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For PV application, who can

compete with silicon?

m Cell efficiency > 20%
m Module cost < $0.4/Wp

B System stability > 25 years

Cell technology shares (%)

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

multi c-Si

Crystalline silicon solar cells have been the mainstream of PV
market during the past decade (over 85-90%, 93.7% in 2016), and
will continue to be next ten or even more years!
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Diamond wire sawn p-type mc-Si solar cells
p-type PERC (passivated emitter and rear contact) solar cells

n-type PERT (passivated emitter, rear totally-diffused) bifacial

c-Si solar cells

n-type BJBC (back-junction back-contact) solar cells
a-Si/(n-type)c-Si heterojunction solar cells
Ultrathin c-Si solar cells

Perovskite/c-Si tandem solar cells

Industrial Eff.

19.0-20.5%
21.0-22.5%

20.5-22.5% (f)

18.5-20.5% (r)
22.5-24.5%
22.5-24.5%
>20.0%

>30.0%



@ Diamond wire sawn p-type mc-Si cells — Module cost $0.3/Wp

Effective texturization:

B Reactive ion etching (RIE) — mature and high cost
B Metal-assisted chemical etching (MACE) — simple, cost-effective and compatible with
current production lines

120%

Diamond wire mono-Si

100% /‘ . *
80%

60% // Japan :
40% : : : Diamond wire for mono-Si  100%
20% / Diamond wire me-Si Diamond wire for mc-Si 70%
0% Cost reduction 30%
2016 2017 2018 2020 2022 2025

Source: CPIA-PV Roadmap 2016
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Solar Energy Materials & Solar Cells 143 (2015) 302-310
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One-step-MACE nano/microstructures for high-efficient large-size

multicrystalline Si solar cells

Z.G. Huang *”, X.X. Lin?, Y. Zeng?, S.H. Zhong?, X M. Song”, C. Liu ¢, X. Yuan¢, W.Z. Shen **
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High-Efficiency Nanostructured Silicon Solar Cells on
a Large Scale Realized Through the Suppression of

Recombination Channels

Sihua Zhong, Zengguang Huang, Xingxing Lin, Yang Zeng, Yechi Ma,

and Wenzhong Shen*

(D Alter morphology

Four countermeasures to suppress
the two recombination channels

Advanced Materials 27, 555-561 (2015)

(2 Control height

Recombination channels:

(3 Adjust doping

(@) Use passivation coating

A. surface recombination

B. emitter bulk recombination
B



|\ ; ;i 1;,‘? _ PROGRESS IN PHOTOVOLTAICS: RESEARCH AND APPLICATIONS
PHOTOVOLTAICS Prog. Photovolt: Res. Appl. 2015; 23:964-972

SHANGHAI JIAO TONG UNIVERSITY RS . . o : : . L .
Published online 9 May 2014 in Wiley Online Library (wileyonlineliorary.com). DOI: 10.1002/pip.2506

An effective way to simultaneous realization of
excellent optical and electrical performance in large-
scale Si nano/microstructures

Zengguang Huang1'2, Sihua Zhong1, Xia Hua', Xingxing Lin', Xiangyang Kong3, Ning Dai*
and Wenzhong Shen'”*

ey () Silicon nano/microstructure after
” ‘ depositing Al,O, by ALD.

Y, Inset c1 is a larger image of nanowires
with conformal thin film of Al,Og;
Inset c2 is the energy dispersive X-ray
spectroscopy (EDX) of the top part
shown in inset c1.

(b) As-prepared silicon nano/micro-structure. Inset is a larger

image of nanowires on a facet of pyramid structure. 0

(a) Schematic diagram of the process.
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Versatile strategies for improving the performance of diamond wire

sawn mc-Si solar cells
Y.E. Zhuang?, S.H. Zhong?, Z.G. Huang*", W.Z. Shen *“*
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# Institute of Solar Energy, and Key Laboratory of Artificial Structures and Quantum Control (Ministry of Education), Department of Physics and Astronomy,

Shanghai [iao Tong University, Shanghai 200240, People’s Republic of China
b School of Science, Huaihai Institute of Technology, Lianyungang 222005, Jiangsu Province, People's Republic of China d
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Solar Cell Technologies
PV hypes: tops and flops [a:::::;:‘*::.:::‘:;:;:;?
flops quasi-mono tops

S0G-Si ign implantation
Al2O3-pa sivation selective emitters

PERC —
\

SiCx-passivarion

plated contacts
: n-type cellse<= ~21.5%

inline doping
ear contact ce¢lls
sheet and ‘ MWT
- IBC
ribbon cells :I,_ 593.0%
////////////// HIT cells
rear contact cells / | bifacial cells

EWT
thin film cells 4—Si PV conductive adhesives
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@ Traditional Lines + Lasers [
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mass production in 2016
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Improvement: Polish
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Eff. (%)

mass production in 2017
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20.0%-efficient Si nano/microstructures based solar
cells with excellent broadband spectral response

90 ) RS
+ /) Short-wavelength !
¥ response .

+ .
n emitter

(a)

Ag contact
P

\l
o 01 O Ol

N6
‘U'J’ 454 ' Long-wavelength
N O 30 response
’ L 154 — Traditional oLt
odb— SiNWs based solar cell

300 450 600 750 900 1050
Wavelength (nm)

Traditional N/M-Strus 11
solar cell based solar cell 10k /, A\
Cleaning/Pyramid textured 9 ] // ™ \‘
Etching 8l A TUVRheinland*
~ nanostructures ST procisely Fiaht
Dimuwsion JEM VuF 0.653 V)
Rear polished N~ sp / I,.=9.484 A
Si0,/5iN, 4f i FF=78.5%
rear passivati 3 / _ o
: n=20.0%
Removing PSG/Front PEC 2 / =
L blati ! Power
— lng UO 0.1 0.2 0.3 04 0.5 0.6
Screen-printing/Co-firing V (V)

Adv. Funct. Mater. 26, 1892-1898 (2016) m—
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Solar Energy Materials & Solar Cells 117 (2013) 483 -488
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Solar Energy Materials
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Mass production of high efficiency selective emitter crystalline silicon @CMk
solar cells employing phosphorus ink technology

Sihua Zhong ?, Wenzhong Shen ** Feng Liu®, Xiang Li®

* Institute of Solar Energy, and Key Laboratory of Artificial Structures and Quantum Control (Ministry of Education), Department of Physics, Shanghai Jiao
Tong University, Shanghai 200240, People's Republic of China

b Suzhou SolaRing Technology Co., Ltd., Suzhou 215200, Jiangsu Province, Peaple’s Republic of China

d '
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P concentration distribution

P-ink PERC Cells

Nonuniformity of Sheet R
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PERC Cells

Traditional

POCI,

diffusion

PERC Cells

pallz | Uoc(¥) | Isc(a) |Rs(nQ) | Rsh(2) | FF(%) |Ncell (%)
HEERRE AL (LooQ2/00 0. 654 9. 73 2.19 105 79.18  20.62
HEEERERY A (ooQ/O) 0. B57 9, 79 2. 42 126 79.93 21, 0§
WEEEREEI AT (1ooQ2/0) 0. 661 9.77  2.96 161 B0.01  21.14
W ReRY Al (ooQ/0O0 0. 657 9. 79 2. B0 162 79.75  21.01
F1E Qoo&/O) 0. BST 9. 77 2. 59 139 79.73  20. 95
HEHPOCLH A (950 /000 0. 65T 9. 77 2.42 130 79.94 20,99
EAMPOCLI AL (950/0) 0. 656 9. 71 1. 88 187  80.03  20.88
FEMpocl Far (9sQ2/O) 0. 655 9.77  2.46 204 B0.23 21,01
FHMPOCL I AR (9502/00) 0. 657 9.76  2.50 38 80.18  21.08%
FHMPOCL.H A (95C2/0) 0. 57 9. 77 2. 09 225 BO.41  21.12
FEAPOCLH A (95Q/00) 0. 660 9,75  2.91 213 80.24 21,14
EANPOC1 A (9502/00) 0. 651 5.76 271 162 79.52 20,67
EAMPOC AT (9502/00) 0. 658 9.76  2.45 149 80.18 21,07
EAE (950/0) 0. 656 9. 76 2. 43 164  B0.09 20,99




® Bifacial Solar Cells
Bifacial history é‘,&ém

PV PVG Solutions
1974-2000 Russian space appllcat|ons Lo Mecticils
= bSolar @

The Bifacial PY Cell Company

2010+ first bifacial cell
production

1998 bifacial installations

Nordmann in Switzerland 2000+ bifacial concepts
UKN- POWER 2001

ISFH- OEKO 2003
ANU- SLIVER 2003
ECN- n-PASHA 2007
ISC- FOXY2007

1954 bifacial n-type IBC

BFiT st 8.3 KWp Bifacial PV
PV power without noise 1998! d nd Other

20162017

oo R0 IX |

=" "8 LERRI Solar

oo [

@qjiﬁﬂﬂiﬂ
JOLYWOOD

2015 in production
R
MISSION SCIL/\R U‘

ENERGY

C Megarel

2013 large bifacial

installations in Japan

Hokuto Solar Power Plant
(World Iargest blfamal plant)




YEL AL ¥

SHANGHAI JIAO TONG UNIVERSITY I

RESEARCH ARTICLE

PHOTOVOLTAICS

PROGRESS IN PHOTOVOLTAICS: RESEARCH AND APPLICATIONS

Frog. Photovolt: Res. Appl 2011; 19:275-279

High efficiency screen printed bifacial solar cells on
monocrystalline CZ silicon

L. Yang'*, Q.H. Ye', A. Ebong?, W.T. Song®, G.J. Zhang®, J.X. Wang® and Y. Ma®

! Solar Energy Institute of the Physics Department, Shanghai Jiao Tong University, Shanghai, PR China

2 University Center of Excellence for Photovoltaic Research and Education, School of Electrical and Computer Engineering,
Georgia Institute of Technology, 777 Atlantic Drive, Atlanta, GA 30332-0280, USA

3 Solarfun Co., Ltd, Linyang Road 666, Qidong, Jiangsu, China
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Advantages of n-type Si

B Higher minority carrier lifetime

B More tolerable to metal impurities
HNoLID

B Better weak light performance

Lifetime x total metal concentration
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Main technologies
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PROGRESS IN PHOTOVOLTAICS: RESEARCH AND APPLICATIONS
= &5 N -orovouacs
} ﬁ A 116 PHOTOVOLTAICS Prog. Photovolt: Res. Appl. 2017; 25:280-290 ("b
nonsc)

SHANGHAI JIAO TONG UNIVERSITY B Published online 16 January 2017 in Wiley Online Library (wileyonlinelibrary.com). DOI: 10.1002/pip.2859

B BBr;diffusion + P ion-implantation
(simplify the process flow and mass production in 2015)

B ALDAILO,;+ PECVD SiN,:H FSF passivation (2015)
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@ BJBC: Pion-implantation + BBr; diffusion with Eff > 22%

Ll
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(®B) Silicon Heterojunction Solar Cells for Efficiency over 22%

Powering the c-Si PV Roadmap

l =
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‘ - 4 | )
i 5 e /
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2-Sid >
Passi\;ateion
) Thickness reduction
Junction ]
Flex-Circuit Sircuit
210 2011 2012 ; 2014 2016 S—

Wenzhong Shen and Zhengping Li, Physics and devices of silicon heterojunction solar
cells, Scientific Press, 2014, Beijing, ISBN: 978-7-03-041514-1.
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High density high power module

Normal 72 cell size .. HD Module
A TUVRheinland”

Precisely Right

Module Current [A]

FB778.32%

o - ~n w o o (o2} ~ @ w

[p— Power
0 10 20 30 40 50
Module Voltage V]

reduce electrical loss

160MWp mass production under way (2017)
- T
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©® Ultrathin c-Si solar cells (<50pum)

Advantages: Disadvantage:

v' Lower consumption of c-Si v As an indirect band gap
materials, thus lower cost; material, ultrathin c-Si

v Have a potential to higher Voc; solar cells may easily

suffer from poor light
absorption, which
results in low

v Flexible. photocurrent.

v" Lower requirement for Si
guality;

Light management is extremely

Important in ultrathin c-Si solar cells!
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All-solution-processed nanopyramids for ultrathin c-Si

AgNO,/HF
solution

NaOH/IPA
solution

Two steps: (1) depositing Ag nanoparticles in AGQNO, solution; (2) etched in alkaline solution.

Free of lithography or ion etching process, it is an all-solution process. The technique to form
Si nanopyramids is very easy and cheap.

The success of forming Si nanopyramids lies in the transferred generation site of H, bubbles.

S. Zhong, et al., Adv. Funct. Mater. 26, 4768 320163
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All-Solution-Processed Random Si Nanopyramids for
Excellent Light Trapping in Ultrathin Solar Cells

Sihua Zhong, Wenjie Wang, Yufeng Zhuang, Zengguang Huang, and Wenzhong Shen*

4
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90 30 g
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é 70+ 15 =
10 2
3 604 o
=
350 planar nanotextured Lambertian _
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Applying the all-solution-processed nanopyramids to ultrathin c-Si (30um), near-Lambertian

light trapping effect is achieved, the calculated J., is far higher than that of the planar c-Si.
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Realization of quasi-omnidirectional solar cells with superior
electrical performance by all-solution-processed Si nanopyramids
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@ Perovskite/c-Si tandem solar cells (TSC)

Advantages:

B Tunable bandgap energies

B Potentially surpass the 29.4% S-Q one junction limit

B Effectively harvest entire solar spectrum

Challenges :
B Light management

B Current matching
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>30% Perovskite/c-Si TSC with varying inverted nanopyramid dimensions
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D. Shi, et al., Scientific Reports 5, 16504 (2015)
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Best 2-T experimental results so far: 23.6%

ITO

Perovskite
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Electric-field-assisted reactive deposition of endurable self-
annealing perovskite towards high performance solar cells

Stepl: electrodeposit Pb on
FTO/c-TiO, substrate

(i) FTO/c-TiO,
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(ii) c-TiO,/Pb

Step2: electric field-assisted chemical §
deposit MAPbI; in MAI solution KR
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(iii) c-TiO,/MAPbDI,

B Power conversion efficiency
of 15.65%, little hysteresis
and long-time stability have
been achieved.

B Perovskite films need no
additional thermal
annealing, significantly
reducing fabrication time.

Adv. Funct. Mater. 27, 1606156=(1=14)"(201#) wm—
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Let Sunlight Chang Life!
Thank you!



