, a-SiNx:H and SiO2
used in this work are shown in Figure 4.4.
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Figure 4.3. Contour plot depicting the first omni-directionality condition: no > no
(Equation 4.1). Light-blue lines on the contour plot are the iso-value curves indicating
the refractive index of the incident medium (no) on top of the DBR. The DBR was
designed around the wavelength corresponding to the band-gap of c-Si with As =
1000 nm. Setting SiO2 as incident medium, a-Si:H (nu) and a-SiNxH (n.) were
considered good candidates for constituting the dielectric DBR.
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Figure 4.4. 3-D sketch of the simulated structure and (b) wavelength-dependent real
(n) and imaginary part (k) of the complex refractive indexes of a-Si:H, a-SiNxH and
SiO2 used in this work. Measurements were carried out with a Woollam ellipsometer;
SiO2 was found to be non-absorbing in the full wavelength range. In the stack a-Si:H
constitutes the nn and a-SiNx the n. material, respectively.

As the figure clearly shows, all fabricated layers are non-absorbing in the weak
absorption region of Si. In addition, their refractive indexes at As satisfied the first omni-
directionality. The first omni-directionality condition is presented in Figure 4.3.
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Optical simulations of a flat stack of c-Si (half space) / SiO2 (100 nm) / DBR, depicted in
Figure 4.5, were carried out. The aim of these simulations was to find a minimum
number of a-Si:H / a-SiNxH pairs resulting in R» = 1 and fulfils the second omni-
directionality condition. As Figure 4.5 shows, both requirements are met by using six
pairs of a-Si:H (69 nm) / a-SiNx:H (146 nm). The thicknesses of both layers of the DBR
were designed in order to respect the A/4 rule at Bragg wavelength (8= 1000 nm). In this
condition, the reflected waves from each layer are in phase leading to a constructive
interference that maximize the internal rear reflectance. Mathematically, the thicknesses
of the layers constituting the DBR can be designed according to the following equation:

%8 ; %8 =146nm = d,_siny:H 42
4r‘a—Si:H (}“B) 4r‘a—SiNx:H ()“B)

dy.si:q =69NM =

Finally a number of six pairs represented a good compromise between processing time
of the DBR and high Re. In Figure 4.5 the theoretical angle-dependent Bragg wavelength
(As) and the right and left photonic band-gap edges (AL and Ar, respectively) are also
depicted. It is noticeable that the results of the optical modelling using materials with
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Figure 4.5. Calculated Rs for different angles of incidence and for P-polarization (left)
and S-polarization (right). The grey shaded area represents the omni-directional
photonic band-gap (second omni-directional condition). The white horizontal solid and
dashed curves are the theoretical angle dependent photonic band edges (AL and Ar) and
the Bragg wavelength, respectively. For angle of incidence 0°, As is equal to 1000 nm. AL
and Ar, theoretically calculated [26] for wavelength-independent n. = 1.76 and nn = 3.61,
closely follow the region of high reflectance in both polarizations. In the P-polarization
panel, the vertical dash-dotted line locates the Brewster angle of the optical system. The
colours from violet to red represent the increasing value of Ry for both polarizations.
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wavelength-dependent properties were close to the theory [26]. The typical quenching of
Ar in P-polarization was reproduced as well. This effect happens because the P-
polarization coefficient is null at Brewster angle. These optical simulations rigorously
describe the internal rear reflectance in the ultra-thin c-Si slabs coated with dielectric
DBR at the flat BS. On the other hand, considering the textured BS, some deviation is
expected in the internal rear reflectance as the simulated thicknesses can be realized in
practice only on a flat surface. In Chapter 7 an experimental proof of such claim will be
given. Finally, to carry out a fair comparison between the metallic (Ag) and dielectric
(DBR) BRs, 100-nm thick oxide layer was used in order to reduce the metal absorption
due to Ag plasmonic losses and thus enhance the internal rear reflectance [25] and [30].

4.4.3 Optical absorption of the advanced light trapping scheme
All fabricated slabs in both BS configurations and with different BRs were optically

characterized by measuring the R and T in the wavelength range between 400 nm and
1200 nm by using an IS. Total absorptance (Awt) was calculated as Awt =1 - R - T. This
quantity corresponds to the absorptance in silicon (Asi) only when the BR is constituted
by non-absorbing materials. On the other hand, in case of metallic BR the measured At
includes also the parasitic absorption in the metal layer. To compare the difference
between absorption only in the Si layer for both BR configurations, an analytical model
that is capable to distinguish Asi from the measured Awt is shown in Section 4.6.1 and
[31]. The experimentally determined Asi were therefore compared with absorptances
calculated from the 4n? classical absorption limit (A42) and the single pass limit (Asp)
[10]:

1+ 4n5ia3id
Agp =1—e % 44

Where nsi and asi are the real part of the complex refractive index and the absorption
coefficient of c-Si, respectively. The implied Jon were calculated as follows:

A 45
Jon=-0" IASi(l)"DAM 15(4)dA
i

where, ( is the elementary charge, Asi is the Si absorptance, @am1s is the standard AMus
photon flux [32] and [A1, A2] is the wavelength range of interest. In Figure 4.6(a) the
measured Asi for the flat and textured BS for a 78 um thick absorber with no additional
BR (i.e. Rv is set by the refractive mismatch between SiO: and air) are reported as
function of the wavelength between 400 and 1200 nm, together with upper (A«2) and
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lower (Ase) absorption limits calculated with Equations 4.3 and 4.4 for the same Si
absorber thickness (85 um). Notice that for the textured BS configuration the absorber
layer was found to be ~7 um thinner than the flat one. However, for such ‘thick’
absorbers the Jin calculated by using Equations 4.3 and 4.4 is slightly sensitive with
respect to thicknesses variations within £+ 5 pmt. Therefore, it is reasonable to compare
the measured Asi for both flat and textured BS with respect to Asn2 calculated for 85 pum.
Figure 4.6 (a) clearly shows that the front nano-texturing is capable of delivering a
broad-band antireflection effect even without ARC. In addition, the Asi at long
wavelengths of the nano-textured sample with flat BS is much higher than the one
predicted by the SP limit even though no-additional BR is applied. This indicates that the
nano-texturing not only increases light in-coupling but also contributes to scatter light
and enhance Asi at long wavelengths. In addition, Figure 4.6 (a) shows that by combining
the FS nano-texturing with BS micro-pyramids an additional degree of scattering is
introduced which results in a further Asi enhancement in the IR region (i.e. [950, 1200]
nm). Quantitatively, the absorption enhancement in the IR region given by the
decoupled FS and BS light trapping scheme compared with the respect to the case where
only FS nano-texturing is employed, leads to an increase of Joh of +0.8 mA/cm?2.

To achieve even higher Asi at long wavelengths (A > 950 nm) and thus approach the
theoretical upper limit set by Az, efficient BRs (i.e. high Rv) need to be employed. As
shown in Figure 4.6 (b), the application of a SiO2/ Ag BR on the rear side, resulted in a
remarkable increase of the Asi at A > 950 nm for both flat and textured BS configurations
compared to the case in which no-additional BR was present. The Si absorption
enhancement after the application of the BR leads to an increased Jon of ~1.2 mA/cm? (in
the wavelength region [950, 1200] nm) for both BS configurations compared to the case
where no additional BR is used. For a fair comparison between the performances of the
two BRs here studied, the Ag BR was etched and DBR was co-deposited on both flat and
textured openings. As depicted in Figure 4.6 (c), the comparison between the Asi in the
IR for the two BRs depicts two different behaviours: (i) for flat BS the Asiin the IR region
of the DBR approaches the one delivered by Ag BR; (ii) for textured BS the Asiin the IR
region of the DBR is lower compared to the one delivered by Ag BR. This effect can be
explained by the high T losses of the DBR applied on textured surfaces. As already
mentioned in Section 4.3.1 the proposed light trapping scheme was studied at different
wafer thicknesses.

1 For a Si absorber with a thickness of 80 + 5 um the Jon calculated under the assumptions of the
4n2limit is equal to 40.5 + 0.07 mA/cm?2.
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Figure 4.6. (a) Measured Asi for 80 um thick absorber in case of flat and textured BS
compared with theoretical 4n? (green) and SP (purple) absorption limits. A clear
increase in the IR region can be observed when the BS of the absorber is textured
compared to the flat case. (b) Measured Asi at long wavelengths after application of Ag
BR for both BS configurations. (c) Measured Asiat long wavelengths after etching of Ag
and deposition of DBR.

Focusing on the ultra-thin c-Si absorber layers, SEM images of the 20-pm thick textured
and 28-um flat c-Si slabs with dielectric omni-directional DBR are shown in Figure 4.7 (a)
and Figure 4.7 (b), respectively. The b-Si FS texture (green inset) is the same for both BS
configurations. Random pyramidal and flat BS coated by the designed DBR is clearly
visible in the red and blue insets of Figure 4.7 (a) and (b), respectively. Analysing these
images, it was found that the morphology of b-Si texture shows conical features with
diameter around 250 nm and the height around 1 um. The measured Asi of 20-um (28-
pm) thick c-Si slab in case of the b-Si FS texture and alkaline-textured (flat) BS coated
with either dielectric DBR or reference Ag are reported in Figure 4.8 (a) and (b),
respectively. Considering the thickness of the realized slabs and using Equations 4.3 and
4.4 in the wavelength range [400, 1200] nm, A4z or Ase were respectively calculated.
Finally, Equation 4.5 was used to calculate the implied Jon for the 4n2 and single pass
limit. In case of 20-um thick c-Si slab with textured BS, more than 97% of the implied Jm
of the theoretical 4n? classical absorption limit was achieved for both BRs. This is so far
the closest experimental evidence of the 4n? classical absorption limit on a broad
wavelength range.
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Figure 4.7. Cross-sectional SEM images of (a) 20-um thick absorber with textured BS
and (b) 28-um thick absorber with flat BS. The three coloured insets show a close-up of
the common front nano-texture coated with thermal SiO2 (green) and of the textured
(red) and the flat (blue) BS coated with thermal SiO2 and 6 pairs of a-Si:H/ a-SiNxH
conformal DBR. All SEM images were taken at a tilting angle of 45°.

In Figure 4.8 (b) the simulated R» (for perpendicular incidence) for the flat BS coated with
DBR is also reported. The designed wavelength range of high internal reflectance of the
DBR (800 nm — 1200 nm) perfectly matches with the weak-absorption region of the 20-um
thick c-Si. However, in case of even thinner wafers (<10 um), the limited bandwidth of the
DBR would lead to a significant decrease of the optical absorption already in the red
response. To overcome such limitation, a modulated DBR can be designed in order to
deliver a broader bandwidth [26], [33]. The slab with the dielectric DBR on flat BS shows
comparable absorptance with respect to the reference Ag BR. The DBR applied to
textured BS leads to lower Asi enhancement compared to the Ag BR. To explain this
behaviour, the spectral losses of the two BRs in both BS configurations were investigated
and their implied Jon was calculated. The spectral losses for the two BR configurations are
inferred to parasitic absorption (calculated) in the metallic layer (Ag BR) or to the
measured T trough the dielectric stack (DBR BR). As Figure 4.8 (d) shows, on the
contrary with the simulation results the Toer is not completely zero at long wavelengths.
This indicates that the As of the fabricated DBR might be slightly shifted at shorter
wavelengths compared to the designed one. Such results can be related to a non-optimal
thickness of the deposited layers. Overall, comparing the optical losses for flat interfaces
of the DBR and Ag BRs appears that the DBR shows slightly lower optical losses than Ag
BR (see Figure 4.8 (d)). Instead, in case of textured BS (see Figure 4.8 (c)), the designed
DBR suffers from higher optical losses with respect to Ag BR, not being optimized for
textured interfaces. The optimization of DBR on textured surfaces is shown in Chapter 7.
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Figure 4.8. Measured absorptances in case of the b-Si FS texture and (a) 20-um thick c-Si
absorber with the alkaline textured BS or (b) 28-um thick c-Si absorber with the flat BS.
In both figures the absorptances of silicon with the optimized dielectric DBR and the
reference 100-nm thick Ag layer BRs are reported. Absorptances are compared with 4n2
classical absorption limit and single pass absorption (green and pink curves,
respectively). Black line in (b) shows the simulated internal rear reflectance in c-Si with
the optimized DBR. This spectrum corresponds to perpendicular incidence (0°) and
was extracted from Figure 4.5. Figures (c) and (d) show the optical losses related to the
Ag absorptance (calculated) in case of metallic BR and transmittance (measured) in case
of dielectric DBR for textured and flat BS, respectively. The implied photo-current
densities of such optical losses were calculated by using Equation 4.5 and Aag
(calculated) or Toer (Mmeasured) in place of Asi.

In Figure 4.9 (a) ((b)), is reported the thickness dependence of the measured Jn for the
fabricated light trapping scheme employing a textured (flat) BS coated with Ag or DBR.
The graph also reports the relative Jn difference (AJm), between the measured Jin for
fabricated light trapping scheme (Joh mess) and the Jon predicted by the 4n2 limit (Jph 4n2) at same
wafer thickness, which was calculated as:

(‘]ph4n2 - ‘]phmeas) 4.6

Alph(%) =100 - %100

ph4n2

The AJm for both flat (coated with Ag or DBR as BR) and textured BS (coated with Ag or
DBR as BR) are reported in Figure 4.9 (a) and (b), respectively. In particular, in case of
textured BS, Figure 4.9 (a), clearly shows that: (i) the Jin of Ag outperforms the one of DBR
independently by the thickness of the absorber; (ii) the AJpn is slightly dependent by the
absorber’s thicknesses!. The high A values indicate that when both texturing scales are

1 The AJmn averaged for all wafer thicknesses exhibited a mean value of 98.5% with a standard
deviation of + 0.4 %.
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employed, Asi (between [400-1200 Jnm) comparable to the one predicted by the 4n? can be
achieved. On the contrary, for the light trapping scheme employing a flat BS, Figure 4.9
(b) clearly indicates that: (i) the Jn of Ag and DBR BRs are very similar independently by
the absorber’s thickness; (ii) the poorer light trapping properties of the structure with flat
BS with respect to the textured BS one lead to a decrease of AJ;n when thickness of the
absorber? is reduced.

Finally, the embedding of the proposed light trapping scheme in next generation c-Si
solar devices is discussed. Figure 4.10 (a) shows the 20-um thick c-Si absorber slab
extracted from the c-Si wafer support. Such slab is flexible and can be processed to
fabricate an ultra-thin solar cell. Although the proposed process flow involved a
photolithographic step, mostly required for mechanical support and quality control over
pairs of slabs, the light trapping scheme may be straightforwardly implemented at
industrial level. The solar cell architecture which would take the highest efficiency gain
from the proposed light trapping scheme is the one adopted by Sunpower [34][35], as
sketched in Figure 4.10 (b). The main feature of such technology consists in positioning
both contacts at the BS of the device. These contacts are usually arranged in an
interdigitated fashion, the so-called interdigitated back contacted design (IBC). Such
type of solar cell technology does not require a metal contact on the FS (i.e. no need to
contact the sharp and fragile nano-textures) and typically employs a lightly-doped front
surface field [36]. For these reasons, the excellent broad-band anti-reflective effect
provided by the front nano-texturing can be fully exploited on the entire solar device
area. In addition, black solar cells can be achieved and used for customized BIPV
applications. The effect of the encapsulation of the mechanical stability of the black-Si
and its optical properties are not yet investigated. It is clear that state-of-the-art
passivation of FS of the c-Si ultra-thin absorbers must be preliminarily actuated in order
to fabricate the solar device sketched in Figure 4.10 (b). An advanced passivation scheme
of the nano-texturing based on a wet surface treatment followed by thermally grown
SiOz is presented in Chapter 6 of this thesis.

1 For the flat BS light trapping scheme, AJm is equal to ~98% for Si absorber 190 pm-thick and
~97% for Si absorber 28 pm-thick.



Chapter 4 Conclusions 94

N

— 4n2 ] Ag DBR (a

100 %
100 %
98.0 %
100 %
98.5 %

X
®
~
=)

100 %
98.3 %
98.0 %
97.0 %
] 971 %
] 97.5%

100 %
98.9 %
1976 %

)

o1 | 135 | 185
Wafer thickness [um]

2 b
A s A\g === DBR ()

[ 8 B3
44 £ z S « 5|8 3% %
o o X =1 N
42 b8 < 8 & 8|38 ¥ |7 o = © ©
OO\°\°8°\°°\°H‘°" NS = R

> o 5 ~ [}
4 am_ﬁ"',':s 8 8 o
0 8 5 F 5

J s [mA/cm?]

28 40 85 98 140 190

Wafer thickness [um]
Figure 4.9. Histogram of Jn calculated between 400 nm and 1200 nm for AML1.5
illumination conditions and different absorber thicknesses in case of (a) textured and (b)
flat BS (see Equation 4.5). The BS is coated either with DBR or with the reference Ag BR.
The graph also reports the Al calculated according to Equation 4.6.

45 Conclusions

An advanced light-trapping scheme based on FS nano-texture, BS random pyramids
coated a metal or dielectric DBR is presented. After designing an omni-directional
dilectric DBR, ultra-thin chemically etched c-Si slabs with thicknesses down to 20 pm
were realized. Measured c-Si absorptance spectra, convoluted with the reference solar
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photon flux between 400 nm and 1200 nm, resulted in implied Jon up to 98.9% of the
maximal theoretical one calculated for the same wavelength range and wafer thickness.
To date this is the closest experimental evidence of the 4n2 classical absorption limit in c-
Si. Further studies, presented in Chapter 7 will aim at the fabrication of an optimized
dielectric DBR that suffers less from transmittance losses in the region of weak
absorption of c-Si when deposited on a textured surface. Additionally, more insights on
the light scattering given by the front nano-texture should be addressed. This is to
pursue an even better anti-reflective front texture which allows implied J»n near the 4n?
absorption limit with flat BS. High efficiency ultra-thin solar cells can be fabricated if the
surfaces of the presented light trapping scheme are well-passivated.

Front nano-texture

~—

Figure 4.10. (a) Photo of 20-um thick flexible silicon absorber extracted from the c-Si
wafer support. Top-right and bottom-left inset photos indicate the b-Si front surface
and the rear random pyramids coated with DBR, respectively. (b) Vision: to apply the
presented light trapping scheme in IBC c-Si solar cell technology.

This can be achieved by combining a SiO2 or Al:0s-based passivation with a surface
treatment after RIE aiming to increase minority carrier lifetime as demonstrated in [20]
and Chapter 6. Finally, IBC architecture was indicated as the most suited technology in
order to fully exploit the optical advantages brought by the proposed light trapping
scheme.

4.6 Appendix

4.6.1 Optical modelling
For an optical system such as c-Si / BR, an empirical model [31] was developed, for

which the silicon absorptance (Asica) can be distinguished from the total measured
absorption (Awt) as following:
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Rair/si(M)-(1-R R "R 2 47
Agi_cal(A) = alr/5|(R) ( @1200nm)+ @120|gnm meas(*)
@1200nm @1200nm

where Rmes is the measured total reflectance (at FS), Re1200m is a constant and equals Rmeas
at 1200 nm and Rairsi is the contribution of reflected light bouncing inside the bulk c-Si at
air/Si interface (also known as first pass R). Rairsi is estimated by linearly extrapolating
Rmeas between 700-900 nm and 1200 nm. Equation 4.7 was derived in order to ensure that:
(i) Asial = Awt for spectral range below the region of weak absorption in Si and (ii)
Agi_ca =0 for A = 1200 nm. In more detail, for spectral range below the region of weak

absorption in Si, Rmes = Rsizir and therefore, Equation 4.7 can be rewritten as Asi-al = 1-Rmess
(accounting for the only Si absorption if no / or loss-less FS coatings are employed). In
addition, at A = 1200 nm the second term in Equation 4.7 is zero while the first term
becomes zero if:

R@ 1200 —> 1, and/ or, Rairlsi@lzoo << R@ 1200 4.8

Such conditions are usually achieved for an optical system formed by c-Si endowed with
BR. In fact, Si is a weak absorber at this wavelength and therefore Rei200 becomes larger
than Rairsi (1200). For the remaining wavelengths in the weak absorption region both
terms in Equation 4.7 contribute to determine Asica. The validity of Equation 4.7, was
proven on several optical systems and for different absorber thicknesses. Here the focus
is on the opaque optical system: c-Si (280 um) / Ag (100 nm) in both flat and
pyramidally-textured configurations as sketched in the Figure 4.11 (a) and (c).
Measuring the total reflectance (Rmes) Of an opaque optical system (i.e. T = 0) like ¢-Si /
Ag means identifying also the total absorptance (Awt), which is given by the sum of the
absorptance spectra of ¢-Si (Asi) and Ag (Aag):

Aot = Asi + Aag =1— Reas = Aag =1— Ripeas — As; 4.9

According to Equation 4.7, knowing Rmes and Rsiair is sufficient to distinguish Asi (and
thus Aag according to Equation 4.9) from At

To validate the proposed model a three-step procedure was applied. In the first step,
measured Rmess and Awt were matched with the corresponding Rsim and Auwtsim Obtained by
using the opto-electrical simulator Advanced Semiconductor Analysis (ASA) software
[31][37]. By achieving this goal, the simulation software provides the absorptance spectra
in c-Si (Asisim) and in Ag (Aagsim) such that Acwtsim = Asisim + Aagsim. In the second step, Asi-al
was calculated according to Equation 4.7 and compared to the Asisim. After that the
absorptance spectrum in Ag (Aag-a) Was calculated as:

AAg—cal =1-Rmeas — Asi—cal 4.10



Chapter 4 Appendix 97

Finally, in the third step, Rmess, Asi-calc and Aag-calc (i.€. Rmeas + Atotcal ) are summed up aiming

to observe 1 V' A (energy conservation) as it would be in case of Rmes+ Acwt. The results of
the Asial and Asisim for the opaque systems with polished and textured Si are shown in
Figure 4.11 (b) and (d), respectively. For both structures, a good matching between them
is achieved and energy conservation is verified. Another example proposed to validate
Equation 4.7 is presented in Figure 4.12. In this case the Asi absorption was measured for
an optical system formed of air / textured c-Si (280 pm) / air. For this system the BR is
just air (Ro is set by the refractive mismatch between Si and air) and therefore the
measured total absorption (Awt) corresponds to the Asi. This allows having a direct
comparison between the measured Asi-meas and Asi-cal Calculated by using Equation 4.7 and
the only Rmes. The latter quantity as function of the wavelength is reported in Figure 4.12
(a). A good agreement between Asi-mes and Asi-al Was achieved as reported in Figure 4.12

(b).
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Figure 4.11. (a-C) Rmeas, Rairsi and Rsim, of 280-um thick wafer one-side coated with 100-nm
thick Ag back reflector in (a) flat and (c) pyramidally-textured configurations. The
fabricated / simulated structures are sketched in the insets. The light red region indicates
the escaped reflectance (Resaped) from the front side. (b-d) Asia and Aag-cal calculated from
equations 4.7 and 4.10, respectively, and superposed to simulated Asisim and Aagsim for
the respective structures illustrated in the top insets. Also Awt and Acwtsim Spectra are here
reported. For both structures, the energy conservation (Rmes + Att = Rsim + Atotsim = Rmeas +
Awtcal = 1) is verified (orange line).
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Figure 4.12. (a) Rmes, Rairsi of 280-um thick wafer pyramidally-textured. The fabricated
structure is sketched in the inset on the left side. (b) Asia and Te calculated from
equations 4.7 and 4.10, respectively, and superposed to simulated Asi-mas and Tmeas for the
structure illustrated in the top insets. Also energy conservation (Rmeas + Atot = Rmeas + Atot-calc
= 1) is verified (orange line). The light red area indicates the R escaped (Rescaped) from the
front side.
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Simplified process for high efficiency,
self-aligned IBC c-Si solar cells
combining ion implantation and
epitaxial growth: design and fabrication

5.1 Abstract

Front and rear contacted wafer-based c-Si solar cells characterized by P-diffused emitter
and Al-screen printed back surface field currently constitute the dominant solar cell
architecture in the photovoltaic market. The key success of this technology is based on
the simple and cost effective fabrication process. However, its conversion efficiency is
limited. High-efficiency c-Si solar cells architectures have been demonstrated at
laboratory and industrial scale with the aim of decreasing the LCOE by increasing
efficiency. For this reason high-efficiency solar cells are expected to increase their
market share in next decade. In particular, interdigitated back contacted (IBC) c-Si solar
cell architecture, which the current world record efficiency is based on, is expected to
gain shortly industrial level relevance. In this work, activities of TUDelft in the
fabrication of IBC c-Si solar cells are reported. In particular, a novel method for realizing
high-efficiency IBC c-Si solar cells based on single-side and (relatively) low-temperature
doping techniques is demonstrated. In particular, epitaxial growth of B-doped Si is used
to form the emitter, while P-ion implantation is deployed to form both front and back
surface fields. To pattern the rear junction, a self-aligned process based on one
lithographic step has been developed. In addition, metal lift-off is used to define both the
metal contacts. By using this process, efficiency higher than 20% has been demonstrated.
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5.2 Introduction

Currently one technology dominates the photovoltaic (PV) market: the homo-junction
(HM)) front and rear (f/r) contacted p-type silicon (Si) solar cells fabricated via thermal
diffusion of phosphorous (P) on the front side (FS) and screen printing of aluminium-
based back surface field (BSF) on the rear side [1]. The success of this technology is
attributed to the very simple, low-cost and high-throughput nature of the fabrication
process. These advantages are however paid in terms of limited conversion efficiency. In
general, conversion efficiency of such solar cell architecture has a plateau around 18-19%
for mono-crystalline Si (c-Si) and 17-18% for multi-crystalline Si (mc-Si) solar cells [2]. In
fact, the AI-BSF results in fairly high rear recombination losses and has a high degree of
parasitic absorption of light [3]. More advanced solar cell architectures are the so-called
passivated emitter and rear cell (PERC), hetero-junction (HTJ) and interdigitated back
contacted (IBC) solar cells. These technologies are capable to reach efficiencies higher
than 20% at industrial level but using higher quality materials and, and in case of IBC,
more complicated fabrication steps. All this increases the cost of the final device, making
c-Si PERC, HTJ and IBC-based PV modules to account for only 10% of the total PV
market (at the end of 2014) [1]. According to the ITRPV roadmap, however, high-
efficiency technologies will drastically increase their market share in the coming years.
This prediction is already becoming true for PERC devices which cover almost all PV
systems currently installed. HMJ-IBC c-Si solar cells are also expected to increase their
market share by more than 5 times in 2024 [1]. For this reason and because of the
potential high efficiency many PV research institutes and companies are focusing their
research on such technology showing relevant progresses. Pioneer and main
manufacturer company producing IBC c-Si solar cells on pilot line is SunPower
Corporation, which has demonstrated 25.0% cell efficiency on large area (121 cm?) [4].
Bosch and Samsung have recently reported on the development of large area IBC using
ion implantation with conversion efficiency of 22.1% and 22.4%, respectively [5] and [6].
At ISC Constance large area IBC solar cells with efficiency higher than 21% have been
demonstrated using only industrially-proven process equipment [7]. More recently,
Trina Solar together with the Australian National University (ANU) has demonstrated
small scale (2 x 2 cm?) IBC solar cells with conversion efficiency of 24.4% [8]. At
laboratory scale (2 x 2 cm?) conversion efficiencies of 23.3%, 23% and 23.1% have been
also demonstrated by imec [9], Fraunhofer Institute for Solar Energy Systems ISE [10]
and Institut fur Solarenergieforshung Hamelin (ISFH) [11], respectively. Such
achievements clearly demonstrate that IBC c-Si solar cells can deliver high conversion
efficiencies. The reason for that is related to the nature of the IBC architecture which
locates both contacts on the back side (BS) of the wafer. Having both contacts on the BS
introduces a series of opto-electrical advantages, and to some extent gives more freedom
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in the design with respect to standard f/r c-Si solar cells and definitely allows for record
short-circuit current density (Jsc), open-circuit voltage (Voc) and fill factor (FF). First,
optical shading losses at FS, responsible for 4-5% decrease in Jsc from active area to
aperture area of f/r c-Si solar cells [2], are completely eliminated in IBC solar cells.
Second, as all BS area is available for contacting, metal grid design can be optimized
(maximized FF) by fabricating large-coverage (locally-opened) metal contacts without
caring about optical shading losses. Third, IBC architecture relaxes the design of the
doped region on the FS of the cell. In standard f/r c-Si solar cells, the design of the
emitter at FS is constrained between high doping to minimize contact and lateral
resistance losses and low doping to decrease recombination. Differently, in IBC devices
the emitter is fabricated at BS, allowing for both high lateral conductivity and high
spectral response at short wavelengths. Fourth, IBC solar cells can exhibit the highest
spectral response over the full wavelength range among all the c-Si solar cells. In fact, the
FS of an IBC solar cell is usually either lightly doped (see below) or just undoped [8],
resulting in low recombination losses at short wavelengths. All this enables the usage on
the FS of (i) nano-texturing to exploit full light in-coupling (i.e. perfect anti-reflective
effect) [12], (ii) micro-texturing, such as standard pyramids, to scatter light [13] or (iii) a
combination of both [14] as shown in Chapter 6. In this respect, high quality surface
passivation of (un-)doped (hano-) textured FS is of paramount importance [8][14][15] for
achieving record collection efficiency and thus record Jsc and Voc. On the contrary,
having both contacts on the rear side introduces a 2-D current flow of the minority
carriers and makes evident the so-called electrical shading losses. Such losses are localized
in regions at BS without the emitter, and occur when the distance that a minority carrier
needs to travel to be collected by the emitter region becomes comparable to the local
diffusion length [16][17]. Such losses can be reduced by decreasing the BSF coverage but
this introduces a fundamental trade-off between contact resistance and surface
passivation [18] or by suing a front floating emitter (FFE) [7]. The performance benefits
of HMJ-IBC solar cells come in exchange of (i) more complicated design and fabrication
process, which makes IBC more expensive than standard fully metalized f/r c-Si solar
cells, (ii) risk of p-type and n-type electrodes shunting at the BS, (iii) need of high
effective minority carrier diffusion length to efficiently collect both carriers at BS. The
last aspect translates in the need for high passivation quality at both FS and BS and high
bulk lifetime (i.e. more expensive). This is because minority carrier collection at back
contacts of an IBC device is strongly influenced by front surface recombination velocity
and minority bulk carrier lifetime. Typical solutions to this aim are the implementation
of front surface field (FSF) [19] or front floating emitter (FFE) [7][20] and the usage of
high bulk lifetime substrates, typically n-type Czochralski (Cz) or float zone (FZ) wafers
[21]. On one hand, FSF and FFE are commonly used to reduce front surface
recombination by decreasing the surface concentration of one of the carriers (see Section
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5.7.1 for more details). On the other hand, n-type wafers exhibit longer minority carrier
lifetime since they are less sensitive to most common impurities [22] and, in case of Cz
growth, are free of light induced degradation due to the absence of boron-oxygen
complex with respect to p-type [23]. Once that bulk and surface recombination
mechanisms are minimized, contact recombination becomes a serious impediment to
reach high conversion efficiency. To minimize this type of recombination dielectrics
locally opened in correspondence of the contacts, thin (doped) hydrogenated amorphous
silicon layers as in HTJ [24] or passivating contacts deploying doped poly-silicon [25]
[26] have to be used. The combination of IBC and HTJ technologies, the so-called silicon
hetero-junction IBC (HTJ-IBC), has been recently exploited by Panasonic on a 143.7 cm?
c-Si solar cell exhibiting world record efficiency of 25.6% [29]. Based on the same
technology, Sharp has demonstrated lab scale (4 x 4 cm?) efficiency of 25.1% [28]. Such
high efficiencies devices have been demonstrated so far only at laboratory scale. They
are not yet industrially scalable, since high quality materials and complicated fabrication
steps are required. In general HMJ-IBC c-Si solar cells at industrial level are fabricated
via thermal diffusion. Doping via ion implantation is widely used by semiconductor
industry but is still facing difficulties to take-off in the PV industry. However, this
doping technique allows for single side doping, which simplifies the fabrication process
but requires high annealing temperature (T) for activation and drive in of the dopants.
This is especially the case of boron (B), which is typically activated at T > 1000 °C
[29][30]. In addition, annealing steps need to be optimized to avoid formation of the
boron rich layer (BRL), which under certain diffusion conditions can lead to bulk lifetime
degradation [31][32]. On the other hand, even though thermal diffusion requires lower
thermal budget than implantation (around 850 °C in case of P-diffusion), other aspects
need to be considered: (i) the same doping profile is obtained on both sides of the wafer,
thus additional steps are required to optimize front and rear doping profiles, (ii) the
doped oxides serving as dopants source during the diffusion process need to be
removed afterwards, (iii) the uniformity of B diffusion across the wafer surface needs to
be ensured, (iv) the BRL needs also to be removed. In this work, a novel process flow for
fabricating high efficiency IBC c-Si solar cells based on single-side and (relatively) low-
temperature doping techniques and still using ion implantation is demonstrated. The
process allows to define the BSF and emitter regions on the rear side with a gap in
between by using only one photolithograph step. The gap region between the BSF and
emitter avoids possible tunnelling recombination currents occurring when a direct
contact between these two doped regions is present [33]. In addition, the presented
process exhibits a thermal budget up to 900 °C and uses only two lithographic steps,
which can be both replaced by screen printing or laser patterning processes at industrial
level. The process is based on the combination of (i) epitaxial growth of in situ B-doped
Si at 900 °C to form the emitter, (ii) ion implantation of P-ions to create FSF and BSF with
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different doping profiles, (iii) single annealing step at 850 °C in dry molecular oxygen
(O2) to activate the implanted P and simultaneously passivate the surfaces. The usage of
the B-doped epitaxial layer allows for overcoming the abovementioned limitations in
case of boron implantation or diffusion. Based on such process the design of the three
doped regions (emitter, BSF and FSF) constituting the IBC device is presented. Such
design relies on the collection and usage of relevant data such as minority carrier
lifetime, sheet resistance and doping profiles. Finally, the impact of the FSF doping
profile and rear geometry on the external parameters of fabricated IBC solar cells is
experimentally investigated. By using the demonstrated fabrication process, solar cell
exhibiting 20.2% conversion efficiency is reported and a roadmap to reach more than
22% is briefly discussed.

5.3 Strategy for front side passivation

The design of FSF is a key aspect to reach high efficiency in all types of rear junction
devices. In c-Si solar cells most of the photo-generation occurs close to the front surface.
In fact, light penetration depth in Si is around 20 pum at wavelengths of 900 nm.
Therefore, if front surface is not well passivated, it introduces severe front recombination
losses which will prevent the minority carriers to reach the pn junction located at BS.
Front surface recombination is a special case of Shockley-Read-Hall (SHR)
recombination. One approach to reduce such recombination is to decrease the surface
defect density and concentration of one of the carrier type. This is usually done by
introducing a doped region (FSF or FFE) in combination with a proper passivation stack
[19][20]. However, heavily-doped regions increase bulk recombination rate. Hence, the
optimal design of the FSF or FFE is based on the delicate interplay between achieving
high surface passivation without increasing their recombination rate. In case of relatively
low surface defect density, lightly-doped FSFs can offer a good potential barrier (i.e.
high-low junction) to prevent minority carrier recombination on the front surface [34]-
[35] without dramatically increasing its recombination. Contrarily to FSF, when a FFE is
employed minority carriers are injected from the bulk to the FFE where they become
majorities. After travelling laterally in the FFE, holes can be re-injected into the bulk and
vertically diffuse to the rear emitter. This effect is called pumping effect and has the
main advantage of reducing the electrical shading losses of the BSF [20], which opens
ways for easier module integration (relaxed patterning requirements). However, in this
case to achieve efficient lateral transport into the FFE, it should be heavily doped.
Nevertheless, it has been recently demonstrated that in case of extremely low Jos on
textured surfaces (~5 fA/cm?2) and optimal rear geometry, either FSF or FFE can be
avoided [8]. In this work, it was chosen to use a P-ion implanted FSF to passivate the FS
of the fabricated devices. The reason for that is mostly related to the limitations of the
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doping techniques here used. In particular, the quality of the epitaxy process strongly
depends on the crystal orientation and cleanliness of the seed surface. This makes the
application of such process on textured surfaces with respect to polished ones more
challenging. For this reason FFE or FSF fabricated via epitaxial growth are not
considered in this work. Also, FFE fabricated via B-ion implantation is not considered
because of the higher thermal budget required for activation of B compared to P and the
high recombination rate achieved so far in our laboratory.

5.4 Process flow description

The main steps of the IBC process flow are described in Figure 5.1. For this work, double
side polished (DSP) FZ n-type wafers with thickness 280 + 20 um and resistivity 25+ 1
Q-cm were used. After dipping etch in 0.55% diluted-in-water HF, a B-doped Si layer
was deposited via epitaxial growth on the whole BS of the wafer (step 1, emitter
formation). Afterwards, a layer of PECVD SiNx with thickness around 200 nm was
deposited to mask the emitter (step 2, SiNx mask). Wafers were then coated with
photoresist which was subsequently exposed and developed in correspondence of the
regions were the BSF will be allocated (step 3, BS litho). Therefore, the SiNx was etched in
buffered hydrofluoric (BHF) acid while the photoresist was removed in acetone. At this
point, a wet-etching based on a mixture of HF and HNOs was performed for 5 minutes
to etch back the emitter from the region where the BSF will be fabricated (step 4, isotropic
etching). Such wet etching is highly isotropic in Si and selective with respect to SiNx (i.e.
etching rate of Si is much faster than etching rate of SiNx). As consequence, a 2-pm long
and free standing SiNx cantilever was formed as shown in the SEM picture in Figure 5.2
(a). The purpose of such cantilever is to shield the Si underneath during BSF
implantation defining a self-aligned silicon gap of around 2 pm between the emitter and
the BSF. For the fabrication of the BSF, implantation of P-ions was employed (step 5, self-
aligned BSF). The SiNx used as implantation mask was etched in BHF and re-deposited
on the full BS. The whole wafer was immerged in a wet solution based on TMAH and
IPA diluted in H20 with the objective to texture only the FS as shown in the SEM picture
in Figure 5.2 (b) (step 6, SiNx mask and FS texturing). After this step, the SiNx mask at BS
was removed and implantation of P-ions was performed at FS to create the FSF. In this
case, different doping profile with respect to the one of the BSF can be employed. To
activate the ion implanted dopants and to passivate surfaces at both FS and BS, an
annealing / oxidation step at 850 °C in O: was realized (step 7, FSF and
annealing/oxidation). The thickness of the SiOz2 was found to be between 10 and 35 nm
depending on the doping concentrations used in this work. Continuing, depending on
the SiO2 thickness, a SiNx layer with variable thickness (70 to 45 nm) for antireflection
coating (ARC) and passivation purposes was deposited on the FS. On the BS of the wafer
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a 100-nm thick SiNx layer was deposited to enhance the internal rear reflectance [36] and
for rear passivation (step 8, FS and BS SiNx). A second lithographic step at BS was
performed to define the contact opening of both BSF and emitter. Afterwards the SiO2/
SiNx stack at BS was etched from the contact regions and 2-um thick Al layer was
evaporated on the whole BS (step 9, BS litho and Al evaporation). Finally, metal lift-off [37]
in acetone was performed in order to separate emitter and BSF metal contacts (step 10,
Al lift-off). SEM picture of the BS showing emitter and BSF fingers is shown in Figure 5.2
(c).

A
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Figure 5.1. Steps of the proposed process flow for fabricating self-aligned and low
temperature IBC c-Si solar cells.
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Figure 5.2. Cross-sectional SEM pictures after steps 4, 5 and 9, respectively (a), (b) and
(c). All SEM pictures were taken at tilting angle of 45°. The SEM in (a) was taken after a
preliminary test to check the etching rate of Si in the wet isotropic solution.

5.5 Rear geometry definition for the fabricated IBC

The IBC c-Si solar cells here presented were fabricated on 4 inches wafers and were
processed during the same run. On each wafer three cells of 3 x 3 cm? with different rear
geometries, defined in Table 5.1, were fabricated. Relevant parameters defining the rear
geometry of an IBC device are: (i) pitch, defined as the distance between two doped
regions of the same type (see Figure 5.3); (ii) BSF fraction (BSF:), defined as the ratio
between the width of BSF over the pitch; and (iii) contacted area, defined as the total
contacted area for both emitter and BSF (bus-bar included).

w Die # Pitch BSF+ Contacted area
[ [mm] | [%] [%]
el 1 065 | 40 30
2 1 20 41
3 15 25 34

Figure 5.3. 3-D sketch of our self- Table 5.1. For each wafer, three 3x3 cm? cells

aligned device where pitch and BSF with different rear geometries were fabricated.

fraction (BSF+) can be individuated. They are indicated here by the die number.
The definition of contacted area for both BSF
and emitter includes bus-bars.

5.6 Characterization tools

Electrical properties of emitter, FSF and BSF were characterized by measuring effective
minority carrier lifetime (tef), implied Voc (i-Voc) and recombination current density
under thermal equilibrium (Jos) of symmetrical half-fabricate cells via quasi-steady state
photo-conductance (QSSPC) measurements [38]. In addition, the sheet resistance (Rx) of
emitter, FSF and BSF was measured by using four-point probe measurements on DSP
wafers, while their doping profiles were measured via electrochemical capacitance
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voltage (ECV) technique. Sinton suns-Voc was used to measure ideality factor and
pseudo-FF (p-FF) of the final devices. This measurement technique, being contactless,
does not account for losses related to the series resistance. Thus p-FF is always larger
than FF, indicating the upper limit of FF for the measured solar cell. The surface texture
of fabricated IBC c-Si solar cells were visually investigated by means of scanning
electron microscopy (SEM) using a Philips XL-50 setup. The thickness of both SiO2 and
SiNx layers was extracted from ellipsometry spectra using J. A. Wollam CO. M-2000DI
spectroscopic ellipsometer on DSP polished samples. Wavelength-dependent reflectance
(R) and transmittance (T) were measured using a Perkin-Elmer Lambda 950
spectrophotometer in the wavelength range between 300 nm and 1200 nm. Continuous
solar simulator Wacom WXS-156S AAA was used to measure the current-density
voltage (J-V) characteristics of the final devices. The simulator consists of xenon lamp
and halogen lamp that closely reproduce the spectrum and the intensity of actual
sunlight. The set-up is calibrated with respect to a reference cell frequently calibrated at
Fraunhofer ISE CalLab. The measured (illuminated) area included the bus-bars of the
cells. The Wacom set-up is equipped with one Kelvin probe for each of the two bus-bars.
The probe was always placed in the middle of the bus-bar. External quantum efficiency
(EQE) measurements were taken with an in house built setup, comprising a Newport
illuminator/monochromator, a chopper, a substrate holder with magnetic pads to hold
the probes and a lock-in amplifier. A calibrated mono-crystalline silicon diode with
known spectral response (SR) calibrated at Fraunhofer ISE CalLab was used as a
reference. The size of the light spot of the SR setup was 2 x 2.5 mm? The error
measurement of the EQE is within 5%. To minimize the error on the illuminated area of
the cell, all Jsc here reported are measured by means of EQE. The spectral response and J-
V of our solar cells was measured without any reflective chuck.

5.6.1 Theoretical background of QSSPC measurements
A symmetrical half-fabricate structure is typically formed by bulk Si with the same

surface texture / doped regions / passivation stack on both FS and BS. The 7« as function
of the injection level density (An) was measured via QSSPC and is defined as [39]:

— = 4 =

Teff  Tp Ts

+ + —
TsSRH  TAuger Trad Ts

11 1 [ 1 1 1) 1 (CRY
where 7o and s are the bulk and surface minority carrier lifetime, respectively. In
particular, 1/tv is the sum of the inverse of Shockley-Read-Hall lifetime (zsrH), Auger
lifetime (tawe) and radiative lifetime (7rd) in the bulk. The latter mechanism of
recombination plays a minor role in c-Si material. The term 1/7s accounts for both FS and
BS surface recombination. For symmetrical samples s is related to the effective front
surface recombination velocity (Sef) as proposed by Sproul [40]:
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were D» is the diffusion constant, W the bulk wafer thickness. The second term on the
right side of Equation (5.2) is usually negligible since it sets the lower limit of 7sin case of
infinite S« In addition, the Sercan be expressed as [39]:

_ Jos(Ny +4n) (5.3)

s
an?

eff

where Jos is the recombination current density under thermal equilibrium, ni the intrinsic
silicon carrier concentration and Nb the bulk doping concentration. Wafers used in this
work were characterized by Nb = 2:10'5 cm=. A common way to define the passivation
quality of a passivating layer is by indicating its Jos value. Contrarily to e, Jos is typically
An independent and, therefore, can be used to give a unique indication of the surface
passivation quality. Typically Jes can be extracted from QSSPC measurements at high or
low level injection [41].

5.6.2 Determination of Jos at high injection levels
At high injection levels (n = An), Auger recombination in the bulk is dominant and 2-Jos

can be extracted by using the so called slope method proposed by Kane and Swanson [42].
In this case replacing Equations (5.2) and (5.3) in Equation (5.1) leads to the following

expression:

(54)
1 ~ s
Teff T Auger qniw

high injection

where ¢ is the electron charge, ni? the intrinsic carrier concentration and W the thickness
of the wafer. In next sections, the reported Jos are always extracted by using the slope
method and divided by two. Finally, analysing Equation (5.4), it appears clear that in case
of high v the maximal 7« achievable is limited by Tauger in the bulk and Jos of passivated
surfaces.

5.6.3 Determination of Jos at low injection levels.
At low injection levels (n = Nbouik = 2:10% ¢cm?) surface passivation might still contribute to

the e, especially if the bulk has low resistivity, see Equation (5.5). In this case, both
contributions (from bulk and surfaces) become indistinguishable leading to the
following expression of i
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ff low injection

Equation (5.5) clearly indicates that, even at low injection levels, high Jos values due to
poor surface passivation might still leads to 7.t < 7o. At low injection levels it is also
possible to calculate, with Equation (5.3), a Set independent of Ax as:

~JosNb. (5.6)

S
eff low injection q niz

5.7 Fabrication tools

5.7.1 Implantation of P-ions for FSF and BSF fabrication
lon implantation is widely used in integrated circuit processing because of the high

degree of dose uniformity, chemical purity of the ion beam and controlled doping
profile. Such doping technique has been investigated to fabricate mono-crystalline c-Si
solar cells in the 80’s [43]. However, its application was restricted to small area
laboratory cells and later dropped because considered too slow and expensive for solar
cell manufacturing [43]. Even though current ion implanters for c-Si solar cells can
exhibit high throughput [44] their large scale application in c-Si solar cells is not yet
applied. The usage of ion implantation for c-Si solar cells allows to simplify the solar cell
processing when compared with standard diffusion [45][46]. In particular, such doping
technique is single sided (i.e. no need to protect or etch-back one of the wafer sides) and
does not require edge isolation or etching of the dopant glass while dopant activation
and drive-in can simultaneously be carried out with surface passivation. In this work,
implantation of P-ions was used for the fabrication of both BSF and FSF. The
implantation process was performed by using Varian e220hp implanter. To activate and
drive-in the implanted P ions, a thermal annealing was required. In this work the
annealing is performed in Oz ambient in order to concurrently obtain a thermal SiO2
layer which serves for passivation purposes. The requirements for BSF design are based
on the interplay between low value of R- (to allow high lateral conductivity and low
contact resistance) and low recombination rate. For the FSF a different doping design
compared with BSF can be employed, since its main role is to improve FS surface
passivation. The conductive / passivation properties of the implanted BSF and FSF are
studied in Section 5.8.1.

5.7.2 Epitaxial growth of in situ B-doped Si for emitter fabrication
Epitaxial growth of Si is a process well-known and widely used by the semiconductor

industry, but only recently has been applied in c-Si solar cells [47]-[48]-[49]. The epitaxy
process used in this work was performed by using ASM Epsilon 2000 reactor. The
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process is based on a chemical vapour deposition (CVD) performed at T = 900 °C, where
dichlorosilane (SiH2Cl2) is used as silicon source while B-doping is made in-situ using
diborane (BzHs) carried by molecular hydrogen (Hz). The main advantages of using such
doping technique compared to common B-diffusion or ion implantation are: (i) B is
electrically activated during the deposition, (i.e. no extra annealing is required), (ii) the
process is single sided thus, front and rear doping can be optimized separately, (iii) BRL
which in some conditions can degrades the bulk carrier lifetime is not formed [31][32].
The epitaxy process was used in this work to form the emitter region. The Rs of this layer
was designed in order to deliver high lateral conduction and low contact resistance. The
conductive/passivation properties of the epitaxially grown emitter are studied in Section
5.8.2.

5.8 Results and discussions

5.8.1 Design of BSFand FSF
The measured teii(An) of doped layers with different R- and fabricated on DSP samples is

reported in Figure 5.4 (a). Notice that the back side of the fabricated IBC solar cells is flat,
thus the decision to perform the optimization of BSF on DSP wafers symmetrically
processed. All samples, after implantation of P-ions on both sides, were first annealed /
oxidized at 850 °C in Oz for 90 min and then coated, also on both sides, with PECVD
SiNx at 400 °C. The energy (E) and dose (D) of the implantation are reported in Table 5.2
together with measured i-Voc and Jos on DSP. The table reports also the thicknesses of the
SiOz2 (dox) measured via ellipsometer for all processed samples. For all implanted samples
the energy of implantation was kept constant while the dose was increased. This results
in a decrease of R- (i.e. higher doping concentration) and increase of the oxidation rate
because of the larger number of crystal defects [50]. A further increase of the SiO2 growth
rate is also expected for the alkaline textured samples. In fact, wafer texturing leads to a
change of the crystallographic orientation on the c-Si wafer surface from <100> to <111>
and the oxidation rate on <111> plane is faster than on <100> [51]. The SiO2 / SiNx
passivation stack, applied to a reference DSP wafer, delivered e = o > 2 ms and Jos osp Of
8.5 fA/cm?, which proves its excellent passivation properties. For P-implanted regions
with D > 5-10% cm, Jos increases, leading to lower 7« and i-Voc . For the BSF, the set of
implantation process conditions (D = 2:10' cm? and E = 20 keV) leading to R- = 69 Q/o
and i-Voc of 658 mV were chosen. Al contact line fingers were evaporated on such layer
and, by using transmission line measurement (TLM) [39], its contact resistivity (pc) was
measured. This resulted to be equal to 0.75 + 0.14 mQ-cm?, proving the good contacting
property of the layer. For the design of the FSF, the passivation properties of the SiOz2/
SiNx stack on un-doped and P-doped textured surfaces were studied. Measured tei(An),
i-Voc and ratio Jos txt / Jos psp are summarized in Figure 5.4 (b) and Table 5.3, respectively.
The ratio Jos text / Jos psp Was calculated in order to compare the passivation properties
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between textured and polished surfaces. As Figure 5.4 (b) depicts, when the same
implantation process was used, a severe degradation of the et was observed for the
textured samples with respect to the DSP samples.
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Figure 5.4. Measured tet(An) of four symmetric samples: c-Si wafer / doped layer
fabricated via implantation of P-ions followed by annealing and oxidation at 850 °C in Oz
/ PECVD SiNx at 400 °C. The four doped layers are characterized by different R.. Panel
(a) reports the results on DSP wafers. The P implantation conditions leading to Rc = 69 Q
/ o and a reasonable i-Voc of 658 mV where chosen to fabricate the BSF. The panel (b)
reports the results on double side textured samples. A severe degradation of the et was
observed with respect to the DSP samples.
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Figure 5.5. Effective lifetime corrected by the Auger lifetime calculated by using
Richter model [52]. The Js are extracted at high injection levels by using the slope
method described in section 5.6.2.
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E D Ra (n+ Implanted) Jos Dsp i-Voc dox
[keV] [cm-2] [Q/ ] [fA/cm?] [mV] [nm]
- - non-implanted 10+3 707 12.2
20 1.10 550 18+6 702 135
20 5.101 250 74+5 665 21.3
20 2:10% 69 140+ 3 658 40.2

Table 5.2. Energy and dose of the implantation together with measured Rs of the three
implanted layers passivated with SiO2/SiNx reported in Figure 5.4 (a) versus the Jos and i-
Voc of the relative symmetric DSP wafers. Jos and i-Voc for non-implanted sample is also
reported for reference purposes. Thicknesses of the SiO: of the different samples grown
during oxidation at 850 °C in Ozfor 90 min is also reported.

E D Ro (n+ Implanted) Jos text Jos text / Jos DsP i-Voc

[keV] [cm?] [Q/d] [fA/cm?] [] [mV]
- - Non-implanted 48+ 6 4.80 671
20 1.10% 550 62+5 3.44 654
20 5-10%4 250 120+5 2.08 651
20 2:10% 69 386+8 2.57 640

Table 5.3. Energy and dose of the implantation together with measured R. of the three
implanted layers reported in Figure 5.4 (b) versus the Jos text, i-Voc and Jos text / Jos psp and
calculated for the mean values of the relative symmetric double side textured wafers. Jos,
i-Voc and Jos text / Jos pse for non-implanted sample is also reported for reference purposes.
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Figure 5.6. Measured ECV doping profiles of P-implanted layers after annealing /
oxidation at 850 °C in Oz ambient.

In addition, the ratio Jos txt / Jos psp is larger than 2 for all samples and reaches the highest
value of 4.8 for the non-implanted one. Ideally, surface texturing with random pyramids

should increase the surface area and therefore the Jos text With respect to Jos ose by a factor
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equal to 1.7. The largest e« degradation between DSP and textured samples was
observed for the non-implanted case. The ratio values (Jos text / Jos bsp) larger than 1.7 are
indicative of the fact that surface area enlargement might not be the only cause of the
increased recombination rate of the textured samples with respect to polished ones
(possible explanations are given in Section 5.9.1). Also eventual surface contamination
and/or additional recombination at edges and tips of the pyramids and/or poorer
passivation properties of dry SiO2 on <111> (textured) plane rather than <100> (DSP)
might have drastically increased the Jostxt With respect to Josospe. In addition, notice that, in
case of textured samples, Rx of the implanted region is expected to be higher due to the
larger surface area. In Section 5.8.3 the SiO:z/ SiNx stack and the FSFs with R of 250 and
550 Q/o, respectively named NO-FSF, FSF1 and FSF2, will be studied as FS passivation
schemes for the IBC devices. Measured ECV doping profiles of the P-implanted BSF,
FSF1 and FSF2 on DSP samples after annealing / oxidation at 850 °C in Oz ambient are
shown in Figure 5.6. As the figure shows the doping profile of the BSF shows a high
surface doping concentration in order to minimize contact resistance losses. FSF1 and
FSF2 are less doped and were used as FSF.

5.8.2 Design of epitaxially grown emitter
The measured tet(An) with respect to the R- of three different epitaxially grown emitters

is depicted in Figure 5.7. All emitters were designed to exhibit a constant acceptor
doping concentration of Nac ~ 3:10%° cm-=? but different thicknesses leading to different
values of Ro. Notice that this was also the maximal doping concentration achievable by
the tool used in this work. After applying the same epitaxial growth process on both
sides, the samples were first annealed / oxidized at 850 °C in Oz ambient for 90 min and
then coated, also on both sides, with PECVD SiNx at 400 °C. As Figure 5.7 shows, by
lowering Ro, et decreases due to higher Jos. In Table 5.4, the measured i-Voc and Jos of the
emitter (Jo) are reported with respect to the Rs of the three fabricated doped layers. The
doped layer with a Ra = 44 /o and i-Voc = 654 mV was chosen to be implemented in the
IBC device as emitter, since it meets both requirements of relatively high i-Voc and low
Ra. For such emitter, the pc with evaporated Al contact lines fingers measured via TLM
resulted to be equal to 6.2 + 1.5 mQ-cm?. Such value is almost one order of magnitude
higher than the one measured for the BSF. Notice that the SiO2 / SiNx stack resulted in
similar reasonable passivation properties on both emitter and BSF; thus it is an ideal
candidate to passivate the whole BS of our IBC solar cell. Figure 5.8, measured ECV
doping profiles of the B doped epitaxial layer as grown and after annealing / oxidation at
850 °C in Oz ambient are reported.
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Figure 5.7. Measured t«f(An) of three symmetric samples: DSP c-Si wafer / in-situ B-
doped epitaxially grown layer followed by annealing and oxidation at 850 °C in O2 and
PECVD SiNx at 400 °C. The three doped layers are characterized by different Ro. The

emitter with a Ro= 44 Q/o and i-Voc = 654 mV was chosen to be implemented as emitter
in the IBC devices.

Ro (p+ epl) Joe DsP i-Voc Cox
[Q/sq.] [fA/cm?] [mV] [nm]
44 110 654 134

20 140 647 145

13 170 638 13.7

Table 5.4. Measured Rs of the three doped layers reported in Figure 5.7 versus Jeepse and
i-Voc of the relative symmetric DSP wafers. Thickness of the SiO2 grown after annealing
oxidation at 850 °C in Ozfor 90 min is reported.
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Figure 5.8. Measured ECV doping profiles B-doped epitaxial layer as grown and after
annealing / oxidation at 850 °C in O2 ambient. During the thermal oxidation, B diffuses

deeper in to Si and also segregates into the SiO2 on the surface leading to a decrease of
the surface doping concentration.



Chapter 5 Results and discussions 119

The thermal oxidation step resulted in deeper diffusion of B into Si and also its diffusion
into the SiO2 due to higher solid solubility and diffusion coefficient of B in SiO2 [53]. This
leads to a decrease of the B surface doping concentration and thus high contact
resistance.

5.8.3 Impact of FSF design on IBC solar cell performance
In this section, the impact of the FSF doping profiles on the IBC performance is

presented. In particular, the IBC cell without FS implantation was named NO-FSF (i.e.
passivated with SiOz/ SiNx), with FSF1 and FSF2 were named the IBCs with implanted
FSF having Rz = 550 /o and Ro = 250 /o, respectively. The FSF having same doping
profile as the BSF was not studied because of the too high Jos as reported in section 5.8.1.
For all FSF configurations same rear geometry was used (i.e. Die #1 as defined in Table
5.1). Measured external parameters, p-FF and ideality factor at maximum power point
under 1 sun illumination (nmereisun) [54] for the three fabricated devices are reported in
Table 5.5. The table clearly shows that main parameters depending on the doping of the
FSF are Jsc and FF. Starting with Jsc, the measured internal quantum efficiency (IQE) as
function of the wavelength is reported in Figure 5.9. The figure clearly shows that: (i) the
device with NO-FSF exhibits the lowest IQE in wavelength range between [300 -1050]
nm; (ii) the devices with NO-FSF and FSF: exhibit an increase of the IQE towards longer
wavelengths [800-1050 nm]; (iii) the device with FSF2 shows a rather flat IQE of ~94%
between [450 — 1050] nm. Regarding the FF, a drop of >1% was measured for the device
with NO-FSF compared with the one with FSF2. To understand such FF losses measured
Nvperesun Was investigated. As shown in Table 5.5, the device with NO-FSF exhibits an
nmepeisun OF 1.18 and a p-FF of 80.5%. On the contrary, the devices with FSFi1 and FSF2
showed an nwmeeeisun close to one and p-FF higher than 81%. The highest conversion
efficiency (19.4%) was reached for the FSFz. On the right axis of Figure 5.9 the sum of R
and T (R+T) is also reported. As expected, such quantity was found to be comparable for
all devices between 450 and 1200 nm. For wavelengths below 450 nm, the sample with
FSF2 shows a slightly higher R with respect to the other FSF configurations. This effect is
related to a thinner SiNx (i.e. lower parasitic absorption) used in case of FSF.. Oxidation
rate increases with increasing the surface doping concentration (see Table 5.2).
Therefore, in order to achieve a minimum of the R around 450 nm for all FSF
configurations, the thickness of SiNx was reduced from 75 nm in case of NO-FSF to 55
nm for the FSF-.
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Figure 5.9. Measured IQE (left axis) and sum of R and T (R+T) (right axis) as function of
the wavelength for IBC solar cells with Die #1 as rear geometry and different FSF. The
device with FSF2 exhibited the highest IQE on the whole wavelength range. The samples
with FSF show a slightly higher R at short wavelengths with respect to the sample with
NO-FSF. The reason for that is related to the higher oxidation rate of doped surfaces
compared to un-doped one. In order to achieve a minimum of the R around 450 nm for
all samples, the thickness of SiNx for the FSF cells was reduced from 75 (NO-FSF) to 55
nm (FSF).

FSF Jsc FF Voc p-FF | nmpp@1sun n
[ [mA/em? | [%] | [mVI | [%] [ [%]
NO-FSF 343 76.2 634 80.5 1.18 16.6
FSF1 38.7 77.6 632 81.7 112 18.9
FSF2 39.3 78.1 633 83.2 1.08 19.4

Table 5.5. Measured external parameters, p-FF and nweegisun for IBC solar cells with Die
#1 as rear geometry and different FSF. The IBC device with FSF2 exhibited the highest
conversion efficiency of 19.4 %.

5.8.4 Impact of rear geometry on IBC solar cell performance
In the previous section the effect of the FSF on the performance of the IBC was studied

when the rear geometry was kept constant. The conclusion of such analysis was that for
the developed process the highest IBC performances were achieved with the deployment
of the FSF2. In this section, the performance of IBC solar cells with different rear
geometries (i.e. Die #1, #2 and #3 as described in Table 5.1) is investigated, when the
optimal FSF (i.e. FSF2) found in the previous section is employed. Table 5.6 reports the
measured external parameters, p-FF and the nwveeeisun Of the fabricated devices. The main
parameters affected by the rear geometry are, once again, the Jsc and the FF. Starting
with Jsc, Figure 5.10 (on the left axis) reports the measured IQE as function of the
wavelength for the three rear geometries here investigated. Notice that to ensure a fair
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comparison among the measured performances, the three different rear designs were
fabricated on the same wafer. Analysing Figure 5.10, appears clear that: (i) all dies show
a quite constant IQE between 450 and 1050 nm; (ii) Die #3 exhibits a lower IQE with
respect to Die #2 due to an increase of the BSF shading losses and larger pitch size; (iii)
despite its shortest pitch, the IQE of Die #1 is further decreased with respect to Die #2
due to higher BSF:. As reported in Table 5.4, FF, p-FF and nwmereisun Were found to be
comparable for all IBCs.
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Figure 5.10. Measured IQE (left axis) and R+T (right axis) as function of the wavelength for
IBC solar cells with optimal FSF (FSF2) and different rear geometries (Die #1, #2, #3). All die
show a rather constant IQE between 450 and 1050 nm. The IQE of the three devices is more
sensitive to the BSF: rather than the pitch size. In addition, R+T was found to be the same
for all rear designs in the wavelength range between 300-1150 nm, confirming the
reproducibility of texturing and SiOz / SiNx. The difference at longer wavelengths is related
to the different metal coverage used for the three rear designs.

Die # Jsc FF Voc NMPP @ 1sun p-FF 1
[l [MA/cm? | [%] | [mV] [l [%] [%]
1 39.3 78.1 633 1.08 83.1 19.4
2 41.0 77.0 639 1.00 83.8 20.2
3 39.9 77.3 635 1.02 83.6 19.6

Table 5.6. Measured external parameters, p-FF and nwereisun for IBC solar cells with FSF2
as FSF and different rear geometries. The IBC device with FSF2 and rear geometry
defined by Die #2 exhibited the best performance in conversion efficiency, nmereisun and
p-FF.

The table clearly indicates that all devices present an nmepeisun close to one and p-FF
higher than 83% indicating that FF losses are mainly due to series resistance losses. For
the optimal rear geometry (Die #2) with FSF2 a Jsc value of 41 mA/cm? and overall cell
efficiency of 20.2 % were measured. Notice that such efficiency was reached by using
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large pitch (1 mm) which is compatible with industrial application. On the right axis of
Figure 5.10, R+T is also reported. Such quantity was found to be the same for all rear
designs in the wavelength range between 300-1150 nm, confirming the reproducibility of
texturing and SiO:z / SiNx stack. The difference at longer wavelengths is related to the
different metal coverage used for the three rear designs. The high p-FF of these devices
might be related to the fact the the developed self-aligned process avoid leakage currents
due to direct contacts between the emitter and BSF regions.

5.8.5 Analysis of the FSF role in IBC c-Si solar cells
As shown in Figure 5.9, the device with FSF2shows the highest IQE compared with FSF1

and no-FSF. However, by looking to the measured Jos reported in Table 5.3 one would
expect the opposite behaviour. To explain such effect and to better understand the role
played by the FSF in the fabricated IBC, opto-electrical simulations were used. In
particular, the IQE of the fabricated devices reported in Figure 5.9 were fitted by using
the software Quokka [55]. As fitting procedure we have used two different approaches:

- For all three devices the input parameters of Table 5.8 were used, except for the
minority bulk lifetime (7o) which was set as fitting parameter;

- For all three devices the input parameters were used of Table 5.7 were used, except for
the front Jos which was set as fitting parameter.

Figure 5.11 (a), shows that measured and simulated IQE are matched by using the
QSSPC measured Jos and b of 2.5 ms for FSF2, 1.5 ms for FSF1and 0.25 ms in case of NO-
FSF. This effect could be related to the gettering effect of the P ion implantation which
becomes more effective when the dose of the implantation increases (FSF2) [56].

On the contrary, Figure 5.11 (b), shows a good matching between measured and
simulated IQE by using a Jos for the front surface of 96 fA/cm? for FSF2, 140 fA/cm? for
FSF1 and 568 fA/cm? in case of NO-FSF and same 7,=2.5 ms. Both simulation results
indicate that either the fabrication process introduces bulk contaminations or that the Jos
extracted from Sinton measurements for the symmetrical samples are underestimated
compared to the respective ones of the real cells. A possible explanations for the
underestimation of the front Jos are:

1) the measured 7« curve of the sample with NO-FSF, reported in Figure 5.4 (b),
decreases at low injection levels (An << Nb). Notice that the fabricated devices
might work at low injection levels at Jsc.

2) Possible increase of the surface recombination rate for the IBC device during the
multiple fabrication steps compared with the reference symmetrical sample. The
latter, in fact, experiences only doping and annealing/passivation processes.

3) The Jos extracted from QSSPC measurement is considered at high injection levels
and in thermal equilibrium (i.e. no carrier flow). This might lead to a correct
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estimation of Jos only at Voc. In a real solar cell the Jos under illumination might be
different than the one in thermal equilibrium and in some cases could be injection
level-dependent [57]. This is also shown in Figure 5.5 where only the sample with
FSF2 presents a constant slope of (1/tet -1/TAuger) With respect to An (i.e. Jos

independent by An).
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Figure 5.11. Measured and simulated IQE as function of the wavelengths for the three
devices with different FSF and Die #3 rear geometry. Extracted (a) t» using the input
parameters in Table 5.7 and (b) front side Jos using the input parameters in Table 5.8.

Input Value
w 280 pm
po 2.50Q-cm
Jos BSF 200 fA/cm?
Jos emitter 150 fA/lcm?
Jo metal 900 fA/cm?
Tb variable
Jos-FsF see Table 5.3
Table 5.7. Definition of the input

parameters used in Quokka. The Js that
resulted in the be matching of measured
and simulated charatheristics used for
passivated region of the BSF and emitter
were comparable with the measured
values as reported in Table 5.2 and Table
5.4.

Input Value
w 280 pm
po 2.50Q-cm
Jos BSF 200 fA/cm?
Jos emitter 150 fA/cm?
Jo metal 900 fA/cm?
Tb 25 ms
Jos-FsF variable
Table 5.8. Definition of the input

parameters used in Quokka. The Jos that
resulted in the be matching of measured
and simulated charatheristics used for
passivated region of the BSF and emitter
were comparable with the measured
values as reported in Table 5.2 and Table
5.4.

Once again, by using Quokka simulations, the spatially averaged An (Anav) (along depth
and width of the device) was carried out at Jsc for all three simulated devices. The
extracted Anag assumed the values of 3.08:10 cm-3, 3.38:10 cm and 3.45:10* cm in
case of NO-FSF, FSF1 and FSF2, respectively. This indicates that all simulated devices are
in low injection (assuming No= 2-10' cm-) conditions at Jsc. The QSSPC measurements in
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Figure 5.4 (b) show that at such injection levels the samples with FSF1 and FSF2 exhibit
similar or slightly higher 7« compared with the case when NO-FSF is employed.
However, still looking at et measurements, this effect seems to be not enough to explain
the larger increase of the Jos values extracted from the simulations compared with the
measured one in case of NO-FSF and FSFi. A possible increase of the Jos at device level
compared to textured half fabricate samples in case of NO-FSF and FSF1 might be related
to an increase of the surface recombination due to the effects as described in (2) and (3).
To explain why the FSF2 is less sensitive to an increase of surface defects, a deeper
analysis of the role played by a FSF in a rear junction device is required. The region
above the emitter of an n-type IBC c-Si solar cell exhibits the same structure of an n-type
f/r contacted solar cell with a rear emitter. In such device a (selective) FSF on the front
side is usually employed creating a so-called high-low junction. In such conditions, the
front surface recombination velocity (Sp) at the actual surface x = 0 is transformed in an
effective surface recombination velocity Set defined at the edge of the depletion region
(xa) created at FSF / n-type bulk interface (see Figure 5.12).

FSF

Sp —>I<— Seft n-bulk

»
>

I
0 x; X
Figure 5.12. Schematic of FSF (i.e. high-low junction) in a rear junction device. The FSF

transforms the Sp at the actual surface (x = 0) in Ser at xi1, where x1 is the edge of the
depletion region created at FSF / n- bulk interface.

For a high-low junction the Seir can be mathematically expressed as [58]:

s - Dese Pesr 1 Sp/Desk Lese + tanh(Wese /Lese ) (5.7)
ft =
) Dy Pp Lese 1+Sp/Desp Lesp tann(Wese /Lgsr)

where, Drsr (Dv) is the diffusion coefficient of the FSF (bulk); prse (po) is the minority
doping concentrations in the FSF (bulk); and Wesr and Lesr are respectively the width and
the diffusion length of the FSF region. The analytical parameterization of Sy is not trivial
because it may depend on several aspects such as: (i) intrinsic properties of the
passivation layer (field effect and chemical passivation), (ii) doping type and
concentration of the passivated region; (iii) unpredictable surface defects (e.g. those
induced by scratches, pinholes in the passivation stack, other impurities induced during
the fabrication process). In this work, the following expression for Sp is proposed:
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Sp(Np.Ss) =Ssp +So(Np) (5.8)

where Ssp is the SRH recombination through surface defects as earlier described in (iii)
while So(Nbp) is the doping-dependent SRH recombination. The latter, in case of SiO2 /
SiNx passivation stack, can be parameterized for different surface doping (Nb)
concentration as [59]:

(5.9)

Np
So(Np) =Sy N o
re

where Srf = 70 cm/s and Nrt = 71017 cm represent, respectively, the reference surface
recombination velocity and doping concentration. The impact of Sso on Sei was
numerically evaluated by using Equations (5.7) and (5.8) in case of NO-FSF, FSF:1 and
FSF2. The specifications of the FSF doping profiles used for the calculation of Ser are
summarized in Table 5.9 together with So(Nb) and Lesr, calculated by using Equation
(5.9) and the calculator in [60], respectively. For simplicity, the doping profiles of the
FSFs were assumed to be constant along its depth (i.e. Wesr). This leads to an
overestimation of the recombination rate and therefore lower Lrsr in the doped region
compared to the case in which the real doping profile would be used. Such assumption
might affect the absolute values of the calculated S« but it will not affect its dependence
against Sso. As Figure 5.13 shows, in case of NO-FSF there is no high-low junction
formation and, assuming no field effect by the passivation stack, S« = Sp, making Seft
highly sensitive to any Sso variation. When a FSF is employed, Se reveals two different
behaviours with respect to Ssp: (1) Ssp << So(Nb) -> Sp = So(Nb), thus Set is constant with
Ssp for a given FSF doping concentration; (2) Sso >> So(Nb) -> Sp = Ssp thus Seir becomes
dependent by Ssp. The crossing point between these two trends occurs at around Ssp =
1000 cm/s. Even though the numerical model is based on simplified assumptions it is
very useful to explain that FSF2 results to be much less sensitive to possible variation of
the Ssp rather than FSF1 and NO-FSF, thus ensuring a better screening of high surface
recombination velocities.

Nb [cm®] Wesr [nm] So(Nb) [cm/s] Lrsr [nm]
FSF2 2.0-10%° 4.5.102 2.0.10% 2.1.108
FSF1 1.5.10'8 3.7:102 1.5.10° 3.5:104

Table 5.9. Specifications of the FSF doping profile used for the calculation of Set
together with So(Nb) and Lrsr. The latter was carried out by taking into account latest
recombination models using the calculator in [60].
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Figure 5.13. Ser as function of Sso for different FSF configurations. In case of NO-FSF
Seit = Sp. When a FSF is employed, two different behaviours can be identified: (1) Sso <<
So(Nb) -> Sp= So(Nb); (2) Sso>> So(Np) -> Sp = Ssp.

Finally, the identification of the main mechanism, responsible for the increase of surface
defect density or bulk lifetime degradation, leading to poor carrier collection efficiency
in case of no-FSF still needs to be identified. To this aim bulk lifetime measurements
with ideal passivation layers should be carried out for the symmetrical samples with NO-
FSF and for the one with FSF.. For the latter, the FSF should be etched before the
measurement in order to evaluate potential benefits from the gettering effect.

5.9 Roadmap for high conversion efficiency

The best fabricated IBC solar cell presented in this contribution exhibited a conversion
efficiency of 20.2% mainly limited by Voc and FF. Possible solutions to increase the FF
without hindering the other external parameters would require numerical simulations to
find optimal design rules of the rear geometry aiming to reduce the series resistance
losses (i.e. pitch size metal coverage and thickness of the metal). In addition, the contact
resistivity of the emitter region which was found to be one order of magnitude higher
than the one on the BSF can be reduced by avoiding the decrease of the B doping
concentration on the emitter surface. This can be achieved either by protecting the
emitter with SiNx or A210s during the oxidation process or by etching back the first few
tens of nanometers of the emitter after the thermal SiOz. To enhance Voc, Jos for textured
surfaces and at contact need to be reduced. To reduce front side Jos, the development of
more advanced cleaning procedure and FSF of the front side is required. To reduce
contact recombination, local point contacts needs to be designed by using computer
aided simulations in order to avoid substantial increase of the series resistance. Opto-
electrical simulations performed in our group (not reported here), have shown that by
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optimizing all abovementioned aspects the proposed process can be used to fabricate
industrially scalable IBC devices with conversion efficiencies well beyond 22%.

5.9.1 Optimization of implanted FSF

As shown in Section 5.8.3, the highest carrier collection at cell level was achieved using
FSF2 solution as front side passivation. As stated in Section 5.8.3, the FSF needs to be
further optimized in order to enhance Voc while still keeping high carrier collection
efficiency. In this section, the impact of the implantation energy (E) on the et of
symmetrically textured, doped and passivated with SiOz / SiNx samples has been
investigated. For this experiment the D of the P implantation was kept constant at 5-101
cm2 (same dose as FSF2) while the E was varied between: 10, 15 and 20 keV, see Table
5.10. As clearly reported in Figure 5.14, decreasing the implantation E from 20 to 15 keV
a significant increase of the t«f was measured. Moreover, even higher e were reached
when using 10 keV as E. To explain such result a deeper understanding of the physical
mechanism behind the implantation process is required. In general, after ion
implantation an amorphized region is created [61][62]. Typically, such region
recrystallizes by solid phase epitaxial regrowth (SPER) at the onset of thermal annealing.
Deeper than the amorphized region, the implantation process also creates a region with
high concentration of point defects as: silicon self-interstitials (1) and vacancies (V) [61]
[63] [64]. During the thermal treatment, these point defects can recombine or diffuse to
the surface or form larger clusters of defects, or dislocation loops [65]. By using a proper
thermal annealing (i.e. temperature and time of the annealing), these clusters dissolve
again into point defects, which diffuse towards the wafer surface and recombine. The
result reported in Figure 5.14 clearly indicates that the annealing process used in this
work (T =850 °C for 90 min) is more capable to recrystallize and reduce Si lattice damage
after implantation only if E <15 keV is used. In addition, as shown in Table 5.10, the R of
the studied samples was found to be slightly sensitive to the E implantation while Jos text
and i-Voc were found to significantly improve when decreasing the E. Finally, i-Voc of
680 mV where achieved when using D = 5-10* cm2 and E = 10 keV. The usage of such
doping conditions in the IBC device would allow increasing its Voc without degrading
the carrier collection efficiency and therefore Jsc.
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Figure 5.14. Measured tet(An) of three symmetric samples: textured c-Si wafer / doped
layer fabricated via implantation of P-ions (with same D= 5.10* cm? and variable E)
followed by annealing / oxidation at 850 °C in Oz and PECVD SiNx at 400 °C. As the
figure shows, already by decreasing the implantation E from 20 to 15 keV, it is possible
to achieve higher values of tei(An) compared to the non-implanted sample. Highest
teff(An) are reached by using 10 keV as implantation energy.

E D Rs (n+ Implanted) Jos text i-Voc

[keV] [cm-?] [Q/sq.] [fA/cm?] [mV]
- - Non-implanted 48 + 6 671
10 5.10% 258 30 680
15 5.10% 236 50 670
20 5.10% 250 120£5 651

Table 5.10. Impact of the of the E of the P-ion implantation on the measured Rs, Josext and
i-Voc. Jos, i-Voc and for non-implanted sample is also reported for reference purposes. The
R- appered to be sliglty affected by the implantation E. A sensitive decrease of Jos ext Was
measured when decreasing implantation E from 20 to 10 keV. i-Voc of 680 mV and Jos text
of 30 fA were achieved by using implantation energy of 10 keV.

5.10 Conclusions

In this Chapter a novel self-aligned process for IBC c-Si solar cells based on single-side
and (relatively) low-temperature doping techniques (< 900 °C) was presented. To keep
the process more industrially scalable special attention was paid to the number of
lithographic steps and to the thermal budget. In particular, the proposed process is
based on the combination of single-side doping techniques (epitaxial growth of in-situ B-
doped Si to form the emitter and implantation of P-ions to create FSF and BSF with
different doping profiles) followed by co-annealing and oxidation at 850 °C. The impact
of the FSF and rear geometry on the solar cells performance has been investigated. FSF2
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showed the highest collection efficiency due to higher stability against possible increase
of the surface recombination rate and bulk lifetime contamination induced during the

fabrication process. As expected, the BSFt and its electrical shading losses showed to

have a major role on the carrier collection efficiency. Highest carrier collection and thus

Jsc were reached using FSF2 and a BSF+ of 20%. In such case, IBC c-Si solar cell based on

the low temperature self-aligned process with a value of 41 mA/cm? and an overall cell
efficiency of 20.2% was demonstrated.
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Nano-cones on micro-pyramids:
Modulated surface textures
for maximal spectral response and high
efficiency solar cells

6.1 Abstract

The front-side reflection of state-of-the-art random textured surfaces coated with
antireflection coating contributes to 5% of its total photo-generated current density
(measured for 280-um thick wafer). One way to minimize front reflection optical losses
of c-Si solar cells is to nano-textured surfaces. Although nano-textured surfaces have
shown a broad-band anti-reflective effect, their light scattering and surface passivation
properties are found to be generally worse than those of standard micro-textured
surfaces. To overcome these limitations in crystalline silicon solar cells, advanced
texturing and passivation approaches are presented in this chapter. Modulated surface
textures, which superimposes nano-cones on micro-pyramidal surface texture are
applied at the front side of crystalline silicon wafers to reduce reflection below 1% in a
broad wavelength range from 300 nm up to 1000 nm and efficiently scatters light up to
1200 nm. To reach high charge-carrier collection efficiency a method to minimize
recombination at nano-textured surfaces is shown, which uses defect-removal etching
followed by dry thermal oxidation. These two approaches are here applied to
interdigitated back contacted crystalline silicon solar cell. The device exhibits a
conversion efficiency equal to 19.8%, record external quantum efficiency (78%) at short
wavelengths (300 nm), and electrical performance equal to the performance of the
reference interdigitated back contacted device based on front-side micro-pyramids.

This Chapter is based on the following publication: A. Ingenito, O. Isabella, M. Zeman -
Progress in Photovoltaics: Research and Applications, 23, 11, 1649-1659, 2015, DOI:
10.1002/pip.2606.
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6.2 Introduction

Long before mankind began to explore systems for dewetting or light manipulation,
nature had already developed for these purposes sophisticated nano-structures on the
surface of leafs, feathers and cuticles [1]-[4]. In particular, the superposition of surface
textures with different vertical and lateral dimensions like in case of Euphorbia myrsinites
leafs [1] is a useful approach for designing surfaces with different functionalities [5].
Focusing on optical devices and more specifically on solar cells, this approach can be
deployed to improve the light trapping in the absorber and consequently increase the
solar cell conversion efficiency. In fact, the major optical losses of a solar cell are related
to front-side reflection and low photon absorption in the spectral region of weak
absorption. To decrease these optical losses in mono-crystalline silicon (c-Si) solar cells,
surface texturing with features size between 5 and 10 um based on alkaline etching is
widely used. This is a standard production process adopted by the photovoltaic (PV)
industry for decades due to its cost-effective performance gain based on light trapping
[6]. Although surface micro-texturing leads to a nearly Lambertian scattering [6], it does
not completely suppress reflection losses [7]. Therefore, single or multiple anti-reflection
coatings (ARCs) are applied to further minimize the reflection [8]. However, a single
ARC layer with a thickness optimized on a quarter wavelength approach performs well
only in a limited spectral range. Multilayer ARCs can enhance light in coupling and
therefore efficiency at cell level, however such gain is mostly lost after module
encapsulation. In this respect, nano-texturing is a potential candidate for providing a
broad-band anti-reflective effect even without ARC. Several techniques such as metal-
assisted etching (MAE) [9][10], laser modification and reactive ion etching (RIE) [11]-[13]
can be used to obtain nano-texturing with feature sizes smaller than the wavelength
corresponding to the band gap of ¢-Si (Asi = 1100 nm) [11]. With these geometrical
dimensions, light is efficiently in-coupled at the front surface. In other words, when
passing from air to c-Si the incident light experiences a gradual change of the refractive
index which leads to a strong light in-coupling and thus minimizes surface R [15][16].
The drawback of the nano-textured surface is that it alone does not necessarily provide
Lambertian scattering, as demonstrated in Chapter 4 and [17]. Lambertian angular
intensity distribution of light scattered at the randomly textured interface is one of the
requirements to enhance light absorption in a thin semiconductor slab in the weak
absorption region by 4n?, where n is the refractive index of the semiconductor [19].
Nano-texture (n-T) at the front side (FS) of a thin (< 30 um) c-Si slab, only when
combined with a micro-texture (p-T) at the back side (BS), resulted in enhanced
absorption that reached more than 98% of the one predicted by 4n? enhancement factor
[17]. This result pointed out that the combination of nano- and micro-texturing can
provide both the ideal light in-coupling and light scattering needed to enhance light
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absorption in a broad wavelength range from the ultra-violet (UV) to the infrared (IR)
spectral range.

Nano-texturing, despite improving the optical properties of a solar cell, increases the
surface recombination which is responsible for poor collection efficiency of the photo-
generated carriers [20]. A possible solution for decreasing surface recombination is a wet
chemical etching of the nano-textured surface which leads to a reduction of the surface
area. This approach was recently used to fabricate a c-Si solar cell with MAE nano-
texturing with conversion efficiency of 18.2 % [21]. More recently cryogenic reactive ion
etching has been used to fabricate interdigitated back contacted (IBC) solar cells with
efficiency of 22.1% [22]. Such type of etching is defects-free compared with standard RIE
but it is not suitable for large scale applications. Another possible way to reduce surface
recombination by decreasing the surface area is to combine low density nano-textured
with micro-textured surfaces [23]. Using this approach, c-Si solar cells with conversion
efficiency of 17.1% were fabricated exhibiting low reflection and improved blue
response. The superposition of textures with different vertical and horizontal
geometrical dimensions is known in the PV field as modulated surface texture (MST)
concept [24]. In this Chapter Advanced light trapping and passivation approaches are
demonstrated and applied in a c-Si IBC solar device. A mask-less RIE process was used
to fabricate nano-cones on c-Si wafers and their opto-electrical properties were analysed.
To achieve a reasonable passivation of the nano-texture, a chemical defect-removal
etching (DRE) followed by a dry thermal oxidation was developed. Such approach is
more cost effective than the cryogenic RIE. In addition, it can be applied to all type of
nano-textured devices where low recombination rate is instrumental, such as Si-based
nanowire solar cells [26][27], photo-electro-chemical cells for water splitting and lithium-
ion batteries [28]. Afterwards, a novel light trapping scheme was based on the
superposition of nano-cones on micro-pyramids resembling the natural structure of
leaves of Euphorbia myrsinites. The designed trapping scheme resulted in a higher light
absorption than in case of standard FS micro-texturing over the whole wavelength range
of interest (300 — 1200 nm). Finally, an IBC solar cell with MST at FS based on a self-
aligned and low temperature process was fabricated. The c-Si IBC solar cell with MST at
FS exhibited reflection below 1.5% from 300 nm to Asi and the same open-circuit voltage
(Voc) and Fill Factor (FF) compared to a reference IBC solar cell with the standard micro-
texturing at FS. In addition the MST device exhibited a very high blue response close to
80% at 300 nm and a conversion efficiency of 19.8%.

6.3 Fabrication and characterization

For the processes described in this section, 4-inch FZ n-type c-Si wafers with initial
thickness of 285 + 25 pm, resistivity of 1-5 Qcm and bulk lifetime larger than 2 ms were
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used. The front texturing formed by nano-cones was carried out by means of RIE using a
gaseous mixture of SFe and Oz (as described in Section 4.3 of Chapter 4) while the texturing
formed by micro-pyramids was obtained by wet alkaline etching in mixture of TMAH and
isopropyl alcohol (IPA) at 80 °C.

6.3.1 Fabrication of advanced passivation scheme
After RIE for fabricating nano-cones, standard cleaning, rinsing in deionised H20 (DIW)

and drying of the substrates, the DRE was applied. This process consists of
tetramethylammonium hydroxide (TMAH) 1%-diluted in H20 at room temperature for
different etching times (0, 15, 30, 45 and 60 seconds). For each etching time four samples
were processed. Such etching was followed by cleaning, DIW rinsing and drying. All
samples were oxidized in dry ambient at 1050 °C for 20 minutes leading to a SiO2
thickness of 30 £ 5 nm. The SiO2 was also grown on five double side polished (DSP)
wafers and three double side micro-textured wafers used throughout this work as
reference sample.

6.3.2 Fabrication of advanced light trapping scheme
The wafers with advanced light trapping scheme were endowed with MST at FS and

had flat BS. MSTs were fabricated by superposing nano-cones on micro-pyramids. As
reference samples wafers with micro-pyramids at FS and polished BS were also
fabricated. In both cases, a layer of 200-nm thick SiN was deposited on the BS as a
protection barrier during the alkaline etching producing the micro-texturing. Such SiNx
layer, which was deposited with radio-frequency plasma-enhanced chemical vapour
deposition (RF-PECVD) was subsequently etched away in buffered-HF after texturing
the wafer at FS.

6.3.3 Fabrication of IBC solar cells
A boron-doped emitter with Rs equal to 44 O/ o was full-area deposited on flat BS by

epitaxial growth in an ASM Epsilon 2000 reactor. Instead, both back surface field (BSF)
and front surface field (FSF) were formed via phosphorous implantation. To define BSF
and emitter at BS, the self-aligned process described in Chapter 5 was used. The process
involved one lithographic step to etch back the emitter layer from the region where the
BSF would be allocated. The design and fabrication of the self-aligned process is
described in Chapter 5. As shown in Chapter 5, the optimal BS emitter coverage was 80%
for a pitch size of 1 mm. Oxidation and annealing were carried out in a dry ambient at
850 °C for 90 minutes leading to a R- equal to 69 Q/o for the BSF and 250 Q/o for the FSF.
The SiO2 thickness was found to be dependent on both doping types (B or P) and
concentrations. In particular, the annealing step lead to 40 + 2-nm thick SiO:zlayer on the
BSF region (heavily doped) and 20 + 3-nm thick on the FSF (lightly doped) were
measured. A 15-nm thick SiO: layer was instead measured on the emitter. In case of
micro-textured FS, 45-nm thick SiNx layers were deposited on both sides of the wafer by
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using RF-PECVD at 400 °C. The stack SiO2/SiNx at BS was patterned by using a second
photolithographic step followed by wet etching in HF 12.5% diluted in H20. Physical
vapour deposition of 2-pum thick Al was performed in a Provac PRO500S machine. Metal
fingers were defined by lift-off of stack photoresist/Al in acetone.

6.3.4 Samples characterization
Quasi steady-state photo-conductance (QSSPC) method was used by means of Sinton

WCT-120 to measure the effective minority carrier lifetime (z.f) [30]. Scanning electron
microscopy (SEM) was facilitated with Philips XL-50 for the visual investigation of the
surface textures and the thickness of fabricated IBC c-Si solar cells. Transmission electron
microscope (TEM) analysis was performed at Technische Universiteit Eindhoven by
using JOL-ARM 200F tool. Thicknesses of SiO2 and SiNx layers were extracted from
ellipsometry spectra using J. A. Wollam CO. M-2000DI spectroscopic ellipsometer on
DSP samples. Wavelength-dependent reflectance (R) and transmittance (T) were
measured using the integrating sphere accessory mounted on a Perkin-Elmer Lambda
950 spectrophotometer in the wavelength range between 300 nm and 1200 nm.
Wavelength dependent silicon absorptance (Asi)) was calculated as 1-R-T. The
characterization set-up for the J-V and EQE was described in Section 5.6 of Chapter 5.

6.4 Results and discussion

6.4.1 Advanced passivation scheme of nano-cones by using DRE and SiO;
SEM pictures of the nano-textured samples before and after DRE are shown in Figure 6.1

(a)-(e). The as-fabricated nano-textured (no DRE) shows features with conical shape and
geometrical dimensions below 1 pm (nano-cones). Application of wet etching after RIE
resulted in smoother surfaces with rounded and merged nano-cones. In Figure 6.1 (a)-(e)
the enlargement area is also reported. This quantity is defined as AF/APTOJ-, where AF is
the front effective area of the nano-texture and Ap,,; is the flat projected area.
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Figure 6.1 (a)-(e) Cross sectional SEM of FS n-T fabricated via RIE after 0, 15, 30, 45 and
60 seconds of DRE coated with 40-nm thick dry thermal SiO2, respectively. In (f) a
sketch of the wafer with n-T at FS and polished BS coated with ~30 nm thick dry
thermal SiO: is reported.

In order to evaluate the impact of wet etching on the electrical passivation, the effective
minority carrier lifetime 7.5 was measured for all samples that were processed by wet
etching and coated on both sides with SiOz. In Figure 6.1 (f) the sketch of a typical
measured sample is depicted. To calculate the front surface recombination velocity (ngf)
from the measured effective lifetime (z.r¢), the general solution of the second order
differential equation was used, which describes the carrier decay as shown by Sproul
[31]. In case of high-quality (i.e. bulk lifetime > 2 ms) and symmetrical samples (see
Figure 6.2(a) and (b)), Srs = S&;, where SJ; is the back surface recombination velocity,
the general solution reported in [31] can be approximated as SeFff :Sfff ~d/2t.5f,
where d is the wafer thickness and 7,.r; is the measured minority carrier lifetime at
injection level An = 10% cm=3. In case of asymmetrical samples (see Figure 6.2 (c)),
SEer # SZs. Therefore Sf;; should be extracted by graphically solving the solution in
[31] for the assigned t.s; and assuming, Sfff = Spsp. For the samples studied in this
work, no difference was observed between the Sfff extracted by graphically solving the
solution proposed in [31] and the one predicted by using the following approximated
equation [32]:

1 d 1(2d\? 6.1
~ 2B TRl
T eff Seff +Seff D7
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where, D is the diffusion constant of the excess carriers. The SF orr as function of the ratio
A /Apmj or DRE time is reported in Figure 6.2 (d). According to the model presented by
Oh et al.[21], Seff and AF/APM are related as follows:

6.2

F
St = APrO] Sloc

where S} is defined as the effective local front surface recombination velocity and does
not account for the surface area enhancement. Therefore, this quantity includes all
recombination mechanisms that may occur on the surface. To analyse the dependence of
Sfff as function of AF/APm]- thermal SiO2 was used because it has low density of fixed
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Figure 6.2. (a-c) Sketches of measured samples: symmetrical DSP (reference, green box),
symmetrical p-T (reference, red box) and n-T/flat wafers coated with 30-nm thick dry
thermal SiO: (blue box), respectively. (d) Seff as function of A¥ /Ap,, ; (bottom x-axis) and
DRE time (top x-axis). (d) Blue square symbols indicate the Seff calculated by using the
general theory as in [31] for asymmetrical samples with n-T at FS and polished BS (as
sketched (c)) with different DRE time (0 - 60 s). The dashed blue line is a guide for the
eyes. On the same diagram, Sf for all fabricated samples is also reported. (e) Implied
photocurrent density associated to R (Jr) as function of AF/APH,,- (bottom x-axis) and
DRE time (top x-axis). Blue square symbols indicate Jr for the samples with n-T at FS and
polished BS. In both diagrams, the red triangle and the green circle symbols indicate the

eff (d) and the Jr (e) of the symmetrical reference samples. The vertical and horizontal
error bars represent the standard deviation calculated for four samples fabricated with
same process steps (i.e. DRE time and oxidation).
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charges (Qr). In fact, having low density of fixed charges minimize the width of the
depletion region induced on the Si surface by Q. In other words, having a weak field
effect of the nano-textured surface ensures a narrow depletion region and therefore
Equation 6.2 can be strictly used. The strong depletion region induced by large Qr
trapped in the dielectric coating the sharp features of nanotextured surface, makes
questionable the usage of Equation 6.2 (passivation study of nanotextured samples with
high Qr is presented in Section 6.7.1). For comparison, in Figure 6.2 (d) the S,fff of two
symmetrical DSP and micro-textured reference wafers passivated with dry SiOzare also
reported. Moreover, for both samples, S£ . was calculated from equation (2) by using the
correspondent ngf and AF/APM equal to 1 and 1.7 in case of symmetrical DSP and
micro-textured sample, respectively. Comparing Sfff of the reference micro-textured
sample with nano-textured / flat samples after different DRE, one can notice that for
etching time of 60 s the electrical properties of the nano-textured surface outperform
those of micro-textured ones. For assessing the optical performance of our samples, the
implied photocurrent density related to R (Jr) was deployed. Jr was calculated by
convoluting the measured R with photon flux of the AM1.5 spectrum [33] between 300
and 1200 nm. As depicted in Figure 6.2 (e), Jr of the wet-etched nano-textured/flat
samples becomes larger than the one of the micro-textured reference sample for DRE
time longer than 45 s.

Therefore, 30-s long DRE of nano-cones was regarded as a good compromise to achieve

(a) 0s (b) 15s (c) 30s

Figure 6.3. TEM of the nano-textured samples with (a) 0 s, (b) 15 s and (c) 30 s of DRE.
The sample with no DRE shows evident defects especially on the tip of the Si nano-cone.
Lower defect density is clearly shown for the samples with 15 and 30 s of DRE.
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both low Jk and similar Sfff with respect to micro-pyramids. Transmission electron
microscopy (TEM) of the samples with 0, 15 and 30 s of DRE is shown in Figure 6.3 (a),
(b) and (c), respectively. The TEM clearly shows that the sample with 0 s of DRE presents
a large density of defects especially on the surface of the Si nano-cone. On the other hand
the samples with DRE clearly show that the wet treatment enables the removal of the
damaged layer due to ion bombardment induced by the RIE.

6.4.2 Advanced light trapping scheme with MST surfaces
To maximize light absorption over the entire wavelength range of interest of a c-Si solar

absorber, light management schemes combining the optical features of both nano-
texturing and micro-texturing should be used [17]. The nano-texturing is characterized
by features size smaller than the wavelength corresponding to the band gap of c-Si (see
Figure 6.4 (a)). For such type of surface texturing, according to the effective medium
approximation theory [34], the solar radiation is smoothly in-coupled from air to silicon
leading to a nearly zero front reflectance. In case of micro-texturing (see Figure 6.4 (b)),
the optical regime that occurs is refraction, since texture sizes are much larger than the
wavelength corresponding to the band gap of c-Si. In this other optical regime,
geometrical optics holds and solar radiation can be seen as a pool of rays whose
direction changes as a consequence of the interaction with the large features onto the Si
absorber. In this way the light path in c-Si absorber is prolonged resulting in an
absorption enhancement especially in the NIR region.

Fabricated MST based on dual-scale roughness

Y :

 f i )
Figure 6.4. (a)-(e) Cross sectional SEM images of as-fabricated n-T, standard p-T and
MST followed by 30-s of DRE fabricated by superimposing n-T to p-T, respectively. All
samples are coated with 40-nm thick of dry thermal SiOz. (d) Euphorbia myrsinites. (e)
SEM image of Euphorbia myrsinites leafs showing MST formed by nanostructured wax on

micropapillee [1].
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To benefit from both optical effects, a MST texture is proposed, which is obtained by
micro-texturing Si wafer using wet etching followed by nano-texturing using RIE (see
Figure 6.4 (c)). The fabricated MST, where nano-cones are superposed on micro-
pyramids, shows clear similarities with the natural modulated surface texture of
Euphorbia myrsinites leaves (see Figure 6.4 (d)-(e)) [1]. To experimentally prove the optical
MST concept, four different combinations of texturing were fabricated and their
measured Asi were compared between 300 and 1200 nm as shown in Figure 6.5 (a)-(d).
The samples here studied comprises of nano-cones at FS and polished BS (Figure 6.5 (a)),
micro-pyramids at FS and polished BS (Figure 6.5 (b)) nano-cones FS and micro-
pyramids at BS (Figure 6.5 (c)), and MST at FS with polished BS (Figure 6.5 (d)). The
nano-texture used in this experiment was treated with 30-s long DRE. Figure 6.5 (e)
presents the optical performance. As the figure clearly shows, nano-cones results in ideal
light trapping due to strong light in-coupling only between 300 and 1000 nm. For longer
wavelengths, the nearly Lambertian scattering exhibited by micro-pyramids leads to a
higher NIR response with respect to the nano-cones. As already shown in Chapter 4, the
sample with nano-cones at FS and micro-pyramids at BS combines both optical effects.
Due to high recombination rate of epitaxially grown layers on textured surfaces, both
type of textures were combined on the front side in a MST approach (see Figure 6.5 (d)).
Figure 6.5 (e) demonstrates that either decoupling the two textures on FS and BS or
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Figure 6.5. Four different combinations of texturing: (a) n-T at FS and polished BS, (b)
p-T at FS and polished BS, (d) n-T at FS and p-T at BS and (e) MST at FS with polished
BS. (e) Optical absorption in silicon (Asi) measured between 300 and 1200 nm for all
fabricated samples. Nano-texturing shows ideal light in-coupling leading to a nearly
zero R between 300 and 1000 nm; for longer wavelength the nearly Lambertian
scattering exhibited by p-T scale leads to higher NIR response (1000 nm -1200 nm)
compared to n-T scale; sample (d) based on MST at FS and flat BS combines both
optical effects.
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combining them on the FS similar optical enhancement can be achieved. In Figure 6.6,
optical simulations performed by means of Finite Difference Time Domain (FDTD) are
presented. Electro-magnetic field as result of the four light trapping structures depicted
in Figure 6.5 (a)-(d) was simulated in silicon absorber at 800 nm for both transvers
electric (TE) (top panel) and transvers magnetic (TM) (bottom panel) modes. In case of
nano-textured surface the incident wave is smoothly in-coupled from air to silicon
minimizing the intensity of the reflected wave (Figure 6.6 (2)). In case of micro-texturing,
the typical diffraction pattern can be observed. For such type of texturing, the optical
light path in Si absorber is prolonged resulting in an absorption enhancement especially
in the NIR region (Figure 6.6 (b)). (c) n-T at FS and p-T at BS and (d) MST at FS with
polished BS shows the combination of both optical effects.

TE

Z [um]

™

Figure 6.6. FDTD-based optical simulation of the four different combinations of
texturing: (a,e) n-T at FS and polished BS, (b, f) u-T at FS and polished BS (c, g) n-T at FS
and p-T at BS and (d, h) MST at FS with polished BS. Simulated e-field propagation in
silicon absorber at 800 nm in case of TE (top panel) and TM (bottom panel) polarizations.

6.4.3 Application in high efficiency IBC solar cells
To apply the proposed advanced passivation and light trapping schemes in a solar cell,

c-Si solar cells based on IBC architecture with flat BS were processed (see Figure 6.7 (a)-
(d)). In the first device (reference cell), micro-texturing was made on the FS of the wafer
by using alkaline etching (see inset in Figure 6.7 (2)). In the second device (MST cell), the
developed mask-less RIE nano-cones on micro-pyramids were applied (see inset in
Figure 6.7 (d)). For the presence of nano-cones on the MST cell, 30-s long DRE was
applied to eliminate most of the surface defects induced by RIE while keeping low the
total R. Aside the obvious difference in the FS texture, the two fabricated devices had the
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same design of emitter, BSF and FSF (see Figure 6.7 (b)-(c)) and the same 3x3-cm? wide
area. In particular, at the FS of both devices, a dielectric stack formed by dry thermal
SiOz2 and PECVD SiNx was applied. This stack had the double roles of surface
passivation and ARC in the reference cell. However, in case of the MST cell, the same
stack only plays a passivation role since no ARC is needed. Therefore for the MST cell,
the deposited SiN was slightly thinned with respect to the reference cell which also
minimize the parasitic absorption losses between 300 and 400 nm. The wafers used to
fabricate the two cells, even though taken from the same supplier’s box, had slightly
different thicknesses. In particular, the wafer of the MST cell had a final thickness after
texturing processes (dina = 235 um). The final thickness of the reference cell was instead
273 pm, meaning that its initial thickness was around the upper bound of thickness
range provided by the wafer supplier.

Measured R spectra of both solar cells are depicted in Figure 6.8 (a) (right y-axis). The
figure demonstrates that the MST cell exhibited a superior broad-band anti-reflective
effect (almost zero R) and long wavelength light scattering comparable to the reference
cell. EQE was also measured and is reported on the left y-axis of Figure 6.8 (a). This
measurement is especially relevant as it takes both light behaviour and recombination
into account. At short wavelengths, the minimization of the optical losses at FS
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Figure 6.7. (a) and (d) SEM cross-section of the reference IBC solar cell and of the IBC
solar cell with MST at FS, respectively. The insets show a magnification of both textures.
The SEM images were taken with tilt angle of 45°. (b) and (c) Sketch of fabricated
reference and MST IBC solar cells, respectively. Same processes for emitter, BSF and FSF
were employed in both devices. The top panel on the left shows a picture of standard
micro-textured surface coated with ARC. The top panel on the right shows a picture of
the black nano-textured surface without ARC.
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combined with the advanced surface passivation technique led to a significant increase
of the MST cell EQE (78% at 300 nm) compared to that of the reference cell (42% at 300
nm) (see, left y-axis in Figure 6.8 (a)). In the wavelength range between 450 and 900 nm,
the MST cell EQE was instead found to be lower than that of the reference solar cell.
Such behaviour is explained by the fact that the MST device has a slightly higher surface
recombination velocity compared with the reference one which leads to poorer carrier
collection efficiency [38]. In fact the IQE (see Figure 6.8 (b)) of the reference device is
quite constant between 450 and 900 nm. On the contrary, the IQE of the MST slightly
increases when going to longer wavelengths. This effect might be related to the fact that,
when the wavelength increases, carriers are generated deeper in the absorber layer for
which carrier collection probability is higher. In addition, for wavelengths longer than
1100 nm (~Asiband-gap), @s optically demonstrated in Section 6.4.2, the EQE of both cells
were similar.
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Figure 6.8. (a) Measured EQE (left y-axis) and R (right y-axis) as function of the
wavelength of the fabricated IBC solar cells with standard p-T (red line with squares)
and MST texture (blue line with circles). (b) Measured IQE as function of the wavelength
of the reference fabricated IBC solar cells with standard p-T (red line with squares) and
MST texture (blue line with circles). (¢c) Measured J-V characteristics of both IBC solar
cells. The table summarizes the measured external parameters of both reference (red
text) and MST (blue text) devices.
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This is noteworthy considering that the absorber of the MST cell was roughly 40-um
thinner than that of the reference cell. The J-V curves of both solar cells and their external
parameters are finally shown in Figure 6.8 (b). Despite the advanced texturing at FS of
the MST cell, the measured Voc and FF were found to be fundamentally the same with
respect to the reference cell. This was expected having achieved the passivation of high
aspect ratio nano-cones with values similar to the passivation of typical micro-pyramids.
The difference in Jsc between the two devices, instead, could be explained by looking at
the EQE of the two devices, in particular, their difference in the visible wavelength
range. Even though with our current IBC process the reference cell recorded higher
conversion efficiency than the MST cell, the latter - if opportunely optimized - holds the
potential to exhibit a maximal EQE. This issue will be elaborated in next section.

6.5 Discussion

A DRE followed by dry oxidation (850 °C) proposed in this Chapter can be seen as a cost
effective (compared with cryogenic RIE) and very efficient method to achieve superior
passivation of advanced nano-textures. The photovoltaic field craves this result in order
to deploy high aspect ratio texturing for increasing light absorption (high Jsc) and
charge-carrier collection. In addition, such advanced passivation scheme helped to
reveal the recombination kinetics of RIE nano-textured silicon passivated with SiO2.
According to equation (6.2) a linear trend between Sfff and AF/Apmj is expected. In this
experiment, instead, two linear regions corresponding to two different values of SF.
were observed, as depicted in Figure 6.2 (d). In particular, a clear change of S . from 480
cm/s for samples with 0 s of DRE to 95 cm/s for the DRE samples was shown. Since the
same passivation coating was used for all nano-textured samples, we can state that: (i)
the dependence of Sf. with DRE is related to a change of defect density at wafer’s
surface induced by the RIE [30]; (ii) after 15 s of etching, most of the defects induced by
RIE are removed and Sf . becomes again independent from DRE time. A MST at the FS
of c-Si wafers was applied as an advanced light trapping scheme. The MST exhibits
similar surface features as the hazy leaves of Euphorbia myrsinites. The combination of
micro-texturing and nano-texturing enhances light absorption in c-Si. The texturing can
be either combined at FS or decoupled between FS and BS. It was experimentally proved
that the c-Si sample with MST at FS and flat BS exhibits a similar optical performance
when compared to the decoupled case (hano-cones at the FS and micro-pyramids at the
BS) in the entire wavelength range of interest and shows higher absorption than the
standard micro-texturing. The absorption of light in c-Si samples could be influenced by
placing or superposing textures in different parts of the c-Si sample (see Figure 6.5). In a
device perspective, the approach of the MST at FS with polished BS could be
straightforwardly implemented in IBC architecture because the flatness of the BS
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facilitates the fabrication process of IBC (see Figure 6.7). One can observe from the
measured R and T spectra of the MST cell (see Figure 6.9) that the light in the
wavelength range between 300 and 1050 nm is completely coupled into the device.
Despite many promising photonic structures proposed so far and exhaustively reported
by Brongersma et al. [36], the MST approach presented in this contribution constitutes
the first experimental demonstration of an effective, mask-less, industrially-scalable light
trapping approach in high efficiency solar cell. In fact the MST surface demonstrated the
capability to achieve both ideal light in-coupling (nano-cones) and light scattering
(micro-pyramids).

Light trapping is a necessary but not sufficient condition for realizing a solar cell with
the maximal EQE. The maximal EQE of a solar cell matches the absorptance of a Si
absorber determined the by 4n? enhancement limit [19]. In Figure 6.9 the maximal EQE
for a 235-um thick c-Si solar cell is reported.

In the solar cell, where a part of the c-Si absorber is the MST, the presence of junctions
and interfaces is a potential source of opto-electrical losses. The identification and
minimization of these losses is the second necessary ingredient for achieving the maximal
EQE. Considering the conservation of energy, the absorptance of light in the MST cell
(AwsT) can be expressed as Avst =1 — R — T. By using the optical modelling proposed in
Section 4.6.1 and [17][37], a first approximation of the light absorbed in the c-Si bulk (Asi)
was provided taking out the parasitic absorption into the emitter, BSF due to FCA and
Al. The parasitic absorption in the front SiNx at short wavelengths was subtracted as
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Figure 6.9. Breakdown of the energy conservation for the MST cell (R + T + Apar + Asi = 1):
reflectance (white area), transmittance (light grey area), absorption losses (yellow area)
and absorption in c-Si (area below the dark green dashed curve). Also the maximal EQE
(4n? limit) of c¢-Si calculated for d = 235 um (black solid curve) and the MST cell EQE
(light blue symbols) are reported for comparison. Recombination losses (light green area)
are individuated between the absorption in c-Si and the MST cell EQE.
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well. In Figure 6.9 the difference between the Asi curve and the EQE of the MST cell
indicates the electrical recombination losses. In order to achieve a maximal EQE of the
MST cell, two steps can be realized: (a) quenching the recombination losses of the real
EQE to match Asi and (b) reducing optical losses, i.e. parasitic absorption in supporting
layers and transmittance at the long wavelengths. In comparison to the spectral response
of reference cell, the EQE (78%) of the MST cell at the short wavelengths (300 nm) is one
of the highest reported in literature [39]. This high EQE at the short wavelengths
highlights the quality of our passivation scheme and of the implanted FSF [40].
However, there is still a difference of 2.69 mA/cm? between the implied photo-current
density calculated from the measured Asi and from the EQE of the MST cell that is
related to the electrical recombination of the carriers in the cell. In particular, 66% of such
implied photo-current density difference is realized between 450 and 900 nm where the
reference cell outperforms the MST cell. This is because the 7.rrof the MST cell is

eventually not high enough to ensure a perfect collection of carriers in combination with
the chosen periodic distance between the emitter and the BSF at the BS. Such distance,
known as pitch size, was in fact optimized for micro-pyramids at FS. Therefore, in spite of
all light being trapped in the MST cell, its design needs further electrical optimization.
Three electrical strategies can be implemented to enhance the EQE of the MST cell: (al)
optimization of the FSF to improve surface passivation, (a2) improvement of the front
passivation stack (from SiO2 / SiNx to Al20s [41]) to achieve higher 7.r,and (a3)

shortening of the collection path of carriers by means of optimized rear side of the IBC
architecture. As regards the optical performance of the MST cell, the EQE behaviour at
the long wavelengths is as good as the reference cell.

However, there is still a gap in the implied photo-current density equal to 1.09 mA/cm?
between the Asi and the maximal EQE. With respect to further optical optimization, three
approaches can be adopted to boost the performance of the MST cell: (b1) reduction of
SiNx thickness at the FS (if still needed for passivation purposes), (b2) deployment of
materials with very low absorption at long wavelengths, such as hole-selective
molybdenum-oxide [42] and electron-selective nc-SiOx:H [43] for forming the emitter
and the BSF, respectively, and (b3) application of a highly reflective back sheet either
coated with TiO2 nano-particles (white paint) [44] or an optimized omni-directional
distributed Bragg reflector.

6.6 Conclusions

High efficiency IBC solar cell with MST formed by nano-cones on micro-pyramids were
demonstrated. In particular, an effective advanced passivation scheme for nano-cones
fabricated via RIE on c¢-Si, was demonstrated. Such scheme was based on DRE that
decreases the defect density induced by RIE nano-texturing at the FS. 30-s long DRE was
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found to be the best compromise to achieve state-of-the-art Sfff and R lower than the
value obtained for typical micro-pyramids. The DRE step here studied can be applied to
any type of nano-textured surfaces where having low recombination velocity is
instrumental, such as Si-based nanowire solar cells, photo-electro-chemical cells for
water splitting and lithium-ion batteries. In addition, it was shown that nano-cones can
provide ideal light in-coupling but not ideal light scattering. In order to achieve both
ideal light in-coupling and light scattering nano-cones on micro-pyramids were
fabricated. Based on the self-aligned process (see Chapter 5), IBC solar cells achieving
conversion efficiency of 20.2% and 19.8% with standard micro-pyramids and MST,
respectively, were fabricated. On the one hand, the almost similar Voc of these two solar
cells and a significant increase of the high IQE at short wavelengths of MST cell (78% at
300 nm) highlight the quality of the designed passivation scheme for high aspect ratio
nano-textures. On the other hand, the EQE of the MST cell and its measured reflectance
below 1% indicates that from optical stand point exhibiting one of the best light trapping
schemes ever reported. A slightly lower Jic of the MST cell compared to the reference cell
was due the non-optimal collection efficiency. The MST cell demonstrated in this work is
a solid candidate for experimentally proving the maximal EQE. To this end, realistic
optimization strategies at both electrical and optical level were indicated.

6.7 Appendix

6.7.1 Passivation of nano-textured surfaces with dielectric with large Qs
In this section the passivation quality of nano-textured surfaces when passivated with a

dielectric with large density of fixed charges (Qr) is reported. In this work, Al20s (Qr >
-2:10%2 cm-?) deposited via atomic layer deposition (ALD) was used as passivation layer.
Measured 7ei as function of An for samples with nano-texturing on the FS and polished
BS with different DRE time and coated on both sides with thermal SiO2 or Al20s are
reported in Figure 6.10 (a) and (b), respectively. The figures clearly show that for both
cases the largest increase in 7« is obtained after 15s of DRE. For longer etching time the
7ot Of nano-textured samples coated with Al20s show a much weaker dependence with
DRE time compared to ones coated with SiOz. This effect might be related to the stronger
field effect produced by the high Qr of the Al2Os compared to that of SiO2. In particular,
we speculate that the stronger field effect of the Alz20s leads to a better scherming of the
surface defects by inducing a depletion region. This depletion region might also change
the electrical area enlargement factor making e less sensitive to the DRE and therefore

AF [ Apro;.
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Figure 6.10 Measured et as function of An for samples with nano-texturing on the FS
and polished BS with different DRE time and coated on both sides with (a) thermal SiO2
(b) ALD Al20s. For comparison measured 7« on DSP samples in reported. The high Qr of
the Al2Osmakes et less sensitive to AF/APTOJ- after 15s of DRE.

6.7.2 Impact of the DRE on the optical absorption
The effect of the DRE time on the light trapping properties of the nano-textured samples

is here evaluated. As shown in Figure 6.11 the DRE mostly affects the antireflective effect
of the nano-textured samples but does not significantly changes its light trapping
properties at long wavelengths.
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Figure 6.11. Measured Asi for the nano-textured samples with different DRE time. All
samples are coated on the front and rear sides with thermal SiO-.
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Optimized metal-free back reflectors for
high efficiency open rear c-Si solar cells

7.1 Abstract

N-type wafers based c-Si solar cell technologies are still considered an attractive route
for the photovoltaic industry. Among different n-type solar cell architectures, bifacial
cells are quickly emerging. The open-rear configuration of a bifacial device results in
high transmittance (T) losses at long wavelengths (>1000 nm). Such limitation is usually
overcome at module level either by using a bifacial encapsulation or by placing a
reflective foil on the rear side. In this work, the application of Distributed Bragg
Reflector (DBR) and TiO2-based white paint (WP) were investigated as alternative metal-
free back-reflector directly applied to the textured open-rear of bifacial n-Pasha cells.
Because of the high T losses at long wavelengths of the DBR applied on textured surface,
its design and fabrication is studied in detail. The dielectric (DBR and WP) and metallic
optimized Ag-based back-reflectors, used as reference, were applied to bifacial n-Pasha
cells and their performances were evaluated. In particular, T below 20% at 1200 nm was
demonstrated by optimizing the DBR thickness for textured surfaces. In addition, the
optimized DBR and WP show performance comparable to state-of-the-art Ag back-
reflector. The highest increase of the conversion efficiency is measured for the WP back-
reflector, +0.34% absolute increase compared to n-Pasha measured with no-additional
back-reflector.

This Chapter is based on the following publication: A. Ingenito, S.L. Luxembourg, P. Spinelli, J.
Liu, J. C. Ortiz Lizcano, A. W. Weeber, O. Isabella, M. Zeman, Photovoltaics, |IEEE Journal of ,6 ,1
34-40, 2016, DOI: 10.1109/JPHOTOV.2015.2487827
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7.2 Introduction

The current PV market is dominated by p-type multi-crystalline silicon (mc-Si) solar cells
based on a diffused emitter and screen printed aluminium back surface field (Al-BSF)
[1]. The success of this technology is attributed to the low-cost and high throughput
nature of the fabrication process. However, the high scalability of the process is paid in
terms of limited conversion efficiency. In general, today’s conversion efficiency of Al-
BSF solar cells has a plateau around 18-19% for mono-crystalline Si (c-Si) and 17-18% for
mc-Si solar cells [2]. In fact, the Al-BSF results in fairly high rear recombination losses
and has a high degree of parasitic light absorption [3]. There has been an increased
attention towards n-type c-Si solar cell technologies however, their actual market
adoption remains quite limited. N-type wafers exhibit longer minority carrier diffusion
lengths, are less sensitive to most common impurities [4] and even in case of Cz growth
are free of light induced degradation due to the absence of boron-oxygen complex [5]
with respect to p-type. To benefit from the superior performance of the n-type bulk
material, recombination in the doped regions and at the metal contact need to be
minimized. A possible solution to reduce these recombination losses consists in
employing optimized diffusion process for both doped regions and passivating them
with dielectric layers locally opened in correspondence of the metal contacts. Among
the different n-type wafer based c-Si solar cell architectures, bifacial solar cells have
recently gained a lot of attention at industrial level. The reasons for that are mainly
related to the high scalability of the fabrication process and high conversion efficiency. In
addition, the implementation of such technology does not require new equipment either
at cell or at module level compared to a p-type AI-BSF device. Yingli Solar [6]-[8] and
Mega Cell [9] have demonstrated conversion efficiency around 20% in pilot lines based on
bifacial cells developed at ECN and ISC Konstanz, respectively. In addition, at Yingli, the
Panda cell line is based on the ECN n-Pasha process and is in production line with cell
efficiency exceeding 20.1% [10]. The (textured) open-rear configuration of a bifacial solar
cell results in relatively high transmittance losses (T) in the weak absorption region of Si (A
> 1000 nm). For overcoming such limitation two module configurations are commonly
employed. The first, so-called bifacial module configuration, uses front and rear transparent
encapsulation, thus light can enter the device from both sides, see Figure 7.1 (a). This
increases the module output power depending on the albedo light and bifaciality factor of
the cells. However, in particular applications where the albedo light is insufficient, non-
transparent module encapsulation is preferable. In such module configuration, a white
back-sheet is utilized to reflect the transmitted IR light back into the cell, see Figure 7.1 (b).
Common white foils used in bifacial solar modules are cost effective but reflect only 85% of
the incoming light [11]. In this work the design and fabrication of two metal-free BRs
applicable in open rear c-Si solar cells is presented. Such BRs are a possible alternative
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solution to the commonly used white foil with the aim of enhancing the rear internal
reflectance (Rv). In particular, it is proposed the usage of (i) an omni-directional dielectric
Distributed Bragg Reflector (DBR) and (ii) TiO: particles used as white paint (WP). These
BRs are applied directly on the rear side of the cells making not possible to compare their
performance with respect to the white foil at cell level. Therefore, the performance of the
proposed dielectric BRs applied to n-Pasha cells was compared to that of optimized Ag
BR (upper bound) and no-BR (lower bound, for which the Rv is set by the refractive
index mismatch at the interface rear SiNx / air). The I-V parameters and external
quantum efficiency (EQE) of the fabricated solar cells are studied for all BR
configurations proposed in this work.

/ e\

Figure 7.1 3-D sketch of (a) bifacial module configuration for which light can enter from
both sides. Depending by the albedo light a bifaciality of the cells a certain gain in
output module power is obtained. (b) Monofacial module configuration. A white foil is
used to reflect IR light transmitted through the cells.
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7.3 Experimental details

7.3.1 Distributed Bragg Reflector
A DBR is formed by pairs of alternating dielectric layers with refractive index mismatch.

Such multi-layer stack can be designed to deliver high reflectance in a certain
wavelength range known as photonic band gap (PBG) around the so-called Bragg
wavelength (As). The DBR used in this chapter was already presented in Section 4.4.2 of
Chapter 4. It is formed by six pairs of a-Si:H and a-SiNx:H pairs deposited via Plasma
Enhanced Chemical Vapour Deposition (PECVD) with an Electrorava cluster tool. Prior
to the DBR fabrication, a layer of SiOz: is also deposited via PECVD in order to enhance
the DBR performance (see section 7.4.1).
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7.3.2 White paint back reflector
For the application of WP at back side of the sample TiO: particles mixed in H20 with

ratio 1:10 were drop-casted on the cell followed by drying in air for 12 hours. A thickness
larger than 50 um was found to be sufficient to ensure a T <5 % at 1200 nm [12].

7.3.3  Agback reflector
The Ag back reflector used in this work is formed by a stack of SiNx/ Ag (see Section

7.4.2). The SiNx was deposited via PECVD technique and its thickness was optimized in
order to minimize the Ag plasmonic losses [13]. The Ag was deposited via evaporation
and was 100-nm thick to avoid T losses through it.

7.3.4 n-Pashasolar cells fabrication
The 10 x 10 cm? area n-Pasha c-Si solar cells studied in this work were fabricated at ECN

[6] using n-type Cz wafers with thickness around 180 um.

12 cells
DBR 1 DBR 2 WP
(4 cells) (4 cells) (4 cells)

Figure 7.2. 3-D sketch of n-Pasha c-Si solar cell fabricated at ECN. The schematic on the
right summarizes the type of dielectric BR and number of cells processed in this work.

Total area Active area
Jsc[mA/cm?] 39.6+0.1 40.6 £0.3
Voc [mV] 6505 650+5
FF [%] 76.5+0.03 76.5+0.03
n [%] 19.7+0.21 202+04

Table 7.1. Summary of total and active area |-V parameters for 12 bifacial c-Si solar cells
(10 x 10 cm?) fabricated at ECN. Total area measurements were performed at ECN on a
Wacom solar simulator with a reflective brass chuck. The Jsc for the active area n was
calculated from EQE measurements performed at TUDelft (no reflective chuck).

After wafer texturing, boron and phosphorous diffusions were employed to fabricate
emitter and back surface field, respectively. SiNx was deposited on both sides of the
wafers. An Ag-based grid was screen printed on front and back with metal coverage
area around 5%. After full processing, the cells were laser cut from full size semi-square
(15.6 x 15.6 cm?) to 10 x 10 cm? due to equipment restrictions for the DBR deposition. The
n-Pasha cells used in this study differ from the ECN n-Pasha baseline [7] in the sense
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that the number of fingers at front and rear was equal in this cell run. In addition, front
and rear metallization, were aligned to allow measurements in between the fingers (see
below). Therefore, n-Pasha cell results quoted in this study cannot be compared directly
to results obtained for ECN baseline cells with 20.4% efficiency [7]. Total- and active area
I-V parameters are reported in Table 7.1. Total area |-V parameters, including the
mismatch corrections, were measured at ECN by using Wacom solar simulator and a
reflective chuck. Active area efficiency was calculated by using FF and Voc from the total
area |-V measurements and Jsc derived from EQE measurements performed between
two metal fingers and without reflective chuck. The different methods used can explain
the small difference in Jsc. For each BR configuration four bifacial cells were processed
(see Figure 7.2).

7.4 Results and discussion

7.4.1 Optimized DBR for textured surfaces
The most stringent requirement for a DBR to be used as BR is to achieve the highest

internal back reflectance (R» = 1) in the wavelength range of weak absorption of c-Si * and
independently from the angle of incidence and the polarization of light. This is the so-
called omni-directionality. In section 4.4.2 of Chapter 4 and [14] it was demonstrated via
optical simulations that a DBR formed by pairs of PECVD a-Si:H / a-SiNx:H can exhibit
omni-directionality as long as the incident medium (first layer before the DBR) has a
refractive index around 1.5. In fact, in this case it is possible to ensure (for a wide angle
range) that the maximal refraction angle at incident medium / DBR is smaller than the
Brewster angle at internal interface of the first DBR pair and therefore there are no T
losses through the DBR. For this reason a 100-nm thick PECVD SiO: layer was used as
incident medium of the DBR. For this work, the DBR was designed in order to deliver an
Ro=1 at As = 1000 nm with a photonic bandgap (PBG) of around 400 nm. In house 2-D
ray tracing model developed at TUDelft was used. The simulations were performed in a
spectral range between 300 and 1200 nm with steps of 10 nm and 10000 rays per each
wavelength. A large parameter space was simulated with thickness of a-Si:H and a-
SiNx:H varying between [40, 140] nm and [70, 240] nm, respectively, with a step size of
10 nm. A number of 6 pairs of a-Si:H / a-SiNx:H was found to be necessary in order to
reach Ry close to 1 in the PBG. Lower number of pairs would lead to slightly wider PBG
but lower Rv values [15]. As Figure 7.3 depicts, the loss in photocurrent density due to T
(Jpn7) was minimized for a DBR formed by 6 pairs of a-Si:H (80 nm) / a-SiNx:H (180 nm).
Such DBR will be called DBR 1 in the remainder of this Chapter. In order to validate the
simulations results, the designed DBR was co-deposited on double-side polished and

1 ad <1, where a and d are respectively, the Si absorption coefficient and thickness, for d = 180
um the weak absorption region is defined by A > 1020 nm.
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double-side textured samples. As shown in Figure 7.4, for the DBR 1 deposited on a
polished surface, zero T was achieved at long wavelengths.
When the DBR 1 was deposited (same deposition parameters and time) on a textured
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Figure 7.3. Contour plot of the loss in photocurrent density due to T through the DBR for
the following simulated optical system air / pyramidal texture / Si (bulk) / pyramidal
texture / SiO2/ DBR / air.
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Figure 7.4. Measured R and for the optical system formed by air / Si (bulk) / SiO2 /
DBR 1/ air. The DBR was co-deposited on double side polished and double side
textured surfaces.
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surface (standard random pyramids fabricated via alkaline etching), higher T losses at
long wavelength were observed. To explain these higher T losses the layer thicknesses of
the deposited materials was inspected via cross-sectional scanning electron microscope
(SEM). As shown in Figure 7.5 (b), the thicknesses of the individual layers in Y-direction
are very close to the one co-deposited on a flat surface (Figure 7.5 (a)), while in X-
direction they are scaled of a geometrical factor with respect to Y-direction. Such
geometrical factor can be ideally calculated as sin(90°-0)=0.58, where 6 = 54.7° is the
etching angle in case of alkaline random texturing. This effect is explained by the fact
that the thickness of the layers deposited on pyramidal surface is determined by the
same total growing species flow, which respect to the flat case, but on larger total area.
This would mean that to reach the targeted thicknesses in the X direction the deposition
time needs to be increased by a factor of 1.73 (1/0.58). In this case the DBR thickness in
the X-direction of the textured surface would resemble the one obtained from the
optimization process. Notice that in the deployed ray tracing model the DBR is defined
as coating meaning that the thickness of all DBR layers in Y-direction are the same as it is
for a polished surface. Because of the random nature of the alkaline etching, final angle
distribution might deviate from 54.7° leading to a scaling factor different than the ideal 1.7.
In addition, the non-conformal growth [16] of the deposited layers can affect geometry of
the surface leading to different area enlargement factor which also changes with number
(an thickness) of deposited layers. Therefore, in order to find the optimum thicknesses, a
series of scaling factor g = [0.8, 1, 1.2, 1.5, 1.7] were applied to the layer thicknesses of the
DBR optimized for flat substrates. To evaluate the performance of the DBR stacks with
different g factors, R and T spectra were measured for the optical system sketched Figure
7.6 (a): light > air / pyramidal texture / Si (bulk) / pyramidal texture / SiO2 / DBR / air
using a PerkinElmer Lambda 950 spectro-photometer with integrating sphere.

a-Si:H =48 nm a-Si:H=76 nm a-Si:H = 82 nm l a-Si:H = 122 nm
. a-SiN;H=110nm | a-SiN:H =191 nm a-SiN,:H =186 nm } a-SiN,:H =281 nm

Figure 7.5.Cross-sectional SEM of DBR 1 deposited on flat (a) and textured surfaces (b).
X and Y axis indicate the directions orthogonal to the pyramid facet and parallel to the
PECVD deposition growth, respectively. Cross sectional SEM of DBR 2 deposited on
textured (c) and flat surfaces (d). In order to achieve the desired layer thicknesses of 80
nm (a-Si:H) and 180 nm (a-SiNx:H) on textured surfaces, deposition time for DBR 2 on
textured and flat surfaces was increased by a factor equal to 1.5. SiOzis the first layer on
top of the DBR.
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As depicted in top and bottom panels of Figure 7.6, for g = 1.5, T losses were minimized
and escaped R at 1200 nm was increased indicating higher internal R [13]. The resulting
DBR will be called DBR 2 in the remainder of this chapter. From the cross-sectional SEM
in Figure 7.5 (c) it is evident that the layer thicknesses of XDBR in the X-direction are
close to the desired ones optimized for polished surface (see Figure 7.5 (a)). Even for the
optimized layer thicknesses in case of textured substrates T losses still occur above 1100
nm. To make sure that such T losses are not related to an insufficient number of pairs,
the number of DBR pairs were also increased from 6 to 10 for the sample with a the
scaling factor of 1.5. As shown in Figure 7.6, R and T measured for DBRs formed by 6
and 10 pairs with same g (1.5) are comparable. Therefore, it can be concluded that on
textured surfaces T losses at long wavelengths could be reduced by more than 60% when
using a g = 1.5 compared with g = 1. However, even for the optimized DBR, T losses
could not be completely eliminated. A possible explanation for this effect might be
related to the fact that for tips and valleys of the pyramids thicknesses of DBR layers
should be considered in Y-direction and change of the area enlargement for each DBR
pair. Tips and valleys optically behave as the DBR 2 deposited on polished surface
(Figure 7.5 (d)) for which the As is shifted at longer wavelengths (> 1200 nm).

(a)

Vv

sio,

1.5 x (10 pairs)

600 800

Wavelength [nm]
Figure 7.6. () Sketch of the optical system formed by air / pyramidal texture / Si (bulk) /
pyramidal texture / SiO2 / DBR / air. Measured R (b) and T (c) for the structure sketched
in (a). Thicknesses of the individual layers of the DBR were multiplied for five scaling
factors. T losses were minimized by more than 60% for a scaling factor of 1.5 when
compared to g = 1. Only slightly lower T was achieved by using 10 pairs and scaling
factorgof 1.5
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Figure 7.7. Measured Asi for the optical structure sketched Figure 7.6 (a) employing DBR
formed by different number of pairs and scaling factor g. The enhancement of the IR
response for the samples with 6 pairs and g equal to 1.5 or 1.7 and the sample with 10
pairs and g equal to 1.5 are comparable.

This makes DBR 2 to suffer from higher T losses when deposited on polished surface. To
explain the non-zero T of the DBR even after its thickness compensation, 3-D optical
simulations were performed. A 3-D Maxwell solver [17] was used to evaluate the
electromagnetic filed propagation of the electromagnetic filed in the optical system
formed by air / Si / SiO2/ DBR / air for both flat and randomly textured surfaces (3-D
sketches in Figure 7.8 (a) and (b), respectively) at 950, 1050 and 1150 nm. For the flat
structure, thicknesses of a-Si:H (80 nm) and a-SiNx (180 nm), which minimize T losses as
shown in section 7.4.1, were used. As simulation results in Figure 7.8 (a) show, even at
very long wavelength, the electric field only propagates through the first two DBR pairs
leading to zero T losses. For textured structure, the thicknesses of a-Si:H and a-SiNx:H
were multiplied by g = 1.5 along X-direction as shown in Figure 7.5 (c). As Figure 7.8 (b)
shows, the electric field can propagate through the full DBR especially in
correspondence of the tips and valleys of the DBR as previously mentioned. One could
speculate that the electric field is coupled in wave-guided modes with some of the layer
forming the DBR. Additional modelling which also takes into account the geometrical
surface changes due to non-conformal growth is required.



Chapter 7 Results and discussion 166

(a)

Max

|‘
i
|
1|

!
1

Aaehioed
4635 nm

=
-
= ol
s = —
< - > - -
S .. e
- = - e=——==c
xr == —=
= “ T3 —=
3 ~ ———
. — = - o e e o -
- - _—
g = =
k- = ——
= e —
- ||
€
<
:
9
4
5

3535 nm

Figure 7.8. 3-D sketch and electric field propagation at wavelengths 950, 1050 and 1150
nm of the simulated optical system formed by: air / Si / SiO2/ DBR / air for both (a) flat
and (b) randomly textured surfaces.

Experimentally determined silicon absorption (Asi= 1-R-T) for all samples is shown in
Figure 7.7. The figure clearly demonstrates that the infrared response (IR) is enhanced
when increasing g from 0.8 to 1.5. In addition, the Asi for the samples with 6 pairs and g =
1.5 or 1.7 and the sample with 10 pairs and g = 1.5 are comparable. This indicates that the
increase of the deposition time when using more than 6 pairs and g higher than 1.5 does
not lead to a significant enhancement of the infrared absorption in silicon. Implied
photocurrent density (J»n) was calculated by convoluting the measured Asi with AM1.5
spectrum [18] in the wavelength range between 300 and 1200 nm. An absolute increase
in Jph equal to 0.8 (0.9) mA/cm? was achieved when going from the DBR with g = 0.8 and
6 pairs to g = 1.5 and 6 (10) pairs. This absorption enhancement is related to the shift of
As as function of the layer thicknesses of the DBR. Even though such quantity is not
directly measurable, a correlation between the measured Bragg wavelength at DBR / air
(As air) interface and the Asi behaviour was found. In particular, Figure 7.9 (a) shows that
As-air is shifted to longer wavelengths when the scaling factor is increased and the
samples are flipped, being illuminated from the DBR side. In addition, with increasing
scaling factor (i.e. thickening DBR constituting layers) the PBG becomes wider [15]. This
means that most likely As for the sample with scaling factor equal to 1.5 is located at long
wavelengths and thus enhancing Asi in the IR. On the contrary, the PGB of the sample
with g = 0.8 would be located a short wavelength leading to poorer Asi in the IR.
Moreover, the sample with g = 1.5 formed by 10 pairs shows almost the same PBG as the
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one with 6 pairs but delivers higher R. Because of their narrow PBG and high reflectance
in the visible range, the samples with scaling factor between 0.8 and 1 show very bright
colours (see Figure 7.9 (d) and (e)). On the other hand, samples with g from 1.2 to 1.7 have
the maximum R outside the visible range and their colour perception is related to the lower
R peaks present at short wavelengths (see Figure 7.9 (f) and (h)-(j)). For comparison
purposes, Figure 7.9 (b) also reports the R measured in air (Rinair) for the Ag and WP BRs.
For both BRs high R values in a broad wavelength range are observed. The photograph
of WP and Ag BRs deposited on textured surfaces are shown in Figure 7.9 (c) and (g),
respectively.

R in air [-]

400 600 800 1000 1200 1400

Wavelength [nm]

Wy 018 1.0 7

(e) (f)

1.7

Figure 7.9. (a) Sketch of the optical system formed by air / BR / pyramidal texture / Si
(bulk) / pyramidal texture / air and its measured Rinair. The thicknesses of the individual
layers of the DBR were multiplied for five scaling factors. For the sample with g equal to
1.5 the number of pairs was also increased to 10. WP and Ag back BR deliver the highest
R in air. In (c)-(j) the actual pictures of the fabricated BRs are shown.
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7.4.2 Optimized Ag Back reflectors
The ECN 3D ray-tracing model [17] was used to optimize the rear SiNx thickness in

combination with the Ag BR. This home-built model combines geometrical and thin-film
optics and includes a regular pyramid front and rear texture. Simulations were
performed in the spectral range between 340 and 1190 nm; steps of 10 nm were used and
10000 rays per wavelength were simulated.
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Figure 7.10 Jph as function of the rear SiNx thickness for the full spectral range (340 - 1190
nm) and for the IR (Jin 1r) part (990 - 1190 nm) only (see inset). Jph is maximized for 160-nm
thick SiNx.

The thickness of SiNx was varied between 10 and 400 nm in steps of 10 nm. From the
simulations the Asi was determined and subsequently the Jin was derived. Ray-tracing
simulations were used to optimize the thickness of rear SiNx combined with the Ag BR.
As reported in [13], both absorption in the metal due to evanescent waves and thin-film
interference due to SiNx presence affect the thickness of SiNx itself for which parasitic
absorption in metal is quenched and the reflection is maximized. In Figure 7.10, the Jpn is
plotted versus the rear SiNx thickness for the full spectral range (340 - 1190 nm) and, in
the inset, for the IR (Jon 1R) part (990 - 1190 nm) only. Jin is maximized for 160-nm thick
SiNx. Subsequently, for the fabricated cells the rear SiNx thickness was varied around the
maximum. The cells with the best performing SiNx thickness were included in the
comparison with the other BR configurations. The differences in performance were
minimal. Through this procedure cells with 140-nm thick SiNx were selected.

7.4.3 Performance of the optimized BRs in n-Pasha c-Si solar cells
WP and DBR BRs were deposited at the backside (BS) of the bifacial solar cells on top of

their metallization. The outer edges of the BS bus-bars were masked to be able to contact
the cells. For the Ag BR configuration, 140-nm thick SiNx was used at rear side (see
section 7.4.2) followed by 100-nm thick evaporated Ag. Measured R and T including
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front side shading losses for the fabricated devices are shown in Figure 7.11. As the
figure depicts, the fabricated cells with no BR and DBR 1 delivered the lowest R and the
highest T losses at long wavelengths. On the contrary, WP and the optimized DBR 2
delivered the highest R and lowest T losses at long wavelengths. These performances
were very close to those obtained for the Ag blanket evaporated on rear SiNx of n-Pasha
control cells. Notice that the R and T values measured for the cells in Figure 7.11 are
lower than the ones obtained for the test structures reported in Figure 7.3. A possible
reason for such behaviour is related to the free carrier absorption of emitter and BSF.
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Figure 7.11. Measured R and T spectra of n-Pasha c-Si solar cells endowed with
different BRs (optical shading losses from the metal grids are included).
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Figure 7.12. Measured averaged EQE (4 cells for each BR) for different BR
configurations. EQE of the WP delivered the highest enhancement in the IR response
among the dielectric BRs.
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Figure 7.13. Jsc from measured EQE of cells endowed with BRs studied in this work.
The error bars represent the standard deviation calculated for four cells in each BR
configuration.

20.8

206 1

204 1

n [%]

20.2 ¢ 1

20.0 ¢ 1

1

19.8 ! ! ' !
NOBR DBR1 DBR2 WP Ag

Figure 7.14 Measured (active area) conversion efficiency of the fabricated solar cells
with different BRs. In case of WP used as BR, an average cell efficiency gain of 0.34%
was achieved with respect to the device with no BR.

To accurately evaluate the impact of the studied BR configurations on cells
performances, EQE measurements were performed at TUDelft in between fingers and
without (reflective) chuck at BS of the cells. Front and back metallization were aligned to
ensure that only the (dielectric) BR was probed in the measurement. EQE spectra were
measured using a silicon solar cell calibrated at Fraunhofer ISE calLab. Figure 7.12
clearly shows that the cell with DBR 1 exhibits the lowest EQE enhancement in the IR
region with respect to the configuration with no BR. The application of DBR 2, optimized
for textured substrates, results in a clear improvement of the EQE of in the IR. Finally,
the largest IR improvement was obtained for the WP, which shows an IR response -
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within the error margins - equal to that of the more expensive Ag BR. As reported in
Figure 7.13, the WP BR gives in average the highest absolute gain of 0.57 mA/cm? on the
Jsc with respect to the configuration with no BR. The conversion efficiency gain for the
different BRs was calculated by using the Jsc values with the external parameters (Voc
and FF) summarized in Table 7.1. In Figure 7.14, the conversion efficiencies for all BR
configurations studied in the work is reported. An absolute efficiency gain of 0.34%
compared to the cell with no BR was found in case of WP BR. Notice that such efficiency
gain comes only from the increase of Jsc. Actual colour perception of the rear side of the
bifacial c-Si coated with DBR 1 is shown in Figure 7.15 (a). The colour tuning of the DBR
enables the possibility of fabricating rear side coloured bifacial glass/glass modules for
building integrated applications (Figure 7.15 (b)).

Figure 7.15. (a) Actual photograph of the rear side of the bifacial c-Si solar cell coated
with DBR 1. (b) Example of rear side coloured bifacial cells in a glass/glass module.

7.5 Conclusions

In this Chapter different back reflectors applied to open rear n-Pasha diffused c-Si solar
cells were studied. A DBR was optimized for application on the BS of textured cells.
With respect to the DBR optimized for flat surface the PECVD deposition time was
increased by a factor g equal to 1.5 to achieve the optimized thicknesses in the direction
orthogonal to the pyramids’ facets. T losses at long wavelengths of the DBR deposited on
textured surface could be reduced by more than 60% when using a g = 1.5 compared to g
= 1 but yet not completely eliminated. It can be speculated that this effect might be
related to: (i) the fact that the tips and valleys of the pyramids are sources of T losses as
DBR layers are thicker in such regions (ii) non-conformal growth leads to a change of the
geometrical surface for each DBR pair. Measured R from the DBR / air interface showed
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a correlation with Asi behaviour as function of the thicknesses of the individual layers of
the DBR pair. In particular, the DBR showing a PBG in the IR region, when illuminated
and measured from the rear side (air / DBR / Si (bulk) / air), is also the one that delivers
the highest IR Asi enhancement when illuminated from the front side (air / Si (bulk) /
DBR / air). DBR with scaling factor g equal to 1 and 1.5, WP and Ag BRs were applied to
open rear n-Pasha c-Si solar cells. Measured EQE and external parameters of the
fabricated solar cells in case of no BR were compared to DBR, WP and Ag BRs. The
highest EQE in the NIR was observed in case of the WP and Ag BRs due to the
minimization of the optical losses at long wavelengths. The highest average gain in Jsc
(0.57 mA/cm?2) was achieved in case of WP used as BR. This led to an average efficiency
gain of 0.34% absolute compared with the cells with no BR. Finally, the performances of
the optimized DBR (DBR 2) were found to be slightly lower than the one exhibited by
evaporated Ag. In exchange, coloured BS is enabled, opening new possibilities in
building-integration of such open rear c-Si solar cells.
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Conclusions and outlook of the thesis

8.1 Conclusions

Wafer based c-Si solar cells dominates the PV market. To keep this technology as PV
leader also in the coming years, continuous improvement in conversion efficiency
without increasing processing costs are required. In this thesis novel concepts to increase
conversion efficiency and decrease the cost of solar cells via opto-electrical surfaces
engineering were presented. In particular, advanced light management techniques were
developed to enhance light absorption in thin c-Si absorber and to fabricate customized
PV products for building integrated photovoltaic (BIPV).

In Chapter 1 the theoretical efficiency limit and light management techniques for wafer
based c-Si solar cells were reviewed. In addition the main objectives of this thesis were
outlined.

In Chapter 2 the general working principle and main recombination mechanisms in c-Si
solar cells were described. The status of fabricated high efficiency wafer based c-Si solar
cells based on different architectures was also presented.

In Chapter 3 the analysis of main opto-electrical losses in the fabricated mc-Si solar cell
was performed by using the ASA simulation tool. Such analysis showed that the main
optical losses for a mc-Si solar cell are due to high R, incomplete absorption at long
wavelength and poor internal rear reflectance of the Al-BSF. These observations led to
the work presented in the remainder chapters.

In Chapter 4 an advanced light trapping scheme capable of minimizing the major optical
losses of state-of-the-art c-Si solar cells was demonstrated. For such light trapping
scheme a combination of surface textures with different geometric scales were used. In
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this way different optical effects can be triggered enhancing silicon absorption over a
broad wavelength range. In particular, the light trapping here studied employed nano-
texturing fabricated via reactive ion etching (RIE) on the front side and micro texturing
based on alkaline etching on the rear side. Almost ideal back reflectors such as Ag or
Distributed Bragg reflectors (DBR) were applied on the rear side. The light trapping
scheme was applied to a ultra-thin (20 um) absorber layer resulting in the closest
experimental demonstration ever reported of the upper limit of light absorption in Si
(known as 4n?). Interdigitated back contacted c-Si solar cell was indicated as the most
promising solar cell architecture to apply such light trapping scheme.

In Chapter 5 a simplified self-aligned process for fabrication high efficiency IBC c-Si
solar cells was demonstrated. The process involved the combination of ion implantation
and epitaxial growth of in-situ doped Si. The process flow was optimized to minimize
the thermal budget and the number of lithographic steps. By using only two lithographic
steps, a conversion efficiency equal to 20.2% on 9 cm? device was demonstrated. For such
solar cell architecture it was shown that a lightly doped front surface field improves
carrier collection.

In Chapter 6 the application in IBC device of the advanced light management technique
studied in Chapter 4 was presented. For the application of such light trapping scheme
two major issues were tackled. The first was to remove surface defects induced by the
RIE process and decrease surface recombination, for which a cost effective process was
developed. This step was based on highly diluted alkaline etching and resulted in a
remarkable decrease of the surface recombination rate while still maintaining
outstanding optical properties. The second was to adapt the IBC process developed in
this thesis to the light trapping scheme since the IBC process requires a polished rear
side. Therefore, the decoupled front (nano-textured) and rear side (mico-texturing) light
trapping scheme of Chapter 4 was modified to be applied in such device. As a solution
two textures were superposed on the front side of the wafer; forming a modulated
surface texture (MST) and leading to similar absorption enhancement as shown for the
decoupled scheme demonstrated in Chapter 4. The combination of the advanced light
trapping and surface passivation schemes was employed in IBC c-Si solar cells. Top
efficiency of 19.8% for MST-IBC solar cell was demonstrated.

Chapter 7 was focused on the application of advanced light management techniques in
bifacial c-Si solar cells. The objective of this study was twofold: (i) enhancing cell
efficiency by increasing the internal rear reflectance and (ii) providing novel solutions
for BIPV applications. In particular, DBR and TiO:z particles in the role of white paint
(WP) were used as back reflectors of bifacial c-Si solar cells. The WP BR showed higher
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solar cells performance enhancement compared with DBR. However, the DBR thanks to
colour tuning enables the fabrication of rear side coloured bifacial modules, which can
be used for BIPV applications. Bifacial c-Si solar cells with efficiency of 0.3% absolute
with respect to the case where no back reflector is applied were demonstrated.

8.2 Outlook of the thesis

During my PhD program | have conceived many ideas on how to improve the
conversion efficiency of the solar cell architectures reported in this thesis. However, due
to time limitation, such ideas could not be applied. Nevertheless a future prospective
about their implementation is given in this section.

Starting from the self-aligned IBC device developed in this thesis (Chapter 5), a roadmap
for achieving high conversion efficiency is proposed in Figure 8.1. The approaches to
improve conversion efficiency were studied by deploying SENTAURUS t-cad modelling
[1]. In more detail, by optimizing the rear design and improving the front side
passivation quality, efficiency higher than 21% can be reached without changes in the
process flow. To further increase conversion efficiency, solutions aiming to minimize
contact recombination and increase FF are required. The solution studied to improve FF
are the usage multiple and thicker metal fingers and/or etch back of the B region with
low doping concentration (see Figure 5.8). To improve Voc, lower Jos of the passivated
and metallized region are required. In case of optimized point contacts efficiency higher
than 22.5% were simulated.

Multiple metal
fingers (FF = 0.8)
n=2215%
Improved FS . ;
passivation Point contact design
(Voc = 660 mV) (Vo > 680 mV)
n = 20.8% Improved rear n>22.85%
design
(Jsc = 42 mA/cm?)
n=21.3%

N = 20,2,

Figure 8.1. Roadmap for high efficiency IBC c-Si solar cell with self-aligned process
designed in this thesis.
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The advanced light trapping and passivation scheme developed in Chapter 6 could be
used to demonstrate high efficiency ultra-thin c-Si solar cells where both optical and
electrical losses are minimized. In my vision, the next generation c-Si solar cell will be
based on ultra-thin (< 50 pum) c-Si absorber and will involve advanced passivation
schemes and light management techniques (see Figure 8.2 (a)). By using Quokka [2]
software | have simulated the conversion efficiency dependence as function of the bulk
lifetime (tou) and wafer thickness (for the n-type c-Si absorber). For the opto-electrical
simulations | have used the following assumptions:

1. Absorption calculated by using 4n? enhancement (practical solutions to
approach such limit are shown in Chapter 4 and 6);

2. Passivating contacts for which contact recombination is minimized [3]-[4];
Advanced surface passivation of the nano-texturing as shown in Chapter 6.

As Figure 8.2 (b) shows, for tukrange studied in this work one can notice that:

i. The conversion efficiency of thinner wafer are less sensitive to the touk rather
that thick ones. This enables the usage of thinner and cheaper substrates to
reduce cell material costs;

ii. Efficiency has a maximum of 25.7% for a touk below 1 ms and thickness of 40
pum. Notice that similar conversion efficiency constitutes the actual world
record and has been demonstrated by Panasonic by using hetero-junction IBC
architecture on 100-um thick high-quality substrate [4].
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Figure 82. (a) 3-D sketch of IBC c-Si solar cell employing advanced light
management and passivation schemes. (b) Conversion efficiency (n) as function of
the wafer thickness and tbuik.
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Summary

Climate changes due to increase of CO:z emission are becoming a serious issue for this
planet. The so called climate crisis has been the main topic of the last United Nations
Climate Change Conference (COP 21) . Direct conversion of sunlight into electricity is
one of the most promising technology for achieving the COP 21 agreement. Wafer-based
crystalline silicon (c-Si) solar cells account for more than 90% of the total PV market
because silicon is a non-toxic and abundant material and Si-based PV modules have
demonstrated long term stability and high durability. To maintain this technology
dominant also in the coming years, continuous improvement in conversion efficiency
without increasing processing costs are required. In this thesis novel solutions based on
opto-electrical surface engineering are presented as potential solutions to increase
conversion efficiency and/or decrease the costs of wafer-based c-Si solar cells. In
particular, advanced light management techniques were developed to enhance light
absorption in thin c-Si absorber and to fabricate customized PV products for building
integrated photovoltaic (BIPV) applications. This thesis begins with introducing,
theoretical limits (Chapter 1), working principles and current status (Chapter 2) of wafer-
based c-Si solar cells. In Chapter 3 the losses analysis of industrial multi-crystalline
silicon (mc-Si) solar cell was performed by using the ASA simulation tool. Such analysis
pointed out the main opto-electrical losses for a mc-Si solar cell which were tackled in
the next Chapters. In particular, Chapter 4 deals with design and fabrication of advanced
light trapping scheme for minimizing optical losses of state-of-the-art c-Si solar cells. To
this aim a combination of surface textures with different geometrical scales were used in
order to trigger several optical effects. In particular, nano-texturing fabricated via
reactive ion etching (RIE) on the front side and micro texturing based on alkaline etching
on the rear side were used providing broadband light-in coupling and light scattering.
Almost ideal back reflectors such as Ag or Distributed Bragg reflectors (DBR) were
applied on the rear side. By using such light trapping scheme, the so-called 4n2
absorption enhancement limit, which has been elusive for more than 30 years was
experimentally demonstrated on a broad wavelength range. The interdigitated back
contact (IBC) c-Si solar cell was indicated as the most promising solar cell architecture to
apply such light trapping scheme. This technology was not available within the PVYMD
group. Therefore, in Chapter 5 a simplified self-aligned process for fabrication high
efficiency IBC c-Si solar cells was demonstrated. The process involved the combination
of ion implantation and epitaxial growth of in-situ doped Si. The process flow was
optimized to minimize the thermal budget and the number of lithographic steps. By
using only two lithographic steps, a conversion efficiency equal to 20.2% on 9 cm? device
was demonstrated. For such solar cell architecture it was shown that a lightly doped
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front surface field improves carrier collection. After developing a process flow for
fabricating IBC c-Si solar cells, the application of the advanced light management
technique to IBC was presented in Chapter 6. To this aim two major issues were tackled.
The first was related to the removal of surface defects induced by the RIE process to
decrease surface recombination. To achieve this goal a cost effective process was
developed. The second dealt with adapting the light trapping scheme to the IBC process
integration. To this aim, the decoupled front (nano-textured) and rear side (mico-
texturing) light trapping scheme of Chapter 4 was modified by superposing both texture
scales on the front side of the wafer. This approach is called modulated surface texture
(MST). The combination of the advanced light trapping and surface passivation schemes
was employed in IBC c-Si solar cells. Top efficiency of 19.8% for MST-IBC solar cell was
demonstrated. Advanced light management techniques were also applied to bifacial c-Si
solar cells. The objective of this study was twofold: (i) enhancing cell efficiency by
increasing the internal rear internal reflectance and (ii) providing novel solutions for
BIPV applications. In particular, DBR and TiO: particles in the form of white paint were
used as back reflectors of bifacial c-Si solar cells. The DBR enabled the possibility of
fabricating rear side coloured bifacial modules, which can be attractive for BIPV
applications.
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Samenvatting

Klimaatveranderingen, veroorzaakt door een toename in CO:z-uitstoot, worden een
steeds groter probleem voor onze planeet. Deze zogenaamde klimaatcrisis was het
hoofdonderwerp bij de laatste VN Klimaatconferentie (COP 21). De directe omzetting
van zonlicht in elektriciteit is een van de meest veelbelovende technologieén om de
gemaakte COP21-afspraken na te kunnen komen. Omdat silicium een niet giftig en een
voorradig materiaal is, en op silicium gebaseerde PV modules bewezen stabiel en
duurzaam zijn, vertegenwoordigen zonnecellen op basis van wafers van kristallijn
silicium (c-Si) meer dan 90% van de PV markt. Om ook in de toekomst dominant te zijn,
moet het omzettingsrendement van deze technologie continu worden verbeterd zonder
dat de productiekosten hierdoor toenemen. In dit proefschrift worden nieuwe
oppervlakte-engineering oplossingen gepresenteerd voor het verhogen van het
omzettingsrendement en/of het verlagen van de productiekosten van wafer-gebaseerde
c-Si zonnecellen. Geavanceerde lichtmanagement-technieken zijn ontwikkeld om de
absorptie van licht in dunne c-Si wafers te verhogen en om toegesneden PV producten te
ontwikkelen voor gebouw-geintegreerde PV (BIPV) toepassingen. Dit proefschrift begint
met de introductie van de theoretische limieten (hoofdstuk 1), de onderliggende
principes en de huidige status van wafer-gebaseerde c¢-Si zonnecellen (hoofstuk 2). In
hoofdstuk 3 worden de verliezen in multikristallijn silicium (mc-Si) zonnecellen
geanalyseerd met behulp van het ASA simulatieprogramma. Aan de hand van deze
analyse worden de belangrijkste opto-elektrische verliezen in mc-Si geidentificeerd,
welke in de volgende hoofdstukken worden aangepakt. Hoofdstuk 4 gaat over het
ontwerp en de fabricage van geavanceerde lichtvangmethodes om de optische verliezen
in c¢-Si  zonnecellen te minimaliseren. Oppervlaktetexturen met verschillende
geometrische schalen zijn gebruikt om verschillende optische effecten te benutten.
Nanotexturen aan de voorzijde, gemaakt met behulp van reactief ion-etsen (RIE), en
microtexturen aan de achterzijde, gemaakt met behulp van etsen in basische oplossing,
zijn gebruikt voor breedbandige lichtinkoppeling en -verstrooiing. Bijna ideale
achterzijdereflectoren zoals zilver of Bragg reflectoren (DBR) zijn toegepast op de
achterzijde. Met behulp van deze lichtvangmethodes is na meer dan 30 jaar de
zogenaamde 4n? absorptielimiet experimenteel aangetoond in een breed
golflengtebereik. De interdigitated back contact (IBC) c-Si zonnecel is geselecteerd als de
meest veelbelovende zonnecelarchitectuur om dergelijke lichtvangmethodes op toe te
passen. Deze technologie was niet aanwezig binnen de PVMD groep. Daarom is een
vereenvoudigd, zelf-uitlijnend proces voor de fabricage van hoog-rendement IBC c-Si
zonnecellen ontwikkeld in hoofdstuk 5. Het proces bevat een combinatie van ion
implantatie en epitaxiale groei van in-situ gedoteerd silicium. Het proces is
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geoptimaliseerd om het thermische budget en het aantal lithografische stappen te
minimaliseren. Met het gebruik van slechts twee lithografische stappen is een
omzettingsrendement van maar liefst 20.2% gerealiseerd op een cel van 9 cm? Voor
dergelijke zonnecelarchitecturen is aangetoond dat een licht gedoteerd front surface field
de collectie van ladingsdragers verbetert. Na de ontwikkeling van het proces voor de
fabricage van IBC c¢-Si zonnecellen, zijn in hoofdstuk 6 geavanceerde
lichtmanagementtechnieken op IBC zonnecellen toegepast. Hier zijn twee grote kwesties
aangepakt. Het eerste is het verwijderen van oppervlaktedefecten veroorzaakt door het
RIE proces om de opperviakterecombinatie te verminderen. Een kosteneffectieve
werkwijze is hiervoor ontwikkeld. Het tweede probleem heeft betrekking op het
aanpassen van de lichtvangmethodes voor het IBC proces. Hiervoor zijn de
ontkoppelde voorzijde (nanotextuur) en achterzijde (microtextuur) uit hoofdstuk 4 door
middel van superpositie gecombineerd op de voorzijde van de wafer. Dit word een
modulated surface texture (MST) genoemd. De combinatie van geavanceerde lichtvang- en
oppervlaktepassiveringsmethodes is toegepast op IBC c¢-Si zonnecellen. Een
toprendement van 19.8% voor MST-IBC zonnecellen is aangetoond. Geavanceerde
lichtmanagementtechnieken zijn ook toegepast op dubbelzijdige c-Si zonnecellen. Het doel
van deze studie was tweeledig: (i) het verbeteren van het zonnecelrendement door het
verbeteren van de interne achterzijdereflectiviteit en (ii) het verstrekken van nieuwe
oplossingen voor BIPV toepassingen. Een DBR en TiO: deeltjes, in de vorm van witte
verf, zijn gebruikt als achterzijdereflectoren in dubbelzijdige c-Si zonnecellen. De DBR
bied de mogelijkheid om de achterzijde van dubbelzijdige modules te kleuren, wat
aantrekkelijk is voor BIPV toepassingen.
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