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4. 1 Opening Session

(1) ###%Z B E D Florence Lambert (Director of CEA Liben) DR N H - 7=, #LITHT 600
FELRDO VB 2DREDORHIT D%, KBNHEFEEOBIR L A% O T MMEEZE T, Kl
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72 EF BRI T D &Rz,
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T LF—=DNERIZR D DIXFEENRWVEFEE LT D Eik~7z, 2018 FDORKINTD PV B AREE
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Heinz Ossenbrink (Former EC-JRC) 237 L — &, Arno Smets (Tech. Univ. Delft) 2%
T AL k7o T, “The Future of PV Manufacturing in Europe”® 7 —~ T, XX L&t
WIS, IERRERN ST,

(1) Eicke Weber (Chair, European Solar Manufacturing Council) %, 2016 4-iZ, FhG-ISE,
NREL, P& ¥ ffF 25 [7] CBHE S 4172 TW Workshop T O E & kL& H T, G EIE I 217 - 72,

Price Experience Curve of Solar Energy (c-Si
Photovoltaics)

$100.0

Global Average Power -Module Price (2010 ¥Wp)

$0.1
o 10 100 1,000 10,000 100,000 1,000,000 10.000.000
Cumulative PV Module Shipments (MWp)

Source: Terawatt-Scale Photovoltaics: Trajectories and Challenges (2016), to be publ
3. PVEYa— LOEHMiEDOPVE Y 2 — L0 RFEHIfH & & O BE&%
(Prof. E. Weber#2 ftt)

B 31%, PVEY 2 — L OFEHitsk DPVE Y = — L0 B & & OB%E L 73, $0.5/W
I, B ESNTEY, BEEAEITWO EZH TV, $0.25/WIZ/b &, 8TWE WS Z LiZ
5, KAE, MY ary KEBEEMSENRNOR— b7+ U A E2R33, X4 OSSR E
B2z T, maEN-VILAE Y KGEMEN O oMo KGEMEIMN, Ny T U x5t
IrEi i b ER L T\ b, 50X, TWY —2Z v a3 v 7 Ciim SNIZTWA 7 — LPVO T 48
T, RERARMAS LS BN R O A B E 2 T, 415% O AR T, 203043TW 23 /]



HECT.3=~AL X =47 v b LTWD,HFE25%DEEE T, 20304E5~10TWA A[EE L TW 5,
20502 1%, 50~70TWH, HiffF x5, 4% b, M@mSINERTEA I N, Y a2 —Lzh=k
30% L EOEBICHITIEE N, EELEE LD,

Crystalline Silicon Technology Portfolio
¢-Si PV is not a Commodity, but a High-Tech Product!

material quality material module
) . quality y
m diffusion length

® base conductivity

device guality

B passivation of surfaces
B |ow series resistance
= light confinement

cell structures
B PERC: Passivated Emitter

and Rear Cell Sl

B MWT: Metal Wrap Through YT e nd

® IBC-BJ: Interdigitated Back ’ - device quality
Contact — Back Junction Adapted from Preu et al,, EU-PVSEC 2008

B HJT: Hetero Junction Technology
4. fEEAYV a o KBEMBEMOFR— 7+ U4 (Prof. E. WeberfZ fit)

Projections to TW-scale PV
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2015 2020 2025 2030 2035 2040

Year
Using simple assumptions, we can project that just maintaining the 2015
deployment rate would reach 1-TW deployment before 2030.
A 25%/y growth rate would reach 5-10 TW by 2030.

X 5. TWR 7 — )LPV®D T 48 (Prof. E. Weberdz fit)

(2)  Andreas Bett(Director, FnG-1SE) (& PR BN EEH L TWDH NEEAL TR 5720,
GreenFab #H O EIRE M ZITo72, 5% b PV I OIERBN SN D, K617 X
T, BRMTTHIIHm 2 AA TS, FEB¥(IZ, FEBEFOXEOL L, —ABLTH D,
REEZCTIE, BERAH L, 7R T IO, EVa2—ba X M, KEOBEBIZH
25 MWD 208 MW B RIAEND, Lol FENLEKIN~OfiE= 2 ME, 1
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GreenFab M ZEE L CW5, BhHLE@ERLEOH T, 74 V) EFEMAT 5, 10GW O E
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B Photovoltaics is the essential pilar for the future energy supply
B market will
grow rapidly
and covers
a multi-billion €

market volume
15 -
I Europe needs
increased 1
PV-installations
to fullfill the |
climate goals

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

25 4

20

European PV Market [GWp]

v

Year
Data: HS
6. BN PV ifidg ok (Dr. A. Bett #21fit)
B Production cost of modules 1 e SS—
soon at 25€ cents/Wp, 1T [R=242%
even 20 €cents/Wp in reach e 0o "
T :
St o
B Transport costs from China to = 4 Sl
Europe: g ‘!2013"
~ 1. s 3 [
1 15 €cent/W - z 62020
(additional CO, emissions!) o X
2 “‘ “‘
cdTe’ 2030
= Costs for logistics will have an LR=18.1% | *
increased share in the future LSRN
0.1 Lo 00 bt 44 it 4 40t a 10
10° 10’ 10° 10° 10’

Cumulative production [MW]

7. EYVa—/LaAR0OZE (Dr. A Bett #2)
10GW GreenFab Initiative
Sustainable PV Manufacturing at the Site Fessenheim

Sustainable PV Manufacturing
in Europe

An Initistive for a 10GW Greenfeb

8. 10GW @ GreenFab #48 (Dr. A. Bett #fit)



(3) Paolo Frankl (Head of Renewable Energy Division, IEA) (%, " EMEZEICK LT, M
303 Innovation R R MEL BN P T RETH D LB R COERBORENEETH Y |
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(4) Z D, Lue Marliave (Total) . Roch Drozdowski-Strehl (General Director, IPVF) . Phillipe Malbranche

(General Director, CEA INES) . StefanRinck (CEO, Singulus) 73, /S3x U A k& LT, BERAZR T,
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IHE S O EEAL (regulation & de) 2z, TRALF—A B L—YOEEME SRR SN, EV A
PV FiEE A7 — 3 = X PV powered vehicles 7¢ it R EO TG0 w2 7R3 BRMNAEED
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5. IURRHBXOME :

5. 1 S%EXKBGEMEMTIET

(1) K. Makita® (PEMHAF, FhG-ISE) 1X. “I11-V/Si three-junction solar cells reaching 30%
efficiency using smart stack technolgy” & & L T, FEMRMHF & FhG-ISEEL DII-VISi¥ > 7 A&V
BT o FEMEEOR R E 7V —F UG L7z,

Research Center for
Photovoltaics

Concept of Smart Stack Technology

at the bondmg mterface

Electrical : Ohmic contact and uniform dispersion
- | ow resistance and high robustness
Optical : Extremely small size and low coverage

= [ ow optical loss

Sun Light

Sun light Top cell

| Nanoparticle Array (Pd) |

Top cell

L0 L)

Bottom cell

Bottom cell

9. Av—RFA%Z v 7 M (Dr. K. Makita$z fit)

NEDO PV ChallengelZ i} TORFE 2 — K~ v 7 R/R S vz, 20204 £ TIZ#h#E30% . 2030
HEFE TICEROPIFEB TR, 20304E £ TIT#hE25% ., 20504E £ TIT£hE40% D & L3
i Z B4, N-VISi¥ »F A& /LIiZB W TIiL, NREL, CSEM, EPFLIC X 2 A =H /L A



% v 7 InGaP/GaAs//Si-HIT 3 # & % v F A & L @ %) %359 % (& 1.002 cm?
Vo0c=2.52/0.681V. Jsc=13.6/11.0mA/cm?, FF=87.5/78.5%) . FhG-ISEIZ XD V= KT 4
> 7 InGaP/GaAS/Si TOPCon 3 #:4 % v 7 L& /L D %) #33.3% (i f53.984 cm?, Voc=3.127V,
Jsc=12.7mA/cm?, FF=83.5%) DRI TH D, MIWZHZT LI, T VU LTF R+ % 8
ERmEICE LEASIEEIT T, A~v— A X v 7 HIFEFHATND, TV LT kT
RAA L OBELIL, K50nm, R A A CEEX, F1x100cem?2, ERIL, H12%., A X v
v 70T, 10~50nmTH VD, BEEEPIT, H1Qem?, EHEKIIT, 2% TH D, ki,
INGaP/GaAs//Si AI-BSF 3 # G &% 7 L& /LT, #h%25.12% (Voc=2.88V, Jsc=10.51mA/cm?,
FF=83.0%) # 1§ T\ 7=, 4 Bl [FhG-ISE & O L [EMFFE D F & L T, InGaP/AlGaAs//Si TOPCon
SEAX T ARBEEM T, X1 0IZRT X912, 21530, 8% (Voc=3.03V, Jsc=12.72mA/cm?,
FF=80.0%) #%# T\ 5, 55 E T, #hE326%DIRMTHDH, 2 XA MHHELRE, ®
Va2 — L EHE30%., H-VPEIZ X 5 InGaP. GaAs?D & # k= . GaAsH AR F A fH10[E], 1-sunE
Ta—/ba X ~$2.4/W, 6-sunsT, $05/WLL F L DHETH 5,

search Genter for

Photovoltaics

This Study 6

Comparison of cell performance for old cell and new cell

_ Old cell New cell
g 12 f Area (cm?) 0.09538 0.09538
g 10 Jsc (mA/lcm?) 10.51 12.72
= 8 Voc (V) 2.88 3.03
g 6| =—— Nowcall FF 0.83 0.80
= — Old cell o, 251
z 4 n (%) 30.8
5 2
AlGaAs middle cell with wide Eg
0 05 1 15 2 25 3 35 TOPCon Si cell with low recombination loss
Votage [V]

=The efficiency was improved from 25.1 % to 30.8 %.

=The improvement of the new cell is due to the increase in both Voc and Jsc.

1 0. InGaP/A1GaAS//TOPCON Si3#E4& Z v 7 A KB EMm O KPE (Dr. K. Makita#2 fit)

Topic 1: Cost Simulation

P”P::ovnlfa;cs
Cost simulation of GaAs//Si Smart Stack module

Cost Simulation Model (Material cost) 3
Module efficiency_ 30%, Lens cost US$ 0.1/W
GaAs substrate reuse_ 10 times

GaAs growth method_ *H-VPE

»
< USS 0.5/W at 6 suns
o

W GaAs cell
1 sun module cost mSicell
~USS 2.4/W = Bonding

B Modulization

86%

CONCENTRATION FACTOR
Breakdown of 1sun module cost Module cost under low concentration

*The basic module cost for 1 sun is US$ 2.4/W.

*Under the low concentration, the cost drops to the realistic level (<USS$ 0.5/W).
1 1. InGaP/AlGaAS//Si3#EG ¥ v v T AKBEMEY 2 — LD a X hRAE (Dr. K.
Makitafz fit)



(3) J. Haime® (Aalto Univ.) X, “Approaching maximum efficiency of colored opaque
photovoltaics with ideal photonic structures” L T, 7L —F Vi 217> 7=, RO x
NF—TBEDOLNNENLT 4 7 THESINLTEY, [ELEHZEMT 2720121, AT
AV TBRE CTHANEDI AN —OREELZHMIEL LN, BETHDH, B KA
KB E BIPV) 1%, @FEMEE L TCKRGEMEY 2 — A ZEATLH I LT, JUEEBERE
FUCEMT2Z2ENTED, LU, LEiRT7 7V r—va v Oldllid , PVEY 2 — LD
LR e B DR B & HMERN D D EN H 5, taft & KRGEME Y = — /i,
PVOEFZ T 20BN FIETEDN | KAWL FHRELEDOTZDIZ, BNEY 22— Lt
LT, WICIRWEBRSRIZZR > TLE Y, EE O OBEMMMIEIL, ZoBEKIT, THE
WOIDELIT2ODHFWEEHFNOT XRTONERFN T LICLoT, =X F—HIC
R FETARSINTZSGG, 10% R THDLAREELRDH DL LERLTWND, 1212
AT R DI, CIEL931 XYZIEHE DX, Y. ZEIEAEFLIZ K % human colour® e ik 23 72 S LT
5, X1 3%, Y=00%4A OCIEL931EZEMxy L 2 DEDO XA T 77 AEk T, x  yEIT,
MroXTEHEHIND, KPo=/MA1X, RGBAZEMA L., £ilx, CIED6SICKLT D &
DHFETH 2, AMLEG 1000W/m?, 25CDIEMES{E T, HES KEGEM ORI RN FHE
ENTWD, M1 4%, Y=0.25, Y=0.50354 DCIEL931AZEMIZ BT D 3t 5 f & Higk
HRGEMORFNER R E2 T, 150%, HEAKBGEMDOERIAIBT7T%ICHT D
fEx DBEDOLGEOHFGRIIRI DR L YHE (BRO RIZEHE) 273, 13 AEDOAICEL T,
HFHERKIL, 0% FICmx b TwWsd, B, REREN, dHkan, KLFHEA T,
ANHOBIEE DO — 27 53 555nmTod » , BERZEW,

XYZ tri-stimulus values

I H T 1

1931 CIEXy =
color matching functions

Color matching functions ¥, v, 2

\
|
rd
“
-
[N N A

illllllll

300 400 500 600 700 800
Wavelength A (nm)

SmRGPOSAE [ mRAPAIAA:  , _ [omRAPRIZA)

X =: 360 nm __ J 360 nm —_
X =

830 nm 509y =01y 19 830nm 59y =79y 13 830nm a9y 37
.l,(o()|1lllp("')~‘("')d/' J 360nm P(/-).‘ (/~)d/- J 360 nmP(A).‘ (/-)d/-

1 2. CIE1931 XYZIE# DX, Y, ZMHEAELEFEIZ X % human colour® F2ikk (J. Haime and P.
Makinen, Enery Environ.. Sci. 12, 1274 (2019).)



CIE xyY Colour Space

b)
X
L mi—————
X+Y+Z7 08
Y
P = ieeee———
XY+ 2 06
Y : relative luminosity or >
average visible reflectance 0.4
0.2

0
0 0.2 04 06 0.8

X

1 3.Y=00H DCIE1931AZEfxy L 2 Dt D ¥ A 7 77 L (J. Haime and P.

Makinen, Enery Environ.. Sci. 12, 1274 (2019).)
a) Effici %), Y =025 b) ) Efficiency (%), Y =0.50

08
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0 i 2 " " i "
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X .

1 4. Y=0.25, Y=050%4E DCIELI931AZEMIZ I T 5 kI $ 2 6 & S K Em O R
RS (1. Haime and P. Makinen, Enery Environ.. Sci. 12, 1274 (2019).)

Dark skin ight skir 7 Blue sky Foliage

0.103 0.354 0.185 0.133
32.7 % 30.6 % 31.8% 32.6 %

Orange Purplish Moderate Purple
blue red

0.311 0.114 0.199 0.064

30.9 % 322 % 31.6 % 329 %

Blue Green Red Magenta Cyan

0.057 0.230 0.126 0.200 0.189
32.7 % 32.0% 322 % 314 % 31-7%

White 9.5 Neutral 8 leu 5 Neutral 5 Neutral 3.5 Black 2

0.909 0.585 357 0.191 0.089 0.032
241 % 28.4 % %o 32.0% 32.9 % 334 %

15. HBESGKBLGEMDONRRIIBTT%IIXT L4 OEO5E O HGHRIRR )R &
2@ FIZFE#) (). Haime and P. Makinen, Enery Environ.. Sci. 12, 1274 (2019).)
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5. 3 #£RSIiKBELNE

(1) H.C.Sion (ANU) 1%, “Bulk defects in mono-crystalline silicon, multi-crystalline silicon and mono-
like silicon materials” & L T, 7' L —F Ui 21T o 72, £ 1ITRT X DT, Si 7= vfilikg, b=,
ST TATEA L KGR ORI Z ", SIRBGEMD SV T T A 7 Z A LS9 K R
%, RIS, W57 7 A& ORI KRG & O XRIMGoAMPIT, EIND,

#1. Si Uik, PR, SV T AT H A L KEGEMFFEORDL (Dr. Q. Wangffit)

|l e T
($/w) (Qcm) (Ks)

mc-Si 0.26 ~ 30 18.7
cm-Si 0.40 0.3-0.6 ~ 200 21.7
c-Si (p) 0.46 0.3-0.6 ~ 260 ~ 22.0
c-Si(n) 0.50 1-3 > 1500 >22.5

g 750: . '-P¢;-| -'s+p.H 2 :

3

-2

£

£

g 690

\ Q % N
\ BN i\

6° 0“\ "‘a \“ ot \\\&%C‘«(«& a°‘°\

RO

1 6. ZHiMmSik X Omono-1ike SidDByLEEL, PYAEIZ X Dimplied Voc®ZE{l. (S.P. Phang et
al., Jpn. J. Appl. Phys. 56, 08MB10 (2017).)

HAEALST, RFIZ, CZ p-Si T, BORMEMBEL L=z L v, v U T7HEMOL{L L KEE]
BIEOIR TR ONTWD, £7-, KEEMIER 7 10t X, hoENT Y OLERN, BRETLH 5,
BT o A OV-NEA KMEAERO ATREME b e Sz, s ORI UL, KFE Ny v _—1 3 Ui
X0 RIEH LS TWD 0, BT, RIEEIE STV, Z#55SiE X Umono-like SidBJA
B, PHEHUC K D implied VocDZE L b S 7z, K1 6 12T L DI, BIEHUZ LV | VoclHE T L,
PYEBUC L0 | BT 5, ZfamSiKGEMOmIELFHEE L (LeTID)RGIZHE T 2&Em b 2 3
iz, JeFE S I, nlSiTiE, EZ 67, pRELE &SI, CZ-Si. FZ-SiT, B2 5, vV
DRI DG RIS DB AT =X LOHERIVLETH D, BEKREMEEFEA
BT, 74 VI Xy BURMENS, RO BIREDOEAL, ¥ U T O K
HFE S IEMEL = R L £ — (0.94eV) MR D LTV D, SiNX:HE O fast firing T, K b 23 15 4

10



fb LG <. B-OXISCu, Ni, CEORMMELIRNTHL7e< ., KEZEFEKXM (FhG-ISED 7 /L —
FIE. 224 (V) -HedZ2EZ2TWD) B"Ez2bND, EEZELEH T, M1 71877,

BI1 7. ANUZL—TIZ XD HESITORKFEE O£ &0 (h L E KAL)

(2) A.Richter®> (FhG-ISE) i%. “Both sides contacted Silicon solar cells: Options for approaching
26% efficiency” &L T, 'L —F VHAZIT o7, K1 817 K 91T, #EdmSIKEGEHLIE,
GaAs°GalnP KILFEMIC -~ T, EERK, FFRKDIZ L WEORMEH D, KBLVF¥ VT
TRV A ERBETH S, X1 9%, FhG-ISEDTOPCon KB EM DR & Hitt 2 ~d, 2h%
25. 8% BFHN TN D, #8325 8% AL TS, X2 0%, TOPcon KIFEMMODF ¥ U T~ K —
YAV MNECORRBEROMHTHER 277, K2 1%, TOPcon KPFEMM DN~ K — A L MNETD
BREROMMTRERZRT, ThOBRREROUE, Fri2, Osiv . iR BEE) [ Q7=
YhEIvEBLOaH I Uy FOWE, @F A T v B T OBEEIZE Y TOPCon K
BHLICIBNT S, 26. 5% L EOEMFRIENATRETH D &, LI,

M1 8. HFHEALEMOERIEOBR L BEEO RN (h_EFDE KR



X1 9. FhG-ISEDTOPCon KB M O & KeE (BB SEHR L)

X2 0. TOPcon KFEEM DX v U 7~ %— A2 FE COHEELER OMATREE (b EIDERHRMEL)

2 1. TOPconKFGEHEMLOD Y~ 1 — A > b TOHKER ORI (h_EFEKIREL)

AEESIKBEMOBRICOWVWTIE, T _oNFLFEF-oTWNEDT, BT 5,

(3) Denis De Ceuste (DDC Solar) IZ X D4 d46h IEEE PVSCTO 7 L —F U i E
“Passivating contacts: Prospects for high volume manufacturing” 2°F & £ - T
WHDOT, AT 5, M2 1ICaAT X 5IT, PERCHEED . 5 dhSi KL o BAE D £
Thd, flx OEANFEEICE 2B VAR E, AVv—7y bl EBRREN TS, Longi
X, 24.06% DPERCE NV D FLEREZH L TWW5bH, L7 L, PERCE/LOBHERADIERM S



TW5, X227 X912, Al —BSFELIZ., BAZIE20%DBIER T, PERCE /LI,
23.5% M. FhEBHR/ TH B, Passivating contacts?, wWHAAKEEM L LT, &b H
HInTWnWb,

PERC is the benchmark

..............

15) sF T T .15 5000 . .
2% 19 80 | 10x10 % | il S LONGi Mono PERC Cell Efficiency Record
= (Y Lo = f g
§ (“)k ,',’:_’\"’ iE')' 8 iFAPEX g 24.5%
£ od o—+3 = E T ) 3800 ¢ 20.0% + ! 2383
> 28f = o O, g ‘JI, A Texture 2 s L. - |
5 ( ® 00 - OF ' < Alox @ now !
S £&L) © % 3 = i 2%
e WA o o] 2 T L R o g ,
g 22 3/* > / B » DiffursTo =3 2.0% o 7
3 Oz WYAS ° 3 s 3 2w [S] | se
% 3 e 1% 5 2%
R oF ° 3 3 b3} 205%
- £ ¥ o -
"0 i 200 © Q
° G .\
e A At & e o Vi & & ¥ 3 EAR o o
TSl TR B g Y 2012 2014 2016 2018 2020
Fabrication methods Year
Hongbin Fang
Byungsul Min, IEEE JPV, 2017 Yifeng Chen, IEEE JPV, 2018 PVCellTech 2019

X 2 1. PERCOAEAED E#W (Dr. D. De Ceustefflt)

PERC limitations

* PERC efficiency is limited by

T = T L2 T L T i
recombination in silicon and under the ® %0+ 1
I
contacts 2 R
i ) S 284 R
* Aluminum as localized BSF excludes the use 3 PR
of better N-type material T 6. i
* BSF and selective emitter can only partially § Passivating . 55.0 %
shield the recombination at the silicon/metal & 24- Contacts —
interfaces 5 A
S 224 §
8
o , : o | Al-BSF |
* Passivating contacts is the most credible §
candidate for next generation solar cells 2 | |
after PERC [1] :

20I10 20I15 ’ 20|20 ' 20l25 ' 2030
[1] M. Hermle, nPV workshop, 2019
X 2 2. PERCE/LVDOZHREIHR (Dr. D. De Ceusteffi)

TOPCon (Tonnel Oxide Passivated Contact) 75, WRHACHE Sh KB O A 5 72 5 Al
ThdrERTWD, 2 31T, TOPCon& ~7 w #4A (SH)) HEiE KI5 EM O g % <7,
TOPCon & SHJD LL#E A3 72 S v 7z, SHIIL, JegfbZe L. IRERE, bifacial, H 7 m &
A7 —DREEAET L, N Y= w71, 199TFLURKEAEELZFRMG L, MR —
ORI, 23% L ETH D, HAMTBAIEIL, ASU, CSEM/EPFL, CEA/INES72 ¥ T/ & T
W5, HEESLH X 4T A 1%, Meyer Burger. AMAT. INDEOtec. Von ArdenneZg & 7»
BAFTESH, KREAMESL ., CIE, Hevel Solar., Sunpreme. 3SUN/ENEL. Hanergy. REC,
Jinergy/g ¥ T, FtWith TH D, — 7. TOPConlE, k7 L, bifacial D E LA L.
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Trina?d, 24.58% %R L., A 2y b T4 L OFIF23% L ETH D, WFFEHTIXIE
FT, HMax O 4A 7> a3 (LPCVD, PECVDPVD, APCVD, £ A EARE) B"dH D,
B 1%, Meyer Burger Schmid., Tempress. Indeotec. Centrothem, OLT. Von Ardenne,
Semco, Intvac7g EH AFTX 5, Trina, GCL, Jollywod7g ERN, XA 2>y b7 A4 2,
BRI A7 —Y Toh %, TOPConlL, BI/EDOPERCT A v 27 v 77 L— RT&, fix D
V=V EEHTELREERH L ERT WD, 2 41T Loz, ~TrEES (SH))
Kp@EMmEY &, KaX FT, ROUBEORBLED D, MO T—LIT, BED
passivating contactsZ oM ¥ A4 RTOPConTH D, ihfHIZ, A X V¥ —Ta DA v
TV —vary Kax L =T 4T Ny R_R=T g raHhIERN =X |
mETHD,

Includes a thin layer that separates the absorber from the metal electrodes and
shields the bulk from the infinite surface recombination at the metal contacts
* Intermediate Passivating Layer (IPL) provides chemical passivation to the interface [1]

* Carrier Separation layer (CSL) provides carrier selectivity from differences in Fermi-levels,
bandgaps or work functions

Ag

Y AAANAARANIS
aSiH (p)
a-SiH ()

cSi(n)

Heterojunction solar cell

G-SEH ()
aSiH(n) N
Tco
Ag

(Hybrid) TOPCon cross-section )
--Yong Liu, Jollywood, 2017 Dopant-free asymmetric hetero-contacts

--J.Bullock, Nature Energy, 2016

SHJ cross-section
C. Ballif, 2018 IEEE-WCPEC

mas m S100=16.4;5,,=14.3
Si0e=14.1; 5,0, =135 o . Si0e=13.3(Ti0,) Sy, =12.5 (MoOx)

[1] Glunz, 2017 IEEE PV Conference
Selectivitv values from J. Schmidt. Solar Enerav Materials. 2018

X 2 3. TOPCon: ~T w4 (SHJ) & KGEMOkLE (Dr. D. De CeustefZfll)

Cell CoO [$/Wp]
Wf 0.156 Cell CoO [$/Wp]
- s0.16 0.143 P TOPCon+ assumes:
o : 014 0.124 = - - N-wafer price drop
so12 $0.12 o 00266 (10% to 5% from P-
s010 $0.10 { type)
- APCVD or PVD for
$0.08 $0.08 " . o e
passivation, in-line
e 5005 anneal
so04 5004 - Poly from 120 to 30nm
foe o - NiCu plating
50,00 $0.00
PERC TOPCon TOPCon+
- [5/wpl [5/Wp] S/Wol
™ Electricity D b mWafer ®FrontSide M Passivation Metallization
Re-drawn and adapted from M. Re-drawn from J. Rentsch, PVCellTech 2019
Woodhouse (NREL) 2019 Assuming PERC at 22%, TOPCon at 23%

X 2 4. PERC, SHJ. TOPCon® -t /L2 A ks (Dr. D. De Ceustef2fil)
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(4) P.P. Altermatt® (Trina Solar) |Z X DHi[EID35th EU-PVSECO ' L —F U i&EH “Learning
from the Past to Look Beyond the Roadmap of PERC Si Solar Cell Mass Production”
B, FLESTWVDLOT, #INT D,

@
Patterns in the past Trinasolar

Mono-crystalline silicon

% N I I I I I IPas;si\.'atlad céntaclt l l l ' ] Gdtherger fit:
[ two-carriers) ) 1
25 ISE —_— ((one-carrier) UNSW Passstwated ] f—t
= I omier 3 n(t) = My | 1 —exp| —
R ] c
3 20| .
s F 1 c¢: loss decay constant [years]
3] [ Unpasssivated ] _
£ s o years for loss-decay by 1/e
3 Z ® Hofiman 1 The shorter the faster is progress
10 Bell Labs Laboratory cells m 2.5 Unpassivated emitter
m World records 7 . .
o o In-house 1 5.7 passivated emitter (and rear)
5 1 .
AT TN N Y T T T S Y Y SO W 1.7 passivated contacts
0 10 20 30

Years from t;

Exponential saturation pattern:
Initial progress quick, but efficiency hurdles on the way.

Progress has become quicker — drawing from past experience

Data: M.A. Green, Prog PV 17, 183 (2009); M.A. Green et al, Prog PV, solar cell efficiency tables.
In-house data: author (UNSW), F. Feldmann (ISE). Fit: A. Gotzberger et al., Sol. En. Mater. Sol. Cells 74, 1 (2002)

2 5. ARSI KBEEROSZRIEOLE L FA-EHR (Dr. P.P. Altermattfgfit)

2 512779 X 912, PERC (Passivated Emitter and Rear Cell) Ai&#smSi KMy EM NS, £k &
725 T %, PERCKBFEMOAEERL Y | 20174E0028. 9GWA 5, 20184FI21%, 65. TGWIZ72 5 @ L T
%, 20604EF TIZ, 100% DFAEFET R X —DEHOT-DITIE, BREEAE22TWAMLET, 111-
VibE., TI-VILEW, v a34 T4 MeEmora 7 A A4 TOEBT, LW EA 5, #ifhSi
NENNTR A D, FEEESI KRBT Y = — Uik &, 20184E0D$0. 3/WAh 5. 20304E(21%, $0. 17/WiZ
72459, PERCE Y 2 —/L3hZ s | 20044FEDFI14% 05, 2018421, 19. 1% & 72> T\ 5, Ag, Ga,
SnOEPFHIFI G H Y | FEbSTAKBEM TIX, AgfiH&EZ . 40m/ /L7 520mg/E/VIT, HITET 2 Has
LT b, unpassivated /L, passivated®/L, HIT-IBCZ2 &, &fEfLE NS KB EM D EZRILDOLE
ER K2 5T LT, afrdanTnsd,

PERCO A% D 7= D DEMTBAFE DB FHLA DRI Slz, @T7 A 7 XA Ao HR (B E7213F7) |
T o AREEOWE, BSFHEEDWE, A X VB — g roE, Kl y N —2 g L OWETN
Z. R VUSi passivated contact, b FR/EE(LY), KSR OFIH 2 EMHRT, RV I L—v
2 N KD KBEEMOBERN 2 I, @O RTREMEIC B 2 AT RS LS S v, M2 612,
Tl 2 OFAFFOBANC & 2 #dS1 PERCKBFEMO SR b O rTREMEICET 23 I 2 L— 3 Ui %
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R, =1 5ms DI DEGE . 2h324. 35% DEENHAFRFTE 5, MHEFIEAROEHIZL D, &%)
ZRPERC KB B D KR EAFENAIREL £ L T,

®
. Trinasolar
Beyond PERC :
< 24f - tandems
o
2 passivated contacts
B W ,;’.'_ hetero structures
= X hetero emitters
= PERT, IBC, HIT
8 22+F n-type
« : etc.
W
P Above about 23% (?) other
[ device structures and materials
} may become competitive to PERC

Reference advEm Al-B- BSFb 2 S Cnt10um .
selEm1 BSFseg seaasﬁn?i'opnk multiwiro. Lipace  Srear Presently, no single target for R&D.

Fabrication improvements No standardization of equipment.

PERC is a suitable platform for other materials » Integrate such features
and device features to come into mainstream into PERC cell process

iltermatt@trinasolar.com B.Min etal, IEEE J-PV 7, 1541 (2017) 35th EU PVSEC 2018 — page 12

2 6. fExOEMoEAIC X 25 5EST PERCKBEMOEDRILO M REMICET A I 2L — g
VHER (Dr. P.P. Altermatt?aﬁ\\ B. Min et al., IEEE J-PV, 7, 1541 (2017))

5. 4 non-Si ZFEKXBEZEMNSEF

(1) M. Edolf (UppsalaUniv.) IX. “Research and innovationin CIGS and its alloys ~Which
are the next bottolenecks?” & B L T, EFGEH 41T o7, £212, Y—F7 =70 7747
EalemR CIGS KIGEMDORFIEL R, TVa—APRE, V=T =70 T 4T D
[H fE 841cm? T, %h=R 19.2% . Avancis @ 30cmx30cm T.%h= 19.0% . Niesole @ & f& 1.085cm?
T, WFE17T4% DR TH %,

# 2 CIGS KI5 zh = Dk

V—g—J01 Solibro ZSW EMPA

TAT
Voc (mV) 734 739 741 734
Jsc (mA/cm?) 41.3 37.0 37.8 36.7
FF (%) 80.4 79.6 90.6 77.2
n (%) 23.35 22.9 22.6 20.9
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http://www.eupvsec-planner.com/speaker/207039/Bermudez.htm
http://www.eupvsec-planner.com/speaker/207039/Bermudez.htm

CIGS KBEM O mzhFiicmid, HEA D=4, REHHKAG. N FE78y b,
TCO RNy 7 7 DN, CIGS WINLE DR R FED ANV 7 S, iz ¥ 7 FNEI
B 2072 OB RN £ & b b=, CIGS W ULJE & Post Deposition Treatment (PDT)
DBRFTENTW5D, PDT 72 LIZHT, NaX° KF® PDT (2 XY Voc 1A L3 IEn 5T
%o, X BT, RbF X° CsF @ PDT T, e ELOBERNH DL ENAHBIR TS, flx
i¥. PDT 72 L. KF-PDT. Rb-PDT. CsF-PDT T. % 4. Zh=M»N, 17.7%. 18.6%. 19.1%.
19.0% & #EINTWD, PDT IZ LY, SRR D Urbach energy OBLR Ao TH
D, PDTIZ &2 KRKAKA, —2DO@HETH A5, RbF-PDT, HWAKMKE CdS BH L O
A%y Z(Zn,MQ)0 JE D HIZ LV, ZSW 23, ZhE 226%EEMR L TWVWDH, RADOFRKEE
WAL, 10°~10% cm/s TH Y . GaAs ik Lok IS H AL CIGS KB EM b BF S
TWDHR, BRIV TND 5 L, IRIT20%EHETH D, CIGS WU )E o £, =
mMANy v _R=Ya b RFAINTND, AL RAET Y 72 nid, Emiiic ks
light trapping O F R D> TWDH, EELH O PRBEFIC LD . B EERSE
0.46mA/cm? D7 A (B HLN TS, In OBFJFREICELTH, SIS TV, HFE
70GW (I, KELKREDFETH D,

(2) S. Albrecht & (HZB) I%. “Towards highly efficient monolithic tandem sdevices with

perovskites” B L C, 'L —F Vi Z1To7-, 2Wi a7 AU A NSi, a7 AhA
MICIGS, a7 A A MXua T AJA F2#EHX T LKREEM T, 21T, %% 28%.,
24% . 23.5% DKW TH 5, HZB TlE, 2 712779 & 512, LiF/1Z0O/Sn0,/C60/perovskie
IIPTAA/ITO/SI-HI #§3&E D 2 #:5 % 7 A KB EM (1.03cm?) T, ZhHE 274% %2 /F T D,
Ny Py vy 7 OREl 1.66~1.6%V., MHHDOEE TN TS, K2 8ITRT &
IV, HZB BT D Xa T AhA MNXa T AhA v, a7 2AhA MCIGS2#AX VT
LAKBGEMOFIL, K%, 23.3%, 23.26% DR TH D, ¥ T AKBEMDOEY 2 — L
#hE L LT, 2030 4E, 30%. 2050 4£, 35% &% HIET L LTW5,

27, "uTANANSi2HEX T AKRBEMOMEE &R (T LB KAL)
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X28. "7 AHA F/CIGSe 228G H T L KGEMDHESE &M (b LA KEE)

5. 5 @aEIN-VEES., EXESLUFERABENSF :

(1) R.vanLeest & (AzurSpacel, FhG-ISE) (%. “Recent progress of solar development for
CPVapplications at AZUR Space” H L T, YL —F VEiE 21T > 72, R0 FHH
InGaP/InGaAs/Ge 3 # & & /X . BOL #h % 295 % ., EOL %) % 265 % .
AlInGaP/AlGaAs/InGaAs/Ge 4 #: 4 & /L 13 . BOL %#h =8 31.8% .EOL %)% 28.8% DRI TH 5,
AlInGaP (1.95eV) /InGaP (1.65eV) /AlGaAs (1.40eV) /InGaAs (1.15eV) /Ge (0.67eV) 5
EAEELOMEI S, 765 EHENX T, 428% 1" HFHNTWVD,

CPV Installations
Triple-Junction Cells and Silicone on Glass Lenses

re, 140 MWp, Golmud,

A ST
Photo sources: companies

- ( ® \Match Z Fraunhoftlesz

29. CPV I AT LDi%EH (Dr. G. Siefer &)

6
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fii[al o 35th EU-PVSEC T® G. Siefer & (FhG-ISE) (2 & 5 7 L —7 U i 7H “Final Results of
CPVMatch - Concentrating Photovoltaic Modules Using Advanced Technologies and Cells for
Highest Efficiencies” £ & £ > TWH DT, MM T2, K2 91C, £HXKEHIHEE (CPV)
vz%b@%&%fﬂ%:%a“ ZNET, 400MW O CPV v AT AMERE SN TS, ik Si
KBS EMIEL. 2hR 26.7% T. Auger Limit ® 29.4% 23\ T\ 5%, CPV & i%, %hK 46%
OD%YR’G\ CPV . k@h=E0ot®NL, TV 2=V, VAT ALATHD, T, BEES LD
REIL, Lo B\ HAEZARE LTS,

HEHTIX, CPVICET MR E T Y =7 bR N HE S 7=, EU @ Horizon
2020 O X T, 2015 £ 5 AICHHBL, SEOTr Y27 b THDH, THIZ. 495M =
—RThd, BAEKGAEEE 22—V ZRAB L, GERFBINHERE L EmIROES L H
Y84, avY—v 7 A L. 793R —77— ISE. RSE. CEA. Tecnalia ® 4 > D3¢
BeBA. 1 K% (UPM), 2 DD{EFE(AZUR (5l K3 E) . AIXTRON & 2 SO /e
3£ (ASSE Cycleco) T, fEpk ST\ 5,

From the Laboratory to the real Sun
Highest efficient CPV Modules

N

Multi-junction solar cell Concentrator module

(Silicone-on-glass lens)

GalnP 1.9 eV 100

T h ?J‘d". 4 ,‘h,‘ #mas 02 xzayDB
LY Y ]
I Bonding] 1]} i 1'

GalnAsP 1.0 eV

EQE [%]

GalnAs 0.7 eV

400 600 GO0 1000 1200 1400 1600 1800
Wavelength [nm]

Efficiency: n=46.1 % N =36.7 % CSTC"

_ -
= leti ¢ sotec

* Concentrator Standard Testing Conditions, 1000 W/mz2, 25 °C

Matc h /AFraUI"IhOf(-I!SI;

30. CPVIEFAMME TP =7 FOCPVELBLOREY 22— LD E (Dr. G. Siefer#t
fit)

F. Dimroth at al. IEEE JPV, 2016. 6(1)
M. Steiner et al. Prog. Photovolt., 2014. 23(10)

30, CPVEFRMET =27 POCPVEALBLIPEY 22— VOREERT, U
NNV T 47 GalnP(1.9eV)/GaAs(1.4eV)/IGalnAsP(1.0eV)/GainAs(0.7eV) D CPV & /LD
300 {H4E Y. 2% 46.1% . CPV E Y 2 — /LT, ZWE 36.7%NEHLTWAE, K3 112, Si
B LD IV ZEGELONALT Y v REELVED 2 — NV E2RT, 2L, -V ES
BEAELIE, BEELERMAT 202 A T, fd Si B, IOt &ELEE2FAH L, H
HEMEHR->TW5DH, M3 212, Sik/LEDIIN-VEEEELOANALTY v FESELEY
2= K DM RRETT, -V ZHE L, BiE 587W/em? T, %)% 38.9% .,
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HEAhL SI BV, BEEOE 63WICm2 T, IR 17.4% ., 5 bE T, 2R 36.8% NFEBH L TW5H

Outlook beyond CPVMatch
CPV Modules capturing diffuse Sunlight - EyeCon Module

B Multi-junction solar cell
utilizes direct radiation

. . + Irradiance
®m Silicon solar cell utilizes

diffuse, scattered radiation

+ works as heat spreader Fresnal lansas

- Increase of power output
of the module

— ! i
11I-V concentrator cells on Si cell

31 Yamada N, Okamoto K. Optics Express 2014
J.F. Martinez, AIP Conference
Proceedings 2012, 090005 (2018)

ZZ Fraunhof
Match Z Fraunnotrer

31. SitVvEDINVEESEELONAT Y v FEXELEY 2 —/L (Dr. G. Siefert
fit)

Outlook beyond CPVMatch
CPV Modules capturing diffuse Sunlight - EyeCon Module

- ; 400 _ ;
B  Multi-junction solar cell Neotal, o = 36-8 %
g - 5 = - 2
utilizes direct radiation g 300| P« =239 W/m
5
2 200
e e 5 Diffuse = 63 W/m’ DNI = 587 W/m®
® Silicon solar cell utilizes 3 i o L

. =2 ng = 174% Nem= 38.9%

diffuse, scattered radiation 100 F 4

+ works as heat spreader — Silicon cell \ — PV arrm
0 1 1 1 1 1 1

00 02 04 06 20 25 30 35

- Increase of power output of e : Voltage [V]
the module .

- Combined efficiency rated
to global normal irradiance:

36.8 %

33

J.F. Martinez, AIP Conference
Proceedings 2012, 090005 (2018)

M3 2. Sit/L EDOIN-VEHESELDOANAL T Y v REXELE Y 2 — 2 X5 H K
(Dr. G. Sieferfz )

Z Fraunhof
Match ™Mo

ISE

(2) AJ.Ptak® (NREL) %, “Status and recent results from the development of dynamic hydride
vapor phase epitaxy toward low-cost, high-efficiency 111-V solarcells” L T, "1 K74 K
KM X F T4 (H-VPE) IZ X% mE ke, GaAsk & U GalnPH & | GalnP/GaAs 2 1 &
Z T ARG EM ORI & Hm A LT,

20



Hydride Vapor Phase Epitaxy (HVPE)

|
— e AsH; - A ey ®® °
® H,, HCI # # o®
B — oo
FGIZ:, —_— e ha_ ¥ o . —
PR Licuic indium | é Exhauet
P B0 —p
< GaCl :
-
H, M Single Crystal Substrate
Overall Deposition Process:
Source reaction: Ga(l) + 2HCl & GaCl + HCI +§Hz
Deposition reaction: Sz + 3 A5y + GaCl & Gads + HC High throughput, inexpensive

source materials, and high
utilization potentially lead to
lower costs

« Atmospheric pressure, hot wall process
» Low cost precursors; high precursor utilization
» GaAs deposition > 300 pm/h [Gruter et al., JCG 94, 607 (1989)]

X33. "M 74 FRM-E XX ¢ (H-VPE) &L HE (Dr. AJ. Ptakfgfik)

33 H-VPELKiEZRT MK AN TV =V —fFEH LT D —V—DFER =R,
BANL—Ty N EHEENAETE S, GaAsE Iz s B E 300y m/hrbl ERTFIRETH 5,

Dynamic HVPE
Heating/holding zone GaAs zone GalnP zone
Inverted rear heterojunction GaAs contact layer
1. Heat substrate/remove oxide GalnP emitter
2. Nucleate p-GaAs buffer
3. n-GalnP Window GaAs base
4. n-GaAs base layer
5. p-GalnP emitter layer GalnP window
6. p+-GaAs contact layer GaAs buffer
7. Remove from system GaAs substrate

3 4. Dynamic H-VPEIZ X 2 Wit ~T v 5 » 7 v — (Dr. AJ. Ptak#z fit)

H-VPE 2 & % & plk i & & 20 3 K BE B M SE 8L 0 7= & @ 2k 72 Sl /2 s i 1 i . Dynamic
H-VPE (D-HVPE) »3, ##eEZ SN TW5, K2 81, Dynamic H-VPE (T X 2 Wit ~7 o $
AR O 7 —%27x3, X29, K30, K3 11X, D-HVPE il GaAs H# 4 &L, GalnP
HEATLE L GalnP/GaAs 2 4 Z 7 LA KB EM O K2 74, 2hR1T. % 4 .25.31%,
15.02% . 23.7% DIRITH 5, @ O MOCVD kFE GaAs HiZA /L, GalnP HEEAS L,
GalnP/GaAs2 A X T LN D by 7T —21F, #hFE, K4, 29.1%., 21.4%. 32.8% T
&Y | H-VPE &2 X 2 KIGEMFFIEILS D . K2, H-VPE & GalnP K5 HlL, MOCV
EDOS DI T, BEHAKN, 014V K&, EORIEXENLETH D, /2, K3
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2027 TE 912, HVPE 1T L B TII-V2EELS KBEBEMDOEK 2 A MEbD > F U F 23R

$0.78/W DK a2 A2 MR #IFF S5,

i,

D-HVPE-grown GaAs solar cells exceeding 25% efficiency

Current (mA)

V.= 1.0802£0.0017 V

J = 27.95 + 0.20 mA/em
Fill Factor = 83.81 £ 0.30 %
Efficiency = 2531+ 0.18 %

0.4

02 00 02 04 06 08 10
Voltage (V)

12

Team

Comparison of HVPE- and MOVPE-grown
solar cells with the same structure show
nearly identical performance

cell grown using low-cost D-HVPE

>25% efficient, single-junction GaAs solar

X 3 5.
X 3 6.

GalnP
top cell

40 | T T T
HVPE (HC235)
Voo =1.08 V
L L [MOVPE (MP039) il
£ 2 Wpo=tiov
2
E
2
£ 0
©
E
g
G
20l 4
1 1 Il
0.0 04 08 12
Voltage (V)

D-HVPE (Z X ¥ sk E S 472 GaAs KI5 & O Rt (Dr. AJ. Ptak $#2£4%)

Tandem Compone evelopme

GalnP Cell
2 T T T T T T 1
ARC-coated
0
)
2k -
k)
<
£ 2 — HC579An17_CL N
B
7 Voc = 1.353
< r Jsc=12.83 -1
8 FF = 86.5%
£ L Eff = 15.02% i
e
3 -0k -
A2k -
| 1 1 1 | 1 1
0.0 0.2 0.4 0.6 08 1.0 1.2 14
Voltage (V)

D-HVPE (2 X ¥ s & 4172 GalnP KEGE M O KM (Dr. AJ. Ptak #2fik)

World’s first HVPE-grown multijunction devices!

We developed the world’s first HVPE-
grown tunnel junctions, GalnP top cells,
and two-junction devices

3 junctions

5 hetero-interfaces

Dopi
ema)

=Sy gw

P=3xigi
P22y 5
"=1x1gn
=g

" 3x1ga

"=2x10

GalnP Base: 0.9 pm/min
GaAs Base: 1.0 um/min

External quantum efficiency

T T T T

T T
E=E3

— GainP lop o8t
— Gads batiom oot

L L
400 500 600 700 800 900
Wavalength (nm)

Current (mA)

OSMSS IV System
== PV Performaace Characterization Team
B o s s o E

I

r Jsc=11.2 mA/cm? =
Voc=2.41V
= FF=88.4%

+ n=23.7%

1 1 1 1 1
1o 15 20
Voltage (V)

Efficiency is mostly limited due to the lack of
heterobarrier passivation.

3 7. D-HVPEIZ XV E SN 7= GalnP/GaAs 2 #:5 # 7 L KI5 7 h o 5 1k
(Dr. A.J. Ptak $Zfit)
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Putting it all together: Roadmap for a 2J Cell with HVPE

MSP https://www.nrel.gov/docs/fy190sti/72103.pdf

$40 ~$60/wW MSP’s will depend on actual overhead costs and how
they scale, as well as cost of capital and how much

$35 - . - C
existing equipment and facility space is utilized. mOther labor, material, maintenance,
and electricity for cell processing
$30

Other equipment and facilities for cell
processing

$25

mHVPE deposition
$20

MSP mCell metallization
~$16/W

$15

$10
mSubstrate (wafer, CMP, and ELO)

Cell Manufacturing Cost (2018 $/Wpc)

MSP
$5 ~$5W MSP
. T
50 ——
Stage 1: 22%, AMO Stage 2: 24%, AMO Stage 3: 26%, AMO Stage 4: 30% AM1.5
250 kW/year 2 MW/year 14 MW/year 100 MW/year
10 reuses, $20/CMP, 20 reuses, $10/CMP, 50 reuses, $10/CMP  All in substrate costs of $1/cell, 239cm?
$130/substrate $90/substrate with CMP every 10X cell. Yield and uptime improvements.

38. HWPE(Z LB ITI-V2 S KEEMDOIK = X Med v+ U 4 (Dr. AJ. Ptak $#£4%)

5. 6 PVEYa—J. BOSaAVKR—RY 7!

(1) M.Vanlseghem (EDFR&D) iX. “Anoverview of module reliability” & 8 L T, 7
A T oo, PVEEEDOILKR EFRIC, PVEY 2 — L OEHEMIL, 2x, EELRD  PVOR
EME L RMEEMEIL. PVORDICEELRBRETH D,

P %
ower [%] EVA discoloring

Iy
LID 0.5-5% Glass AR deg. Delamination, cracked cell isolation

Prominal I~ . < 3%
F<10%

PID !
Diode failure |
Cell interconnect breakage

Corrosion of

\ cell & interconnect

Contact failure j-box/
string interconnect
Glass breakage
Loose frame

k-~ Ajueliepp -

l ~
Infant-failure Midlife-failure " Wear-out-failure

Time

Fig. 3.1: Three typical failure scenarios for wafer-based crystalline photovoltaic
modules are shown. Definition of the used abbreviations: LID — light-induced
degradation, PID — potential induced degradation, EVA — ethylene vinyl acetate, j-
box — junction box.

3 9. PVEYz2— oMM RELIE— F (IEA/PVPS-Taskl3 Report)

F£ 9. IEA/PVPS Task13D{EBE O AWM E S e, 204 E36FBI . 604 O BT 75 2 |
LTW%, R2FEMOT —FITLNIE, MEFBICIX, PVEY 2 — O RIT, FEidhSi
T, FH0.8%~0. 9% /FDHILRTH D, HITT, F1%/F, HEIX1L.4%/FTHDH, TV
2— L OFEIE, 2 A MIBEDY, T E Tk, IEC61215X°61646(CHEML L T, ME A + L
AR BECQualification 72 SN TWaDH, HLWEREBEE O OIZiE, = X b/MERER., WA
ER, EHEMEARENEZE LD, Qualification testiIMENY. I TV, WEEH OQuality
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Management System, “ A7 AR EMENEE LD, PVEY 22— /LD, L E
2—&NT2, B3 9IZ, PVEY 2 —VOMAKKRESLLE— FERT, 1~2FETIE, BV
7 7 v 7 Rglass breakage/g & 3~4EF 5 & | PIDFL, KHIAYIZIX. EVA discoloring/s
EN, HILERE > TS,

M4 0iZ, PVEY 2 — /L OZENBIAHLRZRT,
QUVEREIZ Xk 2 #EIEM D discoloration, @A VX —ax 7 F U R UVRBEEMEH O MRS,
@% Ik Ddelamination, DBV OENLZ T v 7 @OPVE Y 2 — LHKE ik, RiEL X
ONEHMEF DA L A, BPotential Induced Degradation (PID) . ®catastrophic failure,
REDBREE NI, A%IF, PVEY 2 — LV OEEMER Lo S 6725 Hkis ). PVl
Quality Management SystemBF A R A4 OB IZMZ., TUAKEH - FHEBE - AT A
o b WiE=a s b — b A L ARBROM B 70— R TOBMI, 2 ENE
B,

Unknown Encapsulation

/ defect and

Transport 5%-\ 6% Backsheet 9% ____————
damage

Delamination

5%

Optical failure
Loose frame 20%

6%

Fig. 3.2: Failure rates due to customer
complaints in the first two years after
delivery. The rate is given relative to
the total number of failures. The PV
modules are delivered by a German
distributor in the years 2006-2010
[redrawn from Richter11]. The statistic
is based on a total volume of
approximately 2 million delivered PV
modules. Categories not found in other

Fig. 3.3: Field study of PV module
failures found for various PV modules
of 21 manufactures installed in the
field for 8 years [redrawn from
DeGraaff11]. The rate is given relative
to the total number of failures.
Approximately 2% of the entire fleet
are predicted to fail after 11-12 years
(do not meet the manufacturer's
warranty).

module failure statistics are drawn in
grey scale.

X4 0. PVEY =2 — VO ERKKBIFHILHE (IEA/PVPS-Task13 Report)

(2) J.F. Martinez-Sarchez® (FhG-ISE) %, “Development and outdoor characterization of a
hybrid bifacial HCPV module”: L C, 7V —F UV #EHEEZIT>7=, 5. 5D (1) 31,
M3 2xBZRINTz,

5. 7 PVIRT L, e, KA. 177 L—2avnE:

(1) HEBBEREN.ASRIOZFEOH LWL CTH S Z & 23, HA. Aulich (Sustainable Concepts)
WL D7 v —F UGB “Solar electricity and safe drinking water: global opportunities and
challenges” T, fEfich T\, AE, Hill, BIPV XY =T =3 =V VI REDERNH
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> 77,

(2)T.Masuda ( s 7 % EHILK, v —7,NEDO) &, “Some approaches of PV-powered
vehicles applications” & B L T, H#H KGEM, T2 a2 — MIZHET 2B EALAPRE SN
2o B4 TICRT LS, Wk E T COHIMMALET, 2030 FEETIX, #Y I D
—X, BulchstFHEns, LL, VBV b, COHIBO SI1X, AT, KB
KR EFHEAMRBRINLNF—DEARLETH D,

CO, emission limit for Model year 2017 vehicle
passenger cars (= on market now)
300 - ﬂ l No Gasoline
25% - mmisiyiam diesel cars
250 i E
o = 20% -
2 200wy = Dissel
= ‘ us = 15% - lese
P JPN | - o
~ 150 ! -
Q 4 @ e
O EU [E) 10% -
100 EPA and NHTSA Standard E ?
50 for Pas{;;r:gller Cars E 5% ] .
Q
) | £ oo v
2015 2020 2025 2020 2022 2025
Model Year Target Year

Source: http://fepa.gov/otag/fetrends.htm

Utilize renewable energy (solar) as power for cars
4 1. EESEICHIT D CO M OE M & KIGEMBERE 7V — Rk E#E
DB O EYE (Dr. T. Masuda 28 7 & )

Prediction of a number of PV-powered vehicles
Number (x1,000)
o » Vehicles without onboard PV

= PV-powered Vehicles

53,356

50,000

Increase rapidly

20,000

10,000

o .|I|IIII ””

oS R BRSO MM T YNNG O NMT YR B S oMM Ir.) ~ @ o
mmmmmmmmmmmmmmmmmmmmmmmmmmm E Y = = 28
ccccccccccccccccccccccccccc =1
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

NEDO’s Interim Report “PV-Powered Vehicle Strategy Committee” released on Jan. 315 2018.
https:/iwww.nedo.go jp/english/news/AA5en_100358.html

X4 2. NEDO IKIGHRE L AT LAEHBABEMRFNEE S X5 KEEMBHRE A
B o A FHl (Dr. T. Masuda 3% /i & EF)
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Solar module for automotive applications

11

Required areal/eff. for installing 800 W modules.

50

Module area (m?2)

i e
o o o o
T

Maximum

(']
]
i

U. 1
0 10

w
‘_3_

20
Module efflmency (%)

A. Rooffhood/side (~4.5 m2)
Module eff =18%

>

hitp:isolarcelicentral.com/solar_page.him|

Film + colored module

* Lightweight
* Visual attractiveness

* 3D surface applicability

Smaller install area is better

B. Roof/hood (~2.5 m?)

High efficiency module

e W

1ll-V, tandem. MJ cells

-

eman s o

\ngh-efflmency (>30%), colored, flexible module \

4 3. % 30% U EOFEHEHEHNERGEME Y =2 — /L O MLEHE

Status of practical phase PV-powered vehicles

(Dr. T. Masuda & 1 & #})

# 3.

71

Auto company Module | Output power | Driving range |Sales start year
TOYOTA JFmse | g () 180 W ~6.1 km/day 2017
ool oetapnevsroom/ooiazT9Es5aRNN

@& HYUNDAI i&g | Si NA NA NA

. ci}?E . Si (IBC) 1000 W ~50 km/day 2021
sono (e )moTors Si (IBC) 1204 W ~34 km/day 2020
BHanergy ﬁ GaAs NA NA NA

50
=31, rs+1/rsh=0.025
45 = «3]J, rs+1/1sh=0.1
: =—21], 1s+1/1sh=0.025
= 2] rstl/rsh=0.1
= 40 O Data, I1I-V 3]
s @ Data, III-V/Si 37
> 35 ® Data, ITI-V 81 2]
=z
)
5 30 -9
= A
L R S e A
20 ) e
15
0.01 0.1 1 10 100
ERE (%)

Potential of Si 2-junction and 3-junction tandem solar cells
(M. Yamaguchi et al., J. Phys. D. 51, 133002 (2018).)

B4 4.

(M. Yamaguchi et al.,

26

Si # 7 LK EM OB & &2 RO A EE
J. Phys. D. 51, 133002 (2018). updated)
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X4 2%, NEDO KEiesdE s A7 ABEMABHEMNEZ R =) 1L D KEGEMER
B EOEATHEZ R HETETXLF -0 b KBERER ALEEZ BN,
2050 fF 121X, % 50GW., RFEK 1TW O Wi A s, MffEsin s, bAEO M HEO—
H&7z0 O EITERIZ. 24kmTh o, RAEORBRBRLAN Xy FOmEEIL, %K
<, 30km/H UL EoEITHEREZ EB T 2121, 30% L EOMEKRGEME Y 2 — /LD
FHREREIND, K4 31%, 2% 0% LOHEFHRBHERLEELEY 2 — L ONLE
PZ R4, R3IWCAT L0, KGEMBEHR BB EOHBEH MAHEMI L TWD, Bk
TIX,EHARKEER S LT, @RS Si KBEHMEY 2 — LBV TV R,
2%, RREEZDBND, M4 3ICRT L0, BEITKTHE, BHHKEE!
TV 2 VOMES =Sy ME 30% & LTS, BUKTIX, £HL 111V BLAw ¥
YT AKRBGEME Y 2 — A DBR EREERZMZMHIZL TS, S bR DR EN
VEThHDH, SHEOEEREINEBO -2 LT, Si¥ T AREEMPD S, K44
R LT, 2HABLU3HEAS SI 4T ARBEBIM T, £436%. 42%L LOFEZ)
FAENAHETH 52, InGaP/GaAs/Si 3 A X 5 A KR, v 7 A H A b/Si2 B
BH T AKBEM T, HFE,. Fx. 35.9%. 28.0%DFRTH D,

PV-powered car for “Public Road Test” 12/19

Collaboration with Sharp and NEDO

InGaP/GaAs/InGaAs 3-junction (Sharp)

Prius PHV

Module InGaP/GaAs/InGaAs
Cell Efficiency 34%

Module output 860 W

Module area 3 m2(roof, hood, hatch)
Driving range ~ 44 km/day

https://global.toyota/en/newsroom/corporate/28787347_html

Stated public road test to show effectiveness

4 5. FEIFFABRM InGaP/GaAs/InGaAs 3 & K EM#E#H ~ 2 % Prius PHV
(Dr. T. Masuda & i & k)

Bl4 5T Lo, EIRBHH > ¥ — 7B InGaP/GaAs/InGaAs 3 £ & K 5 &5 i #5 # ~
34 Prius PHV L BB SNz, ik, 111-V/Si ¥ v 7 A, 3EAKRKBGERD
PR ET Y 2 — v TII-V/Si "7V v REASEXKRGEMLE Y 2 — LB LW
% A O TR b A ST,

(2)¥% A4 RA4 > k& LT, “Solar Mobility Forum” & B {# & 4172, A. van der Ham (Lightyear)

. Ao KEEMEE BB E ORI 2 G L=, AL, Solar Team “Eindhoven” @ *
SN—(Z XD, 2016 FFIZEN S, BiF A& D, 2013 4, 2015 4, 2017 4 & . World Solar
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Challenge IZEER L T 5, M4 6127 T L H1C, 215 20% L LDy 7 32 7 Misdh Si
KGEMEZHH L BB ELZEBT CTH L, kO E(, Ny T VFEOREI, KEE
s O K (5 m?) &k, 4F 11,000~20,000km D ETHL A ELEDETHDH, T
AT 0 UMR# X, 149,000~170,000 = — 12 & | m#LEIEH TH D,

4 6. fin Si KM #E$ B B8 (Lightyear #hA — A —)

5. 8 PV &, 5. BERELE

M.A. Green (UNSW) (%, “PV technologies: How might these evolve?” & L T, K[5E
EiioS %o FmEIcBE LT, YL —F VilEEEZTo 72, K4 713, BAMIRZ 3L ¥ —i
ADOHR (2015 4) & 2050 F0E AT ZR$, 2015 4O FAERTET XL F —8 AT,
22% T.Solar PV (% 1% (T £ 72\, 2050 4 O A AT HE = R /L ¥ —100% > F U A2\ T,

SolarPV L, 69% % L5, £ L5725 9, 2050 4F D FHARGE T R /X —100% O FEIL|Z
My, S5 MERN, VETHD, 20184FE0 PV O BEE AR 506GW T, YV =

— Lkt $ 0.3/W LL FiC > TW b,
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Electricity Generation in 2015 and 2050

Solar PV
® = Wind

m Hydro

M Geothermal
Bilomass/Waste
100% d
M Fossil Coal
= Fossil Oil
= Fossil Gas

™ Nuclear
W Others

- In 2050, solar PV accounts for 69%, wind energy 18%,
- hydropower 8% and bioenergy 2% of the total electricity
- mix globally.
u 2 Gas generation is only from renewable energy based gas
! (bio-methane and power-to-gas)
Nuclear power still accounts for negligible 0.3% of the
I total electricity generation, due to the end of its assumed

' technical life, but could be phased out earlier.
ol - . . . . . . . ' source: Breyer et al., 2017. Solar PV Demand for the Global Energy Transition in the
2040 2050

2020 2030 . Power Sector, Progress in Photovoltaics;  Ram et al., 2017, Global Energy
years ShristianOnRE System based on 100% Renewable Energy - Power Sector, report

K4 7. BAEMRERTRXLX—EAOIR (2015 4) & 2050 4F 0 E A T H|
(Prof. C. Breyer fZfit)

|

primary electricity genaration [TWh]

Trend: market share of cell concepts
2016: PERC *15% (in line w/ IHS Markit)

100% - ————Téﬁﬂisﬂj_dﬂJl
90% I ! ||

B80%

70%

60%

50%

IHS Markit data

40%

30%

20%

ITRPV|2017

10%

0%

IHS 2016 2016 2017 2019 2021 2024 2027
EBSF WPERC/PERL/PERT mSi-herterojunction (SHJ) ®back contact cells ™ Si-based tandem

4 8. fEdh Si KEEEMOTESE Y =7 OZ&#E & Tl (ITRPV 2018, ITRPV Ninth Edition
2018 including maturity report 20180904.pdf )

KIGEME L TIE. A% L. ERSIANENTHAH, X4 82857 ITRPV (International
Technology Road for Photovoltaic) = — K~ v 7'~ v 72 X, 4%, PERC L O iR
HENHETIEAH D, RO L0FELRRIL, SIi ¥ T ACHFEREEA S, Si¥ T LT, 4
A% HEZ OB IFFTE D, 20 FHEIE T, InGaP/GaAs/Si3 #:& % 7 LT,
B 33.3%, Na T AAA NMSi2ESX T LAENLT, $FE 280%0BKTHDL, K49
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http://www.itrpv.net/.cm4all/uproc.php/0/ITRPV%20Ninth%20Edition%202018%20including%20maturity%20report%2020180904.pdf?cdp=a&_=165a39bbf90
http://www.itrpv.net/.cm4all/uproc.php/0/ITRPV%20Ninth%20Edition%202018%20including%20maturity%20report%2020180904.pdf?cdp=a&_=165a39bbf90

WaRTEIIC, FFRBEEMDONEDO N RX vy v 7 EgIKFHEICE R LR, by 7L
MELE LT A x OMEIDREHORTEMENH D, R4IZRT L2, H-V, -V, 1-1H-Vi,,
-11-IV-VIy, H-IV-Vo 72 & NA RTA K, InraXt T4 TATT7A NZRHD, &
Xv v 7 CZTSONZTS LR H D LD ETHDH, 5% I5ELURKIT, 3HEAX T L
MHAERZ T HIRAI EFE LD,

What comes after PERC?

IA VIIIB

45
B IVB VB VIB VIIB.

AM1.5D 46,200

404 rAnrantratinn

o2 70f8 >20% 10
37 “closed-shell adamantine” Ne
30 AM15G c-GaAs
c-Si
25 *

\ CIGSb <> P<e£ovsk|te
-
ﬁ'm's' 'th = = c-GalnP

Efficiency (%)

_ 54
T E.ll.[
10+ 4 nc-Si ” ¢ ' N <172
/ ¢ a-Si
ces \
5 ] C-Ge CZTS * .....!
+ 10,000 more!
0 T T ‘ T T T T T
0.4 0.8 12 16 20 2 4

YbLu

Er

Bandgap (eV)

X4 9., FHEABEMDEEN R Y v 7OKR, by 7w AMEOARENE (Prof.
M.A. Green #21it)

Fa. SiZFARKBERD Y SR I Rk OEREE(Prof. M.A. Green $#{it
What comes after PERC?

e 1: Families of P ial Closed-Shell Ad. e ”

BINARY TERNARY | QUATERNARY | QUINTERNARY viis

| (Vi) 0-II-VII, .
(I:-VII)* (0>-IT1-VIT;) (0-I-II-VII;) Halides 1IB

(1,-VII) 0;-IV-VII, 0-I-II-VII, Ili
0>-1-ITI-VII, Ne
Vi | (D) 0-IV-VT, I.
LILVI Chalcogenides

(II:-VI3)* (0-IIT>-VT3) (0-1-V-VI3) 36
(I-1V-VI3) (0-1I-IV-VI3) Ili

v (I-IL-ITL-VI;) 5
(I1+-VIy) L-V-VIy O0-II-IT1>-VIy O0-I-II-V-VI, IE

O-IT-IV-VI, O-I-III-IV-VI, - _
IIL-11-VI ' |Rn

RS-

L-ILIV-VI,
- (> V. ILIV-V,
(III:-V3)* (LIV>-V3) (ILILIV-V3) Pnictides E'
III+-Vy) 0-IV-Vy LII-IV>-Vy
ILIL-IV-V,

w-rv *Anions surrounded by different cation combinations A UNSW
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6. B8 .

SBIVELEASIRN ERTHVH T L ERHESND, Dk, TODITH ., AFFEH
BO—BOMALNEZERRAS L FO—D2OThbd L2 LD, HRSIKBEMRE v 3T
X, B D OF R REREEDEATLEN, BARABENLOSIMET DL 5B OMBEHEZK LT
5, A% b, NEDOVry=7 NMETOREZMFT H L., MdmSiKEEMZ & T K5
BOMERBEANODEZHPLL, SHICL_INE FFL2 LXK ETHL, HHRWIT, Si¥ v
FAKRKBEMN, SHOMEREDOAAL T —~D—o2LA 5, bBNEITIX, KBLRE
WAL, hEPELEZ CERWEERFERBEIT) 2Nk T0nDH, b o —F,
R—OEERETHAROEBRZ LIEVWLEDOTH D,

UL, SH%OKGHERBORBLHGIEROZDICIE, £ EE. EOXENSLE L
x5, KGEMSKEREEOFEmERL, K= X M, BHFEMALORNITH V. BB 5
DELRDLMILEEFEENLETH D, EWV, BARIZ, EOHTHRESOKRIEHEZAL
TWHEEZXD, BEBHNEVCVEROVAEOZORERM L EZETH YD . smart grid < self-
consumption N EHETH Y . Ny T UV EDOIEERE DA TV v NMEBRBETHA D, F
o, BN, KBEBHMEY 2 —LBXOR VAT DK a X MUICHLED TH 5, HEIH
JEARPEEAMA A LEY, Z2o720ild, BEo e Y=y b0 E B3 EAFZE O B R
LHIFFLIE, MUT, KIBXEREIL. BN, = XAXF—DFENICRDDIE, MiEWZRL,
FxRo7 ) —rvzx A X—f Tz, BEXKLELES, S%OEMRAET —~ & L
TIE, Si¥ v 7 A, BIPVRHER, VA7V EORMN, BETHA D, KEEFEEOMN
GIL KR, 2 miGRE., S 61T, KGEHEREBEBEONMIZ LM kD V—v 321
F—HZOMEDZOITIT, HEHBEOMERMLETHDLEBEZOND,

WIE 37N EU-PVSECIE, 20204E9H 7H ~11H . KV b AL DU AR THRETFTETH D,
PVSEC-291%. 2019411H4H ~8H, HEHO WL THME T E TH D, £7=. 47" IEEE PVSC
X, 202046 H 16 H ~21H, ZF XD ANV —CHRETETH S,

(2L k)
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