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# 1  William R. Cherry Award ® #% f#

This award is named in honor of William R. Cherry, a founder of the photovoltaic community.
In the 1950's, he was instrumental in establishing solar cells as the ideal power source for space
satellites and for recognizing, advocating, and nurturing the use of photovoltaic systems for
terrestrial applications. The William R. Cherry award was instituted in 1980, shortly after his
death. The purpose of the award is to recognize engineers and scientists who devote a part of
their professional life to the advancement of the technology of photovoltaic energy conversion.
The nominee must have made significant contributions to the science and/or technology of PV
energy conversion, with dissemination by substantial publications and presentations. Professional
society activities, promotional and/or organizational efforts and achievements are not
considerations in the election for the award.

# 2  ZHETOWilliam Cherry Awardd %

Dr. Paul Rappaport 1980 Dr. Lawrence L. Kazmerski 1993 Dr. Antonio Luque 2006

Dr. Joseph L. Loferski 1981 Prof. Yoshihiro Hamakawa 1994 Dr. Masafumi Yamaguchi 2008
Prof. Martin Wolf 1982 Dr. Allen M. Barnett 1996 Dr. Stuart Wenham 2009

Dr. Henry W. Brandhorst 1984 Dr. Adolf Goetzberger 1997 Dr. Richard King 2010

Mr. Eugene L. Ralph 1985 Dr. Richard J. Schwartz 1998 Dr. Jerry Olson 2011

Dr. Charles E. Backus 1987 Dr. Christopher R. Wronski 2000 Dr. Sarah Kurtz 2012

Dr. David E. Carlson 1988 Dr. Richard M. Swanson 2002 Dr. Keith Emery 2013

Dr. Martin A. Green 1990 Dr. Ajeet Rohatgi 2003 Dr. Ron Sinton 2014

Mr. Peter A. lles 1991 Dr. Timothy J. Coutts 2005

48l D 3% H # 1%, Christiana Honsberg (7 U Y N2 K) T, ANV FRBFH A% %
ui PV RS ICRE T 2 R E RS S iz b o Th D, K[E DOD @ DARPA ([H B & 25 4 5
BA % J5) “Very High Efficiency Solar Cell (VHESC)” Y ¥ =7 hodE U —&%—L LT,
BhER 42.8% DR, 111-V-N R KI5 E M O 7EHERE, S PEGE ST KIGEMEICEM Lz, *
72. NSF, DOE ®H AR — Mz k% PV ICTEIT % KE Dt B & © Engineering Research
Center (ERC) ot v % —K & LT, 30 BMEOEN, BT/, EERIZD 258 %
U —RLTW5,
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Albert Polman (FOM Institute) 1%, “High-Efficiency Solar Cells by Nanophotonic Design”
LELT, v —TFT VEZIT o2, T/ MEFHEENR. &8 D metasurface, metamaterial
T—=%T7 7 F N, KGBEBMON Dy 7V T b T v TBIOEHROHIEICHL T
»H 5,
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Fig. 4. Plasmoelectric effect on Au nanohole arrays on glass. (A) Bright-field optical microscope
image showing a 200-nm-pitch array of 100-nm-diameter holes in a 20-nm-thick Au fim on glass. The
dark green color directly shows the strong absorption in the hole array. (B) SEM image of a 200-nm-
pitch hole array imaged under 52° with respect to the normal. (C) Measured optical absorption spectra
for hole arrays with a pitch of 175 nm (blue), 225 nm (green), 250 nm (yellow), and 300 nm (red) (NA =
0.8). (D) Surface potential as a function of excitation wavelength measured using KPFM at 100 mW/ecm?
for the four-hole arrays in (C) (NA = 0.25).

4 HZ7 2RO AuF /B —/L® Plasmo—electric &hE:
(M.T. Sheldon et. al., Science, 346, 828 (2013))

TR, WL OO FFIN R SivTo, Mie HUELIEIE DS, IBC-Si X a—Si IR EHLO D 7 7
Yo 7RI o B TICHDTH D, A1203/S1 LD Ti02 DF ) _REZ— A2 X0 . KR 32. 4%
25 1. 6%IZHFESIL TS, EVAIZ ST OF /& ZHLDIAT Z & T, 1%V 600~1000nm O K
OB 2% LLFIZ i X3 T 5 3 CIGS RSB I OIAL T /) A — L OB IRHGELE
R, T v R RESE, ROFESEZRBSES, 2. &R/ BiEN, 110 o
& LT, P3HT-PCBM A KB <> HIT-Si Ko EHEERE & U CTEHT2 2 L 2 EFEL T
5, KGBEME Y 2— N H T AOMRHRHIIEa—T 4 > 7 LTEIK &/ " F—2 ) Vv
a—F 4 BB LTV, Sl soft-imprint Fi2s, km UH OB T, ZHHDORFITED
EZAREE LTWD, 4R T R oI, Jea B, MEMCERT L8R T/ EiEICL 8L
W7 T ZEEXNRIZONT HiR~ T,

5.2 CIGS, CdTe, I —VI{LEWEELILHE

CdTe =2 CIGS ZDL WL /LI, 7TENA T 7 A Si B L O SL Si #EtE L & 4kic, K= X k
DOEPRIGEM S L THIRF SN TWD, ZADDOMEHT, BEZERERLA NNy ZERET, DY LffH
ICERCE SRR TH U 205 SREERIANDEX v U T OF 7 —I2id /> TWiehoT2 0 |
AEHAE SN TN LT, kR Ly mTHEDRPFFTE D,



(1) Robert W. Collins (Univ. Toledo) %, "Polarization Probes Polycrystalline PV Performance
Precisely” b L C, YL —F V#1770, WKSIZAT L 91T, HEZHE S KGERD
L a— RERIIHEIN &K, ZSW IZ L % Cu(In,Ga)Se, (CIGS)D 21.7%\ First Solar (2 X %
CdTe ® 21.5% ThH %, & 31T, CdTe, CIGS KIFEM, €L =2 — VORI Z RT, B
EdElL, Jsc, Voo TH Y, BIGOUWHELIEWIE ORI AN B v v 70 RA MHEFE
2 EIZ LD, DIREFIC, BECHABRNEBOLXENRKE SN TNDHLDOT, VT A
ALDA L TALOFMY —VOWENREETHL, REIWCRTLIIC, METIHRAS

0—7DRBET, A T4 FHERAREE R | FREETCOMRBRENORET A ~D
WHOREESH TRTWND
Thin Film PV: Record Small Area Cell Efficiencies
96 : y ’ - Significant progress has
25 1 been in the last 2-3 years
1 ONSWPERL T Panasonic HIT ] in record small area thin
24 (1999) —:— gldGTS g film solar cell efficiencies.
= 23t Si e Solar Frantier o =Ar CdTe CIGS
5 (CIGSS) ZSW { | soda lime | layer SUFUS"NE substrate
> 22F 4 r|giass sno, MgF, cell
c 21 FNREL EMPA (ﬂi\. / A o EoTm—=Si0, AR =—fTm
% 20 L2004) NREL Z5Wogp - F||—q1 { |300 nm '-Ssn?f F ano él L~ 200 nm
o A ni n U= nm
= T GE Global Solar] S Gramad— Cds — =20 ¢,
19 F 7 NREL Research<7 1 255 um | Window laver B3l thicd 1.2 eV
]
18 " NREL / " :;r:jl% absorber layer ggp:[ 1.1eV
17 F(2001) == 1 |E=1.49ev graded
irst Solar bandgap |1.3ev
=——7nTe:Cu
16 F 9 =t— metal/Mo —=
1 i 1 2 1 i 1 i n i 1 i ] back contact |soda lime
2004 2006 2008 2010 2012 2014 2016 ani

Next: exploring the origins
of this progress
[1] From: M. A. Green, et al., Solar cell efficiency tables (Versions 24-45), Prog. Photovolt.: Res. Appl., 2004-2015.

Year

¥ 5 CdTe, CIGS KI5EM D& & mah=={bo it (Prof. Collins #2ft)
# 3 CdTe. CIGS KEM, £ 2 — /L OKME#E (Prof. Collins #21it)
- The dominant
CdTe and CIGS Small Area Cell Advances over the Decade improvements
CdTe | Ve | ¢ e n CIGS | Voc | FF I n | areinJg, Ve
(mv)] (%) [lmAfem?)] (%) | The dominant (mv)| (%) |(ma/em’)| (%) | reduction in
NREL [845|75.5| 26.1 |16.7| improvement NREL |701(79.7| 34.6 |19.3| window layer
(2001) isinJg: (2004) thickness and
FSLR |876(79.4| 30.3 |21.0| elimination of W (748|79.5| 36.5 |21.7| improvements in
(2014) absorbance by (2014) band gap grading
% 15| 21 | 64 |100| TCO/window % 56 | -2 | 46 |100| (+ post-deposition
contrib. layers contrib. treatment)
CdTe and CIGS Record Modules and Sub-Modules
Technology | Vo | I [Fill Factor| 7 Area Manufacturer & |Test Center
& Config. | (V) | (A) (%) (%) (em?) Details & Date
CdTe 17.5+| 7021 First Solar, NREL
Superstrate 105.11 1.553 766 0.7 | (aperture) monolithic [1] 2/14
CIGS 175+ 808 Solar Frontier AIST
Substrate 47.6 | 0408 728 0.5 |(designated) (70 cells) [2] 6/14
ClGS Manz AG
Substrate B B 16 B module format [3] 4/15

[1] M. A. Green, K. Emery, Y. Hishikawa, W. Warta, and E. D. Dunlop, “Solar cell efficiency tables

(Version 45)", Prog. Photovolt.: Res. Appl.,, 23:1-9, 2015; DOI: 10.1002/pip.2573

[2] H. Sugimoto, “High efficiency and large volume production of CIS-based modules”, 40th IEEE PVSC (IEEE, New York, 2014);
DOI: 10.1109/PVSC.2014 6925503

[3] http://www.manz.com/media/news/16-prozent-manz-erziel bei-wi

ngsgl igs-duennschicht-solarmodulen-615/



In-line optical scanner based on multichannel
spectroscopic ellipsometry
mounted between
conveyers for CdTe
PV panels

Tools for Real-Time and

In-Line Analysis

* Rapid optimization and
troubleshooting of line

* Tracking of processes for. T VOO IO
early detection of deviations | 4lize reflection of

* In-line control capabilities, polarized electromagnetic
i.e., “adaptive manufacturing” waves to measure thin films

Three-stage process

for multi-source

co-evaporation of CIGS
Substrate: Mo coated
soda lime glass

J.A. Woollam Co. i}

Potential spectral range:
0.75-6.5eVor
190 - 1650 nm
Minimum acquisition
and repetition times
(1 optical cycle): ~ 15 ms
oo % ] : N {—In-situ, real-time optical
> monitor based on multichannel
P ﬂ® ughe  Spectroscopic ellipsometry

Heating
elements

e __chamber  poraer (&) |20 mounted'on a multi-source
Co,, inc. evaporation system for
M2000 DI

three-stage CIGS

X6 UTNANEAL, £ T4 i 27 24 (Prof. Collins #24k)

THE UNIVERSITY OF

TOLEDO

CIGS Photovoltaics on Rigid Substrates: Materials Fabrication /
Process Sequence and SE Measurement / Monitoring Locations

Mo ClGS CdS chemical Top contact ZnO/ZnO:Al
deposition deposition bath deposition deposition
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. stress in Map of CIGS Map of = Mﬂap of ZnO/
‘ glass and Mo properties CIGS/CdS properties ZnO:Al properties
ﬁ solar cell stack ., Grids and AR coating
| 9 rn M/ng ARC-1—, |[ i *’t\l ‘/C"-‘F" deposition
[ Ni/Al/Ni grids ) o Tl EbiATL.,
b B e i S| | —
substrate e B S
50 nm ZnO | |
50 nm CdS :] I }
] 2.0—-2.5 um CIGS /A
PSG: / [
polarization 0.0.0 - e i r
state generator 1 um Mo / final solar = TR “—
PSD: / cell structure I—
polarization ¥ A | .
state detector AP A ’/

X7 CIGS KipEMmOHE Tk AL SEHIET=%V 7 ON&E (Prof. Collins #21fit)

KBHTIE, v 7 v (THz) 68408 (74 b=k /v%F — :0.45~6.3meV. 0.035
~8.86eV) DO HiIFH DRNEMIE ZH WK HF S =Y TV A MY 4 (SE) O@EHIZLHZ%
J& 1% 3 O AT O REM e Y W RRE OB BT NI R S, T P A ALF —RF v U
T, BEHIE, MK, KRR, IS EOREMMEEEOREE L TR E R T D 2
WL, TEMHTICLY, EBEMEIEEEHR XS, INLOMTO@EHIZ LY.,



EEM B ORI DO 7 5 b XX —Zb 2R KRG EMONHE 2% (EQE)
D, NITA—Z 2B EEL2 LR LICTHEITE S, EQE HIE L OEEIZ, 260 THl
ZESETE, WEARICRELZRETE L, FEARKT LA ZHWEY VT F ¥y LT
U7 I A—=H =L BT OTEMEDOY 7 VE A LFEHHLHE RO PV IR DA T A
VEHIZ B W TCEIERE L AR E LTS, s TIE, K7, K8IZART LOIC, Mo Lo
3B CIGS A DU 7V ¥ A LFEAfi, CIGS X° CdTe KIFEM D IFET — & N— A PR
EQE ¥ I = L—v =3, Kl CdTe X x /L7 L F ¥ 7L roll-to-roll PV =2 R—x o |k
BOA T4~y (HT7A%Z@E L COFNMEERMOFEMILIZ) vV TFF v o
/v SE DR 7238 H AR R BT,

S AND COMMERCH E - RS ':“_ﬁ' ]
Real Time SE of CIGS: g ' __,-/, T
Example: Stage Ill endpoint detection £ 1500 Hpme ot | pater ]
» Assuming uniformly distributed Cu 5 00 i
poor defect complex, 2V, + In(Ga), : E 500 ]
[Cu] 3d.4(t;) @ 0 e
<y> = = i =095 @ ~ :
Y™ T lInF+16a)  [4d,aty)~den(t))] gE S0C || 43
<y>: average through the film depth g’% 30+ ﬁ: : f:
t,: time at Curich — Cu poor trans. ?é £ o l: : i
t: time at endpoint with comp. <y> & £ 11 IGS & i ‘_;(uZSE
r— T T T = —3 | -
F Ty e C 3 B M L0 ads 1 ® s
— 12 F - B - 8 t t f—— it i
0w e al g 1 &~ 8o} 1 Stage 11 I
g8 f 3 ] 52 L
C o 8+ 5 — 7] ;’ ok 1 | i |
80 L 3 ] =g 1 \sl '3
*-C"_ 3“ 4 s ! % ] = 35 E 40+ | % I ‘\5:&' :%
= ‘.(_3 [ - 1 [+] g’ A ) -‘,;fu | 8
5 r 2 3 > 5 20 1 § 1 (=] E*
oF W 3 | ] 2= ‘" i) | @
) L N n e > nh ' 1 o m 1 L& u L
60 65 70 75 80 R 0 10 20 30 40 50 60 70 80
Time (m|n) after ARC: 16.5% Time (m|n)

8 CIGS K BiE ot gk im0 UV 7 v 2 4 A SE JlE
(Prof. Collins #2fit)

(2) T.M. Friedlmeier & (ZSW) . “Improved Photocurrent in Cu(In, Ga)Se, Solar Cells: from
20.8% to 217% Efficiency” LB L T, HMHFHH LT o772, X412, CIGS D EMERENLDH)
LhRT, ZSW X, I, $hH 20.8% 2 WE L TV, Al 2= 21.7% O i i & %h
RBEEMR LT, 5%, FHESEICL D 213 23.9% B AlHE T, FFRAIZIX, 203 25% 23 1)
FETELLLTWD, B TIX, 2% 208% 7000 2L7% ~OHREFEOEH LB Hilz, O
PDT (Post Deposition Treatment) ALPRIZ K 5 KEGEMOEFIEREE oy BLOn 7727 4
—OWEOFRE IR Voc D £, QCIS Ny 7 7 @O EEILIZ X 57 v —Eik O &1 %)% (QE)
WMoRER., Jscm L, @OPDT LELIZ X 5 CdS Jg D ¥ — b DFE R, LRI ORI, @YWk
g DA RN K D Isc N, R ERIREZH T, KR4I T L O, 23 21.7% D HE 5
KENENERENLTNDE,CAS 7V ="y 7 7EE LT, Zn0,S)b Mt S, 2hE 21.0%

(Voc=717mV, Jsc=37.2mA/cm*, FF=78.6%) NG LN TW\W5, 4%iE. Ny 7 7 @D
Bt #Ic LD Voc SEZ TS L LTS, R¥ED7=Dd 30x30cm? D7 ) Fu X 7 g
VIAVDOBRFELLTWNAHEEDHRETH S,



F 4  CIGS KBEEMZBh= ORI & moh={k @ "] gE Mk

ZSW Solar Solibro ZSW Potential
Frontier
Voc (mV) 7578 686 757 748 736.3
Jsc (mA/cm2) 34.8 39.9 35.7 36.5 39.9
FE (%) 70.1 76.4 77.6 79.4 81.2
n (%) 20.8 20.92 21.0 21.7 23.9

(3) AEXDEFE N1 7 A T, FirstSolat 12 X 2% 18.6% & ¥ = — /L, H. Hiroi & (~
— T =77 47) ICLDHENY ¥ ¥ v 7 (Bg=1.54eV) CIGS /L T#h= 15.54%, H
Sugimoto & (Y —F—7 w7 47 ) 12X 5 CZTSSe (Cu,ZnSn(S,Se),) 7 E ¥ = — /L T,
W 11.8% ., BRI iz,

(3-1) R. Garabedian (First Solar) i%. “Changing our Energy Future Quietly with Utility Scale
PV” LIEL T, AlSFEEEZIT o2, ~L—Y 7 L TOEY 2 —/La A2 ME, 40> MW
UTT, ZBWES 4 TO CdTe DEHE Y = — LA R 15.6% T, BIE, 21 16.3% D
EVa—VEHMLOOB D, EOF T, CdTeitF%%Hﬁio‘i(ﬁ‘.%?ﬁ%ﬂﬁ@i@@%ﬁ«“f:o
CdTe KF5EM D mzh=(iL, CIGS itl%aafﬁzf‘:ﬂﬁ CE9lTART Ko, MRS

HN Ry FTEBMD S, K1 0IRT X, HE 880nm LI kD FRf o tJZf@
BFROELENITNOEN TS, EHEEREBE Jsc T, K 2mA/cm? DL E N IT BT
W25, M10THbondEoIC, FEAOKERHEKTH, EFHROEXEN IO TND
/NN @)%@E&%Lié%o)fx Jsc T, 9 ImAIcm* O EN TN B TWS, £/, Eg
FHI, CAdTe BO R/ Ny > _X—2 a2 VRN S | v U T FHAm 6ns 225 26ns (2 [\

L. Voo OLENENLNTND, ZhbOkEOHRKRE, CdTe KEEM T, 2% 21.5%

(Voc=666mV, Jsc=39.3mA/cm2, FF=80%) OMRAEKENBNERINLTCND, £/-. HE
0.7TM* BV 2 — /LT, TX—F ¥ 2hH 186% % KB L T\ 5, CdTe 1L, L%, L
EMEDN S o Tehy, KEMET, HlhbBEFE SN >O0HDHLEDETHD,

1
09 1
08 7
0.7 T
0.6 7

BG = 1.45eV

o5 4 = =0QE_no BGG

04 - = =QE_with BGG

03 7

BG =<1.45eV 1

o1t
s m a0 sm me 1w

K10 /Ny BFXy vy 7B KD CdTe
KI5 D &7 %R m L (Source: First
Solar)

X9 &E%hE® CcdTe jtl% 5 L D W

(Source. First Solar)

(3-2) H. Hiroin (Y—F—7wa 7 0 T7)ix, “960mV Open Circuit Voltage Chalcopyrite
Solar Cell” &L T. pure sulfide® E /N> R¥ ¥ v 7 CIGS KBS & #h o & %h R o &
A Uiz, HSH A2 X A28k Hic, XWINUE IZCu,SE N AR S, KON » F R M & 7



L, KINRELRMOSHE 2R BEORRAZEHR LT, EREREOREBEELLXAEHTH
HZEexERH L, Voo, JscDEMN I 5 4L, 1 1R TEIIC, BNV Xy v
(Eg=1.54eV) CIGSE /L THIFE15.54% % L L 7=,

“~ p-type absorber (Pure-suifide CIGS) §  ©
Back electrode (Mo) H

Inter layer (SiO,)

1 class substrate

Certified result

Eff. 1554(0/0) r:tm - 2008)/3/ E 10.15 E 019 )mA
V,.: 920(mV/cell) ( ma ot oas )mwem
Jeo: 23.41(mA/cm2) < R -
FF: 72.16(%) Prwe = | 674 + 013 )mw
AA: 0.4334(cm?) N Sl e

11 E2AYRFX¥y v 7 (Eg=1.54eV) CIGSE /L DOHEE L 2R 15. 54% D E K
(Dr. H. SugimofZfi)

(3-3) H.Sugimoto® (Y —F—7 w7 ¢ 7) X, “Impact of Buffer Layer on Kesterite Solar
Cells” &L T, CZTSSe (Cu,ZnSn(S,Se)s) V7Y o — LI T 2B G#HEEIT - 72,
CZTSSeld, BERME T, a2 X FA#FHFINTWD, IBMIZ K D203 12.6% (HEfHE
0.4209cm?, Voc=513.4mV. Jsc=35.21mA/cm®, FF=69.8%) OHIRTH 5, 4lE. FHEMDS
AR X DEQBEAI M S L, v U 7 BHAESOBRBIZ L 2IscOEN LN TWD,
7h310.8% 7 5. 11.4% (Voc=503mV, Jsc=35.0mA/cm’, FF=64.6%) [Z&ENIEL BTV
e Tl Ny 77 BOUWEITHE L T, INySs/CAS/HNA 7V v KNy 7 7 @O i X 5 Voc
(633mV—686mV) . FF (50.6%—56.0%) DWENIINOLNTWVWDEH, AH =LKL LT,
CAS_E D ISz HEfE % OBMLELIZ L Y [ CdSE XL RCZTSE~DOINDIEHKIC L D F ¥ U TIRED
HWMAEZLNTWSD, Fv U TEEHEMNIC K SIlight soakingh R b T, 72V
— b ([FE10.69cm?) T, K1 2279 K912, £h%FE11.8% (Voc=503mV, Jsc=35. ImA/cm’,
FF=66.8%) MER LTV 5,

40 TCco
& .S
£ e
ﬁ 30 CZTSeS
é With LS
>
G Eff: 11.8%
5 20 | v, 503 mVicell
° Joo: 35.1 mAlcm?
£ Voo X Jge: 17.7 mWiem?
g FF: 66.8%
= 10 |
O Aperture Area: 10.6cm?
With AR
0 A L i 1
0 200 400 600

Voltage/cell (mV)
1 2 CZTSSe (Cu,ZnSn(S,Se);) V7 E Y 22— /L ThE11.8% D #E ik
(Dr. H. Sugimoffi)



5.3 11 I—Vﬁ’ﬂl:i%%t)bd’ﬁot UVEXABKBEENDE
(1) A.W. Bett (FhG-ISE) | 7 Challenges and Perspectives of CPV Technology” & REL

T L= VAT o T, %i‘éiﬁ‘ﬁﬁ'ﬁ B (CPV) %, KBS FTE DI K b &V O ER Hj
N EFRAET D, @fEESE (HCPV) (X, PV AT A, HEY7- VR 2O A2 RAETE
Do VAT KWLV DEEBNRIT, WD @R HEE KBERICHKRT 5, 26 O KPEL)
X, B3I T L OIS, 10 LU BRI o N Uil #Edzh=RK 1%/4E T L, BHE,
1 41T E91C, La— REh#E FhG-ISE, Soitec, CEAIZ L DX A L7 MRV T 4 v 7 A¥G+E
IV DFNFR 46% NREL IZ L 5 GalnP/GaAs/GalnAs/GalnAs Wi EAEE A A BN OZNZE45. 7% Th 5,

Ll 2L Ofx OEIR T vt AR ERER TH L0 6, 5 0% E2BAD S HR LM EDOR
MR H 5,

60ReansedExpeciedSRA2m1) T
— = 1ll-V Multi-junction Solar Cells 46.0 % (ISE, Soitec, CEA)
/ % —-— CPV Modules (outdoor, CSOC/ CSTC) | 45 7 o, (NREL)
50l ¥ - CF’VSystems_,--—-"éeﬁ"
i 38.9 % (Soitec, CSTC)

" 136.3 % (Soitec, CSOQ)

30 % (Semprius)

Practical Efficiency [%]
I
o

&

20
2000 2005 2010 2015 2020 2025 2030 2035

Year
M13 |&fzE HOV) o', FVa—b, VAT LENROEE (Dr.A. Bettt ffih)

Solar Cell Architectures for 4J Cells
Achievements

Inverted Wafer-bonded
metamorphic
canstaey | 407 % @ 234x GalnP 1.9 eV 46.0 % @ 345x
et | NREL Fraunhofer ISE, Soitec,
GalnAs 1.0 ev MEondngl[§ ~ <EA -Leti

Metamorphic GalnAsP 1.0 eV
GalnAs 0.7 eV

o n

14 L=a—RHCPVEBLOHEESE L 2— &R (Dr. A. Bettt $21)

HCPV & ¥ 2 — VbR b FRIC, OITRT L 9IS, §90.8%/4EDORTHML T\ 5, T, £
YN B DN FNROBNN G KB LTS, BIFE, L a— REY 2 — LI=RIE 36. 7% T 505, 40%
FV 2= VORBAPHFTE D, 6o T, HOPV Hdffid, K1 5I1TRT L O, BEDOESZRLT
BOORRLADZVWE LR LN TS, £72, K1 67T LI, CPVOT AT Az A ML, BUR,
0.95 2—u/lp, ¥—rF fOFEIARL, 1.3 2—1/lp~2.5 2—1/lp L{EHEN TS, L
ML, CPVHiIRERD L RADZHEHPEC TS, K1 7SR X 9IT, 2009~2012 FFITHIIE
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T REIXEISNC B o 7223, BRI, FH LT D, WL OnDEEIE, EVRANLREEL,
ik, B oL, MEZHKOOOHDH, BlplL, MEIT, FLETHD, Ll FMWHBEDOK
HIRREICBE L Tl x & LIEMRET — 0N 0nTWn5b, 2607 —X1d, BEILHIZEB T, CPY
B oolk /) & mREMEA R LT\ 5, B Tl CPV il L OHSG 0B A £ &7, £7-. CPVE
MOE%OWE, FHEIZONTHF L L

The Efficiency Chain for CPV: Actual Status
Commercial Values: Cell - Module - System

Cell ef‘fluen: odule afficinicy: AC system efficiency:
~40% (46.0 %) ~ 32% (38.9 %) ~ 26% (28 %)
15 HCPVE/N, EVa—/b, VAT AOIEERER X OFEH L~V OEOER
(Dr. A. Bettt f2fit)
Cost of a CPV System

System costs today: Cell; 27%

Tracker
~0.95 €W, and Rest of

System;
Turn-key installations 4%

(depending on the site,
size of installation etc.)

may be in the range of:

1.3 €W, up to 2.5 &W,
Rest of
Module;
32%
16 CPVIRAFLax kOB (Dr.A. Bettt $#fik)

Concentrator Photovoltaic (CPV) - Market
Yearly Installed Capacity

HCPV: €, > 300
LCPV: C,., < 100

o
8 B

Yearly Installed CPV Capacity [MW]
3 3

Source: Fraunhofer ISE / NREL, Current Status of Concentrator Photoveltaic (CPV) Technology, Nov. 2014

17 CPViSHMDOZEE (Dr. A. Bettt f2fik)
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(2) F.Dimroths (FhG-ISE) 1X. “Four-Junction Wafer Bonded Concentrator Solar Cells”
CEL T, BRBEEZITo, Z28AKEEROENEEIC . 50% UL o mE s
%ﬁf%éoXK?waf99?4y7%%ﬁ%ﬁwx5y7i\VXTA%&L =
ARNEIZAI EORENRBERONTZ, T/ VY I X TEANRZRY T, KTEASR
GalnP/GalnAs/Ge 3 B2 & /LAY, U\ﬁﬁ@ifﬁf‘%/)ﬁiﬁ ENBEIETH ., R4 6% RE T
bole, SLRLIENBADTEDITIZ A FABEERLIII-V-MEAMOEADBLETH 5,
BT AREERIT. ﬁﬁ{ﬁ%ﬁéﬁ?ﬁ%%“@&)é?ﬁ\ U — 7%, W= EHEE InGaP/GaAs/ InGaAs 3
AT, IEHEIAFIT. 9%, 260~300fF 5 THH44. 4% Z ZK L TV %, Emcoreld,
W B i InGaP (Eg=1.9eV) /InGaAs (1.4eV) /InGaAs (1.0eV) /InGaAs (0.7eV) 4 £2
AT, AMOIER34,2% 2 FEB L TW5D, III-V-NZRIZEB W TIE, Solar Junctionld,
InGaP/GaAs/InGaAsNSh 3 #: & /L OENBEE TR A4 1% 2 EB L TWD,

T EAMEOMAGDEOFRMENGIEZ, W GO EIFO#EML., 4 STt o
HNRABERTH D, Spectrolabid, GaAsiEMK EdDA1InGaP/InGaP/GaAs 3 EES /L O B X ¥
vy U7 hAT7 (ELO) L7 D & InPEMR D InGaAsP/InGaAs 2 #25 B/ DEEEAR
T AT DAL T, AML 56803%38.8% . AMOZN35. 1% ZEK L T\ 5,

JelZ. FhG-ISE, Soitec, HZB, CEA-Leti ®ILRIBHFIC L V. 4 8E /L D29THEN T,
44. 7% DR @ EREER LI FE2REEZLE, K1 8IZART XLIIC, GaAsE K Lo
INGaP/GaAs 2 ¥ & /L (FhG-ISEfY) & InPE: M L D InGaAsP/InGaAs 2 #2454 /v (HZBHY)
CETIANRUT 4 T AbEDZ A D=V RS v 735 (Soitec)ic kv, £/ U
v (2WT) ABAEALEEBLLELOTHD, KTESE T, H< s, HENHEE
EEbILTWEN, 2HOEMEREZFEHTL22L T, GMMiToHLZ LD, KEUK
HEhIhTiIWhhote, S OEMBIOFEFORTHLOBEEZRTIZL S REANT D,
DGalnP by 7LD I v X KB X2 EHINEERAIL., @GalnP/AlGaAs b > T )V H A F —
FOBEHAL, @GaAsz Y 7/ DEg, BEOEIMIZ L 5 EVoe, Jsefb., @GalnPAsY 7 /L
D EglR iR T J:é%7)zzw>ﬁam%é\ BB I, 345 MEEOL T T 2hE46. 5% & E K
LTWe, M1 9%, HAREIFEABEOHE, 486 /L DOM5AMEENR T TOEEF
. 2T, %@?& BT 2L KGR EICHRILEMICHE T 7Y =7 BT, AIST
CEDWEMN I Z I, #hFA6. 0% BB E SN TWD,

LHE, QXX A OWBIZEIDZEHBHI 7XADOHE, QT EXF T L OHFIZLD
KT EBLVEORMIKE, @V AT o 7 REOEELEZO-HkE, @R HE
BEH OMKB (3.29mQ cm?—1.32mQ cm?) & EFEE O (300fZ4£ 5 T1omVELF) | i &
DN K203 T Lo, v ANAR T 427 GalnP/GaAs/GalnAsP/GalnAs4 #46&/LD312
FET T, 5&34&46.1%%9@%%L“Cb‘50 A% . AIST, NRELTOHFEIZ LY | BET —#
DIREA D,

BUIR D EFEBEBE D & L O AML. 5DEE S 2h R 38~40% . AMO%h#H29~31% %, FEMMIZIX
AM1. 5DEE 2N 3 45~50% , AMORN333~38% & L7z AT,
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Wafer-Bonded Four-Junction Solar Cell

P Engineered substrate 1
4 carrying upper inverted
tandem cell

Semiconductor bonding of
lower and upper tandem
cells

GalnP 19 eV

(IITIETHETTTIIIT Bonding

GalnAsP 1.0 eV

Engineered substrate 2
carrying lower tandem cell

\ Attaching final support

substrate

18 4E\LHELOER T+ X (Dr. F. Dimroth#2{it)

4-Junction Cell Efficiency Under Concentration

4-junction Single flash ::> = 46.5 % @ 500 suns
bonded to InP 9 1

~30 % excess current in 1.0 eV subcell

0t21-03-x19y04

A=530m?, T=25°C

Z150F AM1.5d, ASTM G173-03, 1000 Wi

by C=3454suns

g |1, =2301mA
V=418

[ FF=88.1%
n=465%+-33%

. Fraunhofer
e

0 1

2 3 4
Voltage [V] \

- —
T Tibbits, Proc. 291h EU PVSC, Amslerdam (2014) — : =

« sotec (=1 ledi 7 Fraunhofer

Solar cell efficiency tables, Prog. Photovolt: Res. Appl. 2015;23:1-8 ISE

19 WHREEDRAESBLOHEE, 34545 4£E % T TOE{EEME (Dr. F. Dimrothf2 k)

InP based 4-Junction Solar Cell Results on Engineered
Substrate

Single Flash: n = 47.4 % C = 389
QuadFlash: 1 =46.1 % C =312

44— : -
+  Single Flash Lea T
28 40l . QuadFlash L 0 T
GalnP 1.9 eV > 36
32 -
[T Eondmngl = %0
= " e
[T 85 i s, * ad & A e
[T - .
80
45 DT
& 40 st
: A
35 ) ) X lazg-ugm
1 10 100 1000
One sun Concentration [suns]

20 AFEo48ESGELVOENEHIERM (Dr. F. Dimroth#2t)
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(3) M. Yamaguchi (M TK) . A. Luque (UPM) i%. “Summary of Europe-Japan Collaborative
Research on Concentrator Photovoltaics” ELHL T, £ KIEEFE (CPV) IZBIT 2 B RKILFIMFIE
R mY=s M7 FOREREEIT o7,

X —7E, S, M2 TITRT L OIS, Wi EREERR-ARIE AR InGaP/GaAs/ InGaAs 3 825 KK
EHL T 37.9% &, 3EA BN OIFENENE F TCOMREERELER L TWDHD, EWEREE, B
P L ORI Z (322> T, £ T T, 3EAELVOMREEMELERLL TS, 2
OF—Zi%, AROELFERRFFEBE Y 7Y = 7 MIBWT, Fh6-ISEIC L Y JIE S i, K2 2R T &
912, 250~300 FEEEIE T T 44. 4% D 3G/ TOWFRmMRNRFER L T 2.

44.4% Concentrator Cell

Application of High Efficiency IMM-3J Cells

20 T 'y T
—— A B S . ]
P Y CPV cell (4mm x 4mm) £ i
= 77 5 80 k|
T Sharp IMM V2162-31 1
w2\ g T=25°C, area 0.1625 cm? ]
" — 2 T o A m 4% 12503008 ]
uffer 1T —=— eficiency = 1
il ¢ Transfer onto = o ]
Gads mid Film £, T \
buffer . g " “a Fraunhofer \ ]

Transfer onto ~

Si substrate

o
[ Re-use for

|_cost reduction CPV \

Concentration [x, AM1.5d, ASTM G173-03, 1000 Wim?]
08

Tunnel Junction
o7
GaAs middle Sharp IMM V2162-31
08 C=302,T=25°C,A=0.

1625 em*
| Tunnel Junction =05 (1x: AM1.5d, ASTM G173-03, 1000 Wim?)
Buffer layer 5

L \ ]
1 0 100 1000

~12um

£ ibie=raema
5 Ve =3555V

02 ZF -er2 ";ﬂ Za Fraunhofer
- ISE

April 2013

1 F]
SHARP Voitage [V]

2 2 InGaP/GaAs/InGaAs 3 #2& /L DEY
21 W ERIEREAEAS R 3G K ¥tk (Dr. T. Takamoto #2{f)
M OFH I L O KRB F IS
(Dr. T. Takamoto #2fit)

3

I-V CURVE
STM ES27-10 0.0520cmd (designated area) T-HIPSS 100 -
) 164°C ¢
r -‘Ii'f'K ‘.
- | [ ]
) g bl
& . f
A 2 J
ﬁ . 3 ¥
[ | =
o ‘,‘ 30 *
1[ n g IA_[O
"fxdiLJ; ' s /|
. /|
i /(78 L LT T e _ | |
2 3 FHG_ISE 7/1/_70@1_&3%%%;3]% 4 1 10 1-10¢ 1-10 1-10¢ 1-10* 1.10°
BEAE LD AIST |2 & 2 ISR Thee, 1 et

X2 4 CPV B/LOMNIEE GBS 5

WZ, JEIZ, FhG-ISE 3t L7z 4 A2 VI L ¢, B-REERIBFZERI R 7 n o =7 F Pz T,
FhG-ISE & AIST (2 X D CPV /b, E¥ = —/LOREHERIE DI FLAMN 72 Shu, AIST2AHIE L, X 2
SITART L DI, BO8fEEEN T T, 205 46. 0% 13 G H AL, ZOfEN, i EmAEE LT, FBESN
TW5, K2 41%, CPV e roliEHmBER TH D, UPM, FhG-ISE, KFEFHI, +v—712 &
% ICFBFZEN 72 STz, 5% DFRHESIL 2 RF8T 5 & LT, 80°CT 820 {5 DEMESMTIL, FHfy 113
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ERHEE SALDH A, 100°C T 820 5 OEMESIETIE, Fa THEEHEE S, REDLX D 27— AL,
IR FRRENE R SN CPV B, BV a— L VAT ADI LR 5EENLETH D, = Of,
WR4HAE LT, 2138 44. 7%, CPV I =FV 2—/L T, %% 34.6%. KIFFEERM L BSQ-Solar IZ
L R NCERE LT CPV AT AT, B AT AN 27.8%, 111-V/Si # v F LAELDEL)
FALOFRENE, ZEHE T MIQ) EAOZEAHI MLrer e LToRMME, &7 Ky b (QDs)
T DOFRENE, R AT — L OFHIENT, 72 EOBRENI G LTV D,

(4) KEZFONA T4 FTIE, ITT-VBIOEEEL, Y2 —LOERboRE, T11-V/Si
H T AREAA MEDBRIED NE Y 7 2 Lo TS Z EBRI &N,

5.4 #H®RSIKGEMDE

(1) A. Cuevas® (ANU) IX. “Skincare for healthy solar cells - Surface passivation
to passivated contacts” L T, YL —F VEELITo7-, BF L EILDVPEES LR
WE oD, MiEEEICL Y REEARABEBILT SNy "= g U0 fEAESIKEEEMmO &
NFCEETH D, BURTIE, RE Ay v _R—va iF3 oL 3Exd. EORMM
HDH, NyRXR—=v g VEIZHOWVWT, M25IZR-T LI, BrDOERHY | (LFEH Ny v
N— 2 |2 K DR EMEEDI ORI E P OEEEBMEBEEQOMRAIHARH L, X2 6
T, Ny R_XR=va VRICE DD E IV T HMmOREL R —IREKEEE ~T,
A1,0,&SiNJE, 4TmsD F ¥ U 7 #Hdv, a-Si:HGE) X, 100msD ¥ ¥ U T HMMBRATH D,
LWy v _R— g VETH 56a0,1%20ms, MoO I TmsfEE L DHETH S,

Charge-assisted

A carrier density control 47 ms residual Al,O, & SN,
Chemical ,—> SRH recombination —  fe——m == == ST m—aa -
passivation | | 1g13 SiO, o~
; .
Ga,0, 1641 N
(ALD) A " >, Auger
e - s, recombination
PR e . £ 1E+0 %
y A HfO, . SN s 2 eeecaaaod
{ B _ (ALD) ! N, 1 2 -——
\ 7 AN f . (PECVD) , - == Richter 2012 T
% \,_( tt 10 . , 1E-1 | ~
< AlLO,- -~ (sputter) e, SSOREET —— Kerr 2002 S0
. 2 3 — —Kendall/Fassum 1982 ~
Ta,0y/SiN, " SIO; ‘l 12 -
(’ N a-qi:H., 1E+13 1E+14 1E415 1E+16 16417
- s .
(FtE VD)~ _ - Donor concentration (cm®)
P 109 > Qs Hole lifetime in n-Si measured by
L - 11 . D.L. Kendall (1972), reported by J. G. Fossum and D. S. Lee, Solid-State Electronics (1982)
-1013 -10% 10 +10m +10% +10% +  M.Kerand A Cuevas, J. Appl. Phys. (2002)
25 %i V-0 AN > > A~ — g v H% D ﬁ\ . A Richter, S.W._Glunz, F. Wemer, J. Schmidt and A Cuevas, Physical Review B (2012).
e L s . o S R s N ° s S o "
o MEAL S FEDIt & [ E A EQt (Prof. A 26 Ny N—vg U BEILDSDH
=) SR SO
Cuevasfgfit) X ¥ U T HEMOEEL NS — R EKFME

(Prof. A. CuevasfZfil)

ayE 7 NEOBMAEIMENICIE, BRaZ27 R0, K2 7IRTEII1C, 474
(MISH#E1E) %A 7B (MSISHE®E) b D, XA AL LT, P +Sioxita-Si:HEMN H
L, ZOMETIX, 227 MEPLo L HREEGER D ML — RAF 7 TiEdH 575, n-Si
N — 2 K EMOn+$5 8 /Si0x/a-Si:H/Al ® mixed metallic Phaset & CT. 2 E21%
(Voc=666mV, Jsc=39.3mA/cm2, FF=80%) "fFobNTWHEDHETHDH, ¥ A 7BE LT,
AVUSi (n+) /SiOxBHRT S, p < 10fA/cm2, J< 20mQem23 6N TWVW5D, K2 81T
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FTEHIE, AUSE (nt) /SiOx= > % 7 h KB;FEM T, FhG-ISEIZ LV, 2h=24. 0% 0 1F 5
NTWb, HILOMEE LT, &, ¥ U 7R EEEBRMOxTIL, 215 16. 7% DRI
Th b, EEHiie LT, EPFLIZ X AMo0x/a-Si:H{H)IEfL = Z 7 b n+a-Si:H/a-Si:H(i)
B3 b7 MEEDa-SIH/SIiNT n 6 KIGEM T, £1%20.7% (Voc=720mV) <>, ISFH
|2 & S PEDOT:PSS/SiOxiEfL > % 7 h | nt PYLEUEE DO A H/Si~T v 46 KEGEM T, %)
#20.6% (Voc=657mV) DRMTH D, M2 91F, BIRa v ¥ 7 voar 2y MiHioe &
HAEGEMRT e OBREZRT, B3 0IWRT LT, KEEMOERAIZ X 2D Vocdm £
ARETH D,

- _ n* polySi/SiO, contact solar cells
Passivating (“extra-selective”) contacts

Definition: they incorporate an interlayer that adds chemical passivation
(they rely on unconventional transport, such as “tunneling”)

p* boron diffusiol
p* polySi
or

. a-SitH(pT) .
F \ sio, — 1.2nm SiOx
or 30 nm n” polySi e
a-SiH(iF—u0 _
n* / n” pelySi

a-SiH(n*) Voo Jae FF Eff.
(mV) | (mA/cm?) (%) (%)
ANU
Type A Interlayer directly under the Type B: Interlayer “buried” under a (polySi) 675 | 384 804 | 208
metal semiconductor Fraunhofer ISE
t— not the best!
* MIS (Metal-Insulator- - MSIS (Metal-Semiconductor- (Si fim) 703 | 414 | 825 | 240 <" notthe bes
Semiconductor) structures Insulator-Semiconductor) Di Yan et al., Solar Energy Materials (2015)
Feldmann et al., Solar Energy Materials (2014).
27 @EqBRa 27 MNMIkdarszs ¥ 28 AUSi (nt) /Si0x= ¥ 7 hK
F OARfERE(L (Prof. A. Cuevastifik) s DR iE & FetE (Prof. A, Cuevas#i
fik)
for electrons for holes 780
u n+ diffusion Young, ITO p+ diffusion ® p+ diffusion Bulloek, MoOx
- W e diff Yan, ot poly & Feldmann, nepoly (M e ;'EI:;CD;PDEDOT g Come ; -------
o e b woox « Zlelke #55) Darsic L e o
éim o O:u”utl«M\SEfHJ o _E- 760 | ‘""--__.__irlt.nnsmllmlt
K 8 e
g Misin+) ot polysl PEDOT:PSS X 3 o T
g T
2 1w n+ polysi = 740 o x
£ nirinsic bulk recombination 150 um S water g
£ ° = A
g asin o || PP asin O é | AIBC (SunPower) o
, i poly .E 720 | ©SHI(Panasonic) °
0 20 a0 &0 80 100 © 20 0 50 80 100 & SHJ (EPFL)
Contact resistivity (mQcm?) Contact resistivity (mQiem?) g X a-Si/Si0x [Silevo)
o ® polySi/SiOx (Fraunhofer)
S Sag N N 700
M29 BRavys boarzs M . - - -
Lo LBEMAEEM..EDBIR (Prof. A. Cell thickness (um)
Cuevasfefit) 30 KEEMMOERAIZ L D VocD[n

F (Prof. A. CuevastZfit)

(2) AIEIOSFET, ‘RESIKGEHMOMAREDEOEFTNH 7O T, BN T D,
(2-1)  Sunpoweri, 31IEarT Xoc, mEL2lem® B LDy 7 a2 7 hEALT, %)
25, 0% (Voc=730. 3mV, Jsc=41. 22mA/cm?, FF=82. 96% 35 X U'Voc=725. 6mV. Jsc=41. 53mA/cm?,
FF=82.84%) Z# R L T\ 5,
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Wednesday, 11:00, Mile High Ballroom 1EF

Two external High Lifetime Silicon F'"F'_:zu:f;:ie'd
measurements of 25 %. Gptimizea Therma Process o pma O s
Both tested at Fraunhcfer MN\AWWW
ISE cal-lab. 8l-n-type
SunPower Gen Ill process. i pdrvad .
Improved Emitter / \
inati
Optimized Diffusions Rear Dieleciric
Optimized for Pessivation
121 cm2 (ap) 730.3 41.22 82.96 % 25.0% January 2014
121 em2 (ap) 725.6 41.53 82.84% 25.0% Feb 2014,

DLAR

3 1 Sunpower®#NE25.0% DNy 7 ar Xy NeILOESE L FE
(Dr. R. Swanson#&fit)

(2-2) NFV=v7iF, AiEIZFE T, REKEEER225.6%DHEKXEZIToT, THET,
UNSWOPERLE /L (i fdem?) D@3 25.0% (Voe=706mV, Jsc=42. TmA/cm®, FF=82.83%) %
SRR o2, IMEIREVICREESEE BV FE L, HHZB O, KIZ, 98umn/E D101, 8cm?
DO~T S (HIT) B/ THIE24. 7% (Voc=750mV., Jsc=39. 5mA/cm®, FF=83.2%) % &
L TWD, Ny _X—3g VR EEREEICL D & BR O Voc=T50mV 28 #E i
LTWb, 24. 7% BNLVOEESFTBR IS, REEBMIZELD T v — F—#H, Rifia-Si°TCO
DOWINIZ L D IHE KD KI60% ., FREGHEN23% ., BIPTERNLIT%ER>TWD, K3
2R T oI, Ny arvyy MEEOBEMAZIENY . REO Y v — F—HBLEWILE
DR Z I o Tz, aSifgoN"NF—=v7 EZFHOKEIL, =V 7 ha T Lb—FT 4
I K 2840 p RO Eif 4 B EMER ., ZRat L7z, K3 31Tmd L 9HIT, Rifia-Sik TCO
ORI L 5 REROEFIROSE, RAEMDO Y v — F—HOBEEICL VIR
WIHEBR TORS% D RETHREROLENMTINOI., T7% DB ROERENII NS, Jsclh
ElizcoZe RN o7z,

I-V CURVE -
TEC60504-3Ed. 143.7cmé (designated area) WXS5-2
Passivation layer

¢-Si (CZ, n-type, textured)

i-type a-Si (~10 nm) . j . S i
m frtyps 8-Si (~10m) veo 0,750 v
. “p-type a-Si (~10 nm) 5 s I :.': sz A

\\Gn‘d elecirode (~40 um) 2, 8 12,7

Figure 1: Structure of crystalline silicon heterojunction solar cell R i DIrr. 100.0 mM/cm
10.1 mil/cm

with interdigitated back contact 2 .
K32 ~TmEG Ny r7aryy2r7 bk , ; ca es
LD (K. Masuko et al, Proc. 40" IEEE Mttt esiend
PVSC (to be published)) e AIST

Figure 2: I-V characteristics of 25.6% efficiency solar cell at
research level (certified bv AIST)
B33 SR m B #25. 6% DT m g
Gy a2y hEAOI-VEHE
(K. Masuko et al, Proc. 40" IEEE PVSC (to
be published))
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#£5 24.7%%kNEAREID25. 6% DK
O g (K. Masuko et al, Proc. 40" IEEE
PVSC (to be published))

Table 1: Progress in cell parameters

-===24.7%(2013)

2 ' Year 2013 2014 | Improvement
—25.6%(2014)
. Area [cm?] 101.8 | 143.7
- i ¢ Thickness [um] | 98 150

Figure 3: EQE spectra of solar cells with efficiency of 24.7% (dashed Voc [V] 0.750 0.740 1.3%
line) and 25.6% (solid line)
3 4 247%“12/Vk/%\@®256%®571‘ Jsc [mA/cm?) 395 41.8 +5.8%
W TR o bk (K. Masuko et al, Proc. FF [%] 832 | 827 -0.6%
40™ IEEE PVSC (to be published)) E, (%] 27 | 256 +3.6%

3 31 AR EDNR.6%D~TaHES NNy 7 a2 hELOI-VEME % 71,150
pumE D143, Tem* D ~T aEEG /Ny 7 a2 7 Si (CZEEEn-Si) /LT, #h%25.6%
(Voc=740mV, Jsc=41.8mA/cm?, FF=82.7%) OMHRxmhENnER SN, M3 4, £5
W20, 24. 6% /L & A EID25. 6% DFFMED il & k3, 24. T% B /WIZ T, Voed3 1. 3%,

FF230.6% T3 2 72328, Jscldb. 8% M E S, B3, 6% D) LIZ>7m 0 o7z,

(2-3) T —7IF, AiElSFE T, MRE L0 FE25.1%ICET IR ERE LIz, ~7T
ooy 7 arH s b (HBC) BIE, 25% Ll EoEshRIbZzER T 2 E L BRSNS,
Ny Zarzr7 h (BC) MEICXLY, REEMD > ¥ — F—HEKDOHIIZ LD & scd, ~
FOESICLY, BEARFRE Ay I R_R— g 25 EmVoeRARETH D, ¥ v — S TlE.
2003%F /5, BCEAL ORI # MG L, 2011FEN D, AEZK L TWD,

Electrode Front
surface

a-S1:H(1)
a-Si:H(p)

a-S1:H(1)
a-S1:H(n)

a-Si:H

contact electrode Layers

Fig. 1. Structure of HBC cell.
3 5 HBCE/LO#EE (J. Nakamura et al,
Proc. 40" IEEE PVSC (to be published)) Fig. 2. Schematic configuration of SMT concept.

Printed-wiring board Wiring line

3 6 SMT (Surface-Mount Technology)
» =2+~ ~ (J. Nakamura et al, Proc. 40"
IEEE PVSC (to be published))

X3 51, HBCE /L O#EE A RT, CZREEn-Si(100) Btk Z Az, Fimix., 70 U AL
kBT 7 2AF ¥k, £mIZ Y —=2 7D, PE-CVDZ W i-—a-SifgH#fEN S b,
a=Si/c-SiFMmFME, a-SifE D NFZ —= 7T L T, matn 7z S i, I-VEERIE IS,
3 6 1Z/:9 ., SMT (Surface-Mount Technology) MWW S 7-, 3 71X, HBCELDI-V
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Bt 2R, R 6 ICIX HBCHE E BV DR ME 2R3, 213 25. 1% (Voc=736mV, Jsc=41. TmA/cm?,
FF=81.9%. Voc=729mV. Jsc=42.0mA/cm?*, FF=82.0%) NELN TW5E, X bR 5 E%EL
L. ATRE &R AT,

=V CURVE

#* 6 HBCHE®E & /L FeE (J. Nakamura
et al, Proc. 40™ IEEE PVSC (to be
published))

PECIFIC POWER [mWW/c]

Table I
IV parameters of the HBC structure cell
. No. J.(mA/cm2) Vo (mV) FF. Efficiency(%)
1 41.7 736 0.819 251
2 42.0 729 0.820 25.1
Note. Aperture area: 19.3mm x 19.3mm {3?13(:111:).
Measured at AM1.5. 1000W/m’, 25°C by JET

03 04 05 a8
VOLTAGE [V]

Fig. 3. IV curve of the HBC structure cell.

37 HBCENLDI-VHE (J. Nakamura
et al, Proc. 40™ IEEE PVSC (to be
published))

(3) W. Deng® (Trina Solar) I%. “20.7% Efficient PERC Solar Cells on p-Type
Multi-Crystalline Silicon Substrate ” & L C. Trina SolariZ BT A pHl L itakSilc
£ D PERCAE & K5 ML T, #15820. 6% DFHERND H > 128, 5. 9D F+EDODr. P. Verlinden
DiE D HE SR I Ty,

5.5 PEILITF7R,. T/ /A OFERHEESI KBEEMDF .
(1) E. Hamers (HyET Solar) iX. “The Future of Thin Film Silicon Solar” & B L T.
T —F ViEEEIT o2, HEBESIPVIZ, BIPVICE L2 0 & LTHF SR TWAanGs, BE
SOPVITSGOBWRKEICHISTERLS R o TS, FEIX. 52 FTH AL, 2hEn k|
LA El, 2 A MEKTH 5, EHESIKBEMB L OEY 2 — L OBRAME ST,
RTIC, BIFEa-SIBLWy ¢ —SIHRESIHEES KEEMHFEORET —F 2777, a-Si
T, pe-SitDEEZEMBDRIT, len®BBEO/NHEBEL T, K4, 10.2%., 11.8%
T, AISTIZ £ %, KanekalX, a-Si/uc-Si2%AH ¥ 7 20/ mEE/L (0.962cm?) | V7
Y 2—/b (14.23cm?) OLFELHE, F %2, 12.3%., 11.7% % LLAi, #ERK L TW5DH, /h
T LD EEZENDNFRIL, EPFLIC X 512.6% T&d %5, Hanenergyld. a-Si/u c—Si 2 #
HF T AD1245mmx635mmE ¥ 2 — L DN 12. 8% . KEALFELL 1% %2 EBL L T
%, TELIEZ, 1100mmx1300mmE ¥ = — /L C, ZELNFEIL T%ZZEMR L TEY | 12% L £
AIRET, HRBR LHFFTELLE LTS,

a~SiE/LDOHIMEILCNY ¥ v v 7 ORK#{b, AR2—FT 4> 7 RE7T 7 AF ¥ —
R 1light trapping, 5 AT, 25 B8 EE 5 O 6 RN B R b (5 8) E IPCVD-Zn0)
RFTIATV U NTTAT I AF v ICHTLIBRFER RN, mAL—T v FGED
VHF-CVD#E & BH %6 (B FE2. 3nm/sec T, uniformity< +£8.5%) b S 7=, TELIZ.
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a-Si/pc-Si2 L Z 7 LAD1100mx1300mmE ¥ = — /LT, ZEZIRIL. 1% % ER L T
BO, 12%LL ELARET, hF13% b WFHFETEDHE LTS, BITE, BEMDZHL0.5% D
IBIWE Y 2 — VR EFEINTNDEN, BEMDFEIL 7%, 12.4%, 13.1% T, &%, 7]
167W, 177W, 188WDO K N E Y 2 — /L OAEENAEL LTV 5D, Y, roof-tilers &,
roof-topmith, V— AN —F V2= L EZBEHANRL L TWNDLEDHETH D,

MEIT, EY 2=V ORENNFEIS%L B, VD= 2 MERE, AL —7 > b yield |
a-SiD e bidl, 2 ETH D,

KT mAFaSiBLOp ¢ —SiHK ST HES KBEMFIEORET —F

Jsc (mA/em®) | Voc (mV) [ FF (%) | %1% (%) 1 B
a-Si 16.36 896 69.8 10.2 AIST
a-Si 16.75 886 67.8 10.10 | TEL Solar
u c-Si 29.39 548 73.1 11.8 AIST
p c-Si 26.55 549 73.3 10.69 EPFL

(2) ZEDONA T4 FT, H Saib (AIST)AY, a-Si:H/nc-Si:H/nc-Si:H3#HEH X T A
KIGEM T, 213 6% O MHR @S ELERLEZENHFMM SN, H Saibid,

“High-Efficiency Thin-Film Silicon Solar Cells on Honeycomb Textures” ™ & 3 & SCIZ % L T,
Outstanding Technical Achievement Awards % <& L 7=,

5.6 ARKGENSE

(1)H. Snaith(Univ. Oxford)iX. “From AT RILX—IX, 5~16meVTH DD,
Nanostructured to Thin—film MR KB B D ARAE 2 7k, 20094 O %)
Perovskite Solar Cells” t/EL T, 7 H3.8% M DI DENFE20. 1% O EE  Fix
L—F UEEITo T2, kilf. *"u 7 A T DHFFEBR T DAR DL IR R B Tz,

WA NKBERANE Y2 2ER0 ., % 30

< OWFRE BEMENSEAL TV D, 1839 <

FEOR YT DEMEEIC LY RS oy

CaTiO R FEEN DL T 2 H A F DkE § 20 - g
pn i IE OB D%, W (DMF) HTo g

CH,NH,I+PbHI, (PbC13) DK 7 1 & A | - 10 k J
B B HE 5 75 . dual-source thermal %

evaporationZz & O Bk 5 1B M S h § 0' | | —aparorse

oo AR ARTADANKBEICH 1970 1980 1990 2000 2010 2020

U B AU T B CHNH,PBTSIE . 1. 55eV D B -
BEBMON XY vy T2 HT 5, /I X 38 a7 AhA bKGEMDED
fE SR R 7Z 8 L s v U T HREE (100 FALDZETE & fth 0 KI5 D %) R4 B
~1000nm) ZF L., mEIEWIEEE (GaAs (29" EU-PVSEC& @A T A k¢
WIS E) ¢ ~6.5, BEIE (FE Dr. A. Jaeger-Waldau#z fit)

F7.5cm?/Vs, 1IEFL12. 5~66cm?/Vs) 72 &
OISO THL 572, e 7o
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B3 8IZ., "u T XA A FKRIGEMDEmNEADEELRT, 2000FI, HiRKH D7 L
— 7N, EERKEGEMRDsensitizers LT, CH,NH,PbI, ZE A L, %h3HK3.8% &2 H7-D
N THD (A. Kojima et al., J. Am. Chem, Soc. 131, 6050 (2009).) . mesoporous
SR E LT, Tio,OfRb iz, ALOBIEINTWVD N, EmIFILER SN TV
VY, CHNHgPbI./TiOf%1E Tik, 2 12.8% 0N E LN, 'L — T HiE L RS, Graetzel
DI N—FIE, BRI, 45% 2 H T WD, F D%, SeokD 7 /b —F 1%, #hRI1T. 9% N EH L |
UCLAD 7' v — 71X, 21K 19.3% %2 T\ 5, AR INTWDHKREDRIL, KRICTIZ X 5 %%
20. 1% (HEi f50. 0955¢cm?, Voc=1. 059V, Jsc=24. 65mA/cm?, FF=77.0%) NIMSIZ X % %)% 15. 0% .
(i f&1. 017cm2, Voc=1.090V, Jsc=20.61mA/cm2, FF=66.8%) T 5D, a7 ZAH A F/Si
A UT AKBEMICLET 7e—F LT, 29%FE21.3% (i FE0.7cm®, Voc=1.80V,
Jsc=16. 0mA/cm®*, FF=74%) %/ TW\W5H LR~ 7, ®FEL OLFENEHERE RO T, FEMILE
ARNWEDRERTHDL, BEIE, e TV VAREREORLEMNE, WEZEL LZLAORE
FIRFUIC KX 2 iR R T, S A2 EM., AL EM, BRBUERECEALmPE, 72
EThb,

5.7 FEHAXBENLLSE :

B.R. Spence (Deployable Space Systems Inc. ) IX. “Flexible Blanket Array:
Next—Generation Game—Changing Technology ” SEL C. YV —F V#EREZIT 7=, %
ARBEMOKEALIZED, PREREONID IR IR Yy AR AEZH T
D0, VY y FREGEMT A 13, ERELEI76W/ ke (BOL) | AFEEH ) 10kW/m® 123 L
T2, NASARDODD R X v ora ik, HEEM ), R, &, R, B, Wik
oAt ¥ O T, et AR KEGEM T LA A 2K L TwW%, Solar Electric Propulsion (SEP)
Iy vad, ERMARERICNZ, GEETHEL, KHELFHRESHEINDG T T
AvBRBICHOHATEL22LTEH2ERRDLENTND, LR TNT Ty M
FANINT KGR T VA DS S v, EE M /1120W/kg (BOL) LA B (R FE bk H /7 30kW/m?
UERERESNTND, HETIZ, BE, BIEO 7 VX707 700y MRIGEMT L
A FHHOMRFEDOT Y MA DRI ST,

58 v 304 )E—23a3r:

iRl 223 T, B. Michi®n (FhG-ISE) 1%, ” Luminescence imaging for quantitative solar cell
analysis” L L T, YL —F UHEZIT o7z, >V a KiGEM, b, TV 22—
DOIFFERESCREERM T, 74+ bV I Xy B X (PL) DIAEHICEDLNLD L ST ->T
Wb, RHFEETIX, ZHEMSIKEEMZFIICL T, BERMITIZPLEA A —Y U THEIRNA
MThHHZERLTWD, O 7 BREGHEE (K30%DHEK) OFTIZIE, PLA A=Y
YIIWERT, AL AT =T R (Fe;, BO;, Cr;, 0)) OA A=Y ZITHHET, S
J7xx VT HEMPOKBEMNERL OMEBLHMT I TS, 72, JRE, 22 F0OHMER
R—=sv b (B8R OoEBELHRTINLTVWDS, OREHMEGEEL (K20 DHEK) Off
Fricid, WEE S 1E, &%, WEREIKTFEPL, FS/BSIE (R kB L OB M ikl) 23, el
P, =7 b Ixyt A (EL) /PLA A=Y U 7R FEAKFEZ, faFndE s &
JoA A=T 7R, B TW5, ARl FS/BSIENIRT SN, EMx v ) 7 Hmo il
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i CREM & 4v, Cz- Sl%%@aa&@?ﬁ@ HrFMEEHEEN RN TS, @XEER (K
40% DI K) OFENTIZIL. spectrally resolved llght*beam induced current (SR-LBIC)
ERRWDb I, EHEE M&ITEV/E/yﬂ&éM/1#%@K;5@&@%@%ﬁén
TWo, @WEIFEFIRsHEL (6% DHK) OMITITIE, PLA A =T 7T HRHVL, Rs~
BT EERY vy B IR TE MBREFFFERICERI ATV S, I*V%‘@#E&ki
HFF B RO RBEER L HEKREINL TV D, @y vy MEE (K5%DHEK) OFNTIC
dark lock—in thermography (DLIT) WS, fix OFE FT@DLIT/I’%*“/&)%HTI v
RN/ O LB EEVoc B K UOFFv vy B 7 DRI TS, £ TOHEK
il T 2 R TEIE RV e oBREFHMT L GERR) HEEHL ERATL,

59 EVa— I, BE, VRATL, [FHARE

P.J. Verlinden (Trina Solar) I%. “Challenges and Opportunities of High-Performance
Solar Cells and PV Modules in Large Volume Production” ¢BEHL T, L —F VU HEEZ
ITole, MMERPVa Yy R—x FORREIZ, BHa A MEBICKLHATH D, PVaR—x
MO g E EIX, energy yieldlZMA ., #MEHEE ., BAME ., Ea X BOSa A K,
ik Fs L OVER %:xblmétw®%/7+/13xh CHE A N FEFEO, Ly
LG, EERREICBTL2mPREOFETIZ, REMEZEL, #£EXDOR&D., b3
2, FEBR L HR BhLO)otDEb‘f" CBWwWZor—rb— a0 WERGRWR Y BB
ez LT 7e—F2LELT 5, KEHRTIE, £79. M3 9, M4 0IZ7-T X9
(2, fmSikB X OHEKIGEME Y 2 — L OEmBBIOERLEBZOTRNESE N,
2020/ R I B T DM mSIB L OEERKGEME Y 2 — O EFTHEL 72 4L, p-PERC,
mono—-Si, CIGS, CdTe T, %4, FYV a2 —/Lh319.6%, 18.6%, 17.9%. 17.0%. 16.8%
27221255 DFETHD,

Survey of the industrial PV modules

Parameterization of the model [1] for Mono-, Multi-Si and Thin-Films
: T T ¥ T T T T T f; .

]

Module efficiency [%,

. L N
2006 2008 2010 2012 2014
Year

y " ClGs [1] A. Goetzberger et al., SOLMAT 74, p1
"“",""'l'!"" ok ﬂ"'"l;[‘ - @ Solar Frontier 2002.
B Kyocera A Kyocera : L‘:l::nl [2] Data from websites of PV companies,
T'7 :hn ' .“, ’ E::",l TSolarcre TSMC enfsolar and solarshop etc.
SolarWorkd g et Solar [3] Y. Chen et al., WCPEC6, Kyoto, 2014

T/, K4 1, M4 21277 L9012, #RSiBLOERKBEMEY 2 — LK 2
bR EA5%OTE, BB 5 7,
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X 4 1

Xl 4 2

M40

fidaSi, WAL EMET Y 2 — 1O = 2 MEOERE (Dr.

ik

HHE

Modeling of module efficiency

2 .'..u..;.:\' ‘ L 1065 [ Note that the fitting only
< Panasonic .6%
0 Sunpower i . represents the main trend of
I P-PERC 18.6%
sl . = e technology.
= “mono-
9 «117.6% - )
= 4 O Current efficiency and growth is
£ 1 irA16.8% comparable for CIGS and CdTe.
E
H 5 O Thin film technologies improve
= —
z faster (~0.6% abs./year) than c-Si
-~
~ )
, i ] (~0.4% abs./year).
! O Crystalline Si still keeping the lead.
10 1 1 Il L II i 1 i 1 "
2006 2008 2010 2012 2014 2016 2018 2020

Year

[1] A. Goetzberger et al., SOLMAT 74, p1, 2002.
* [2] Data from websites of PV companies, enfsolar and solarshop.com
T’!T'?”‘W [3] Y. Chen et al., WCPEC6, Kyoto, 2014 6

fEEmSik L ER KIGEME Y =2 — /L O ERILDS5 %O T
(Dr. P. VerlindentZfk)
Cost of PV modules

11H) TP
c-Si module price: ¢-Si module cost:
@ Kersten etal. A Suntech
@ Photon International < Trina

J Learning Rates:

T T T VT

TR

® ITRPV,2014 B Yingli O c-si: 22.8%

—_ Canadian
= 7 Jinko E
= [ Kersten et al. O cdTe : 16.3%
A (V) Learning curve: 4
= sF —— Price, LR=22.8%
7 - - Cost. 20% margin .
é e om Cost, 20% margin O CcIGS: 8.1%
= aF .. 4
c L .. 4 . - -
g I - a Crystalline Si technologies
= : . N 1 3 .
& . . benefit from standardization
2 3 b.ﬂ: (tools and processes) and

o[ CIGS module price & cost: . . .
= L ® Price, Photon Intemational  CdTe module eBst, s larger experience (cumulative

L Cost. pvinsight.com W Kersk LS~ B i
[ Leaming cure: O FitSolr el production)
2 Price, LR = 8.1% Learning curve: 3
Cost, 20% |m\n_.;1‘n === Cost, LR=16.3%
0.1 PEERRTTT AR TTITT B R TTT! B ETITTT MR 1T e
w0 w oo ot 10
Cumulative production [MW]
[1] Kersten et al., 26™ EUPVSEC, p4697, 2011.
[2] Photon International, 2011-2014
L] [3] ITRPV 2014, http://www.itrpv.net/
TEIP?,Sqlgr (4] Cost data from financial reports of various companies 7

[5] Verlinden et al. 29% EUPVSEC, 2013

P. VerlindenfZfik)

Cost of PV modules (Projection to 2020)

Si.

Module cost [$/Wp]

0.1

LY PNE R

*¢-Si
LR =22.8%

Fa .

0.42 SIW™.
CdTe

LR

0.34 $/W (2020]

.

16.3%,

3
10

10'

5
10
Cumulative production [MW]

10" 10 10"

Voo
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[ Recent manufacturing cost is
comparable for silicon wafer-
based and thin films technologies.

O Learning rate (LR) for c-Si, CdTe
and CIGS is 22.8%, 16.3% and
8.1% respectively.

[ Assuming 20% annual production
growth yields prediction of cost in
2020: 0.64 (CIGS), 0.42 (CdTe) and
0.34 (c-Si) $/W

O Fighting with cost (material, labor,
Capex, etc.) while improving
efficiency is key.

— L DK A MED 4L % O F48 (Dr. Verlinden#zft)



20206 IC BT AREMSIB L OEBERGEMEY 2 — /Lo 2 PR RS, LS.
CIGS, CdTeT. 20144E D% %, EY 2 — /L= Z0.56$/W, 0.76$/W. 0.58$/WH5 . 20204FE
T, &, BV 2—/b3 X0.34$/W, 0.64$/W, 0.428/ Wil D725 5 EDETH D,

WNT, BT v B THEEEZESRH LWPVE Y 2 — L OB ARH L i (3 2k i A
TAEYa—VIZMA, EhEEMBSIKEEROBBEN RSN, pMi-PERCHEEM, £
ARSI KB EMDOF v o A U RIT, K&, 21.40% (EFE244. 11cm®, Voc=672. 1mV,
Jsc=39. 65mA/cm?, FF=80.31%) . 20. 76% ([fif&243. 89cm?, Voc=662. 6mV, Jsc=39. 03mA/cm?,
FF=80.26%) IZE L7z, N—7 %I LN T v U 7 HI %2 & Te60k O B %5 i-PERC6 1 >
FEANOGRDEMSIPVE Y = — b iE, 335, 2WICE#E L7, 61 > F Interdigitated
Back Contact (IBC) B/ D F ¥ » B A U &h#1322.9% (i FE239. 31cm®, Voc=683mV,
Jsc=41.58mA/cm?, FF=80.6%) (23 L. 60 D IBCE ¥ = — /L%, H /1320, WD R TH 5,
WMET T AT 2a—VE, 1427027 Ty 7k PPotential Induced Degradation (PID)
~OIFPEZEZFEFEL TV 5, PIDFER Tix, 85°C-85%R. H. B2 T, 1000V/NA 7 A T, FilL,
M A Cuff > = T, 600 TOMMENLBIN T VWD, MEH T AEY 22— LOFHIL, A
VT U RADOWEICMA . AR AREECpartial shadingE D E Y 2 — L ~D B L KE T
X, PVVATLAOZRNAX—FErmMEIELLEOHETHDL, K4 3ITR-T I, 4
BOFEMKBEBMOEmDELERORBREN BRI, ¥ T AMEET, FE21%., TV =2
— /L )38BWAERH W E LTV D,

.Tandem

.|-u+|3c Junction
24.0% 27%
e . v assw
22.5% (25.5% Lab)
N
320 SiN High Eg S.C.
N
® y
b SeE Silicon
310W L j-asi
FEwEE .
Trinasolcr n-asi Metal

X 4 3 Atk OR S KB EMO &R o RE (Dr. Verlindenf fit)

5.10 Bk, iz, ERHEH :

(1) R. Margolis (NREL) IX. “US PV market development trends : Where we are today
and where we are going” L C, YL —F U #E A 4T >7-, B. Jones—Albertus (DOE)
IX. “A Changing Vision for U.S. PV Research” &t RHL T, &RHIFHEEEIT- T,

KEHHIZ, M44i2rn-dT L5, FEH, M, EVHoe2TomGTHERL, K45
AT 210, KERZBTA2HEHOVEH AT LAaX MHIERBLSDOH 5, il Tl
TR, 2O ToOMEEHZRX, BBERMEMEZER LT, KEOPVIHEO
ER, BEHNREORAEEEZE S RN T,
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2010 2011 2012 2013 2014 2015k 2016E 2017E 2018E 2019E 2020E

M Residential B Non-Residential u Utility mQl 2014 mQ2 2014 mQ3 2014 Q4 2014 Q1 2015
Source: GTM Research 4 5 7K . j- 5 m i};l? HE D :F‘:t/j ‘,/ A
K44 KEOPVEREOERL THE 7 A3 A sDOZEA (GTM RESEARCH)

2011 #£1Z, DOE IZ & % SunShot Vv 7 Z A AZ— kKL, K4 6273 X912, 2010 4F
DY AT A AR 8/WinD, 2016 FD$2.2/W, S 5HIZ 2020 FD$1/WAH HFET & LT
Do ZAIE, 5~6F L F/KWhIZFEMTHD, > T, EVa2—/La A Lb$0.5/WDERE
H¥J., X4 71%. %V:—wnzbw5w VX?AZZFMN%&@k@@%%%%
T, EYa—/ba X ~§0/5/WDERKD T D B R NSNS R AN AR N X
D B ¥ tw%Lzthﬁﬁ\mﬁut%%¢ﬁﬁﬁéﬁﬁ MERINDH, X4 8IT
X, FEx OKBGEMBMICEL T, BUUTOREE Y 2 — 1O, HFIEEL X LOELL)
BOHWAIELERT, M4 912, 2 AN —F Y NEROTLEDODOMHERBE Y —F v F &
MEE AT, BRI GE LT, HiEd - 288 Si. CIGS, CdTe, II1I-V L #:4G Kb
BN DD, A - BFRIL, £, iR, EMORTHRENL L, NSFEO LB T = —
A Th D,

Utility Scale System - $1 per watt Goal

$4.00 -
$3.50 -
$3.00 |
$2.50 |
$2.00 -
$1.50 -
$1.00 -
$0.50 -
$0.00 -

= Power Electronics
= BOS
= Module

2010 2016 $1/Watt

X4 6 SunShot7va /53 LDy AT A A bHE
(EYVa—/LaAh, BOSZA K, NXU—T L7 fr=F AT A k)
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Fundamental Targets for $1.00/Wp Initiative

$0.50/Wp [1.7]

Module System

$ 1/Wp [$3.4]

> Manufacturing Scale Up >

QSupply Chain (gigawatt scale).

OMeeting efficiency & $/m?* cost targets.
OMaintain Performance/Quality.
QOEnergy Payback & Environmental .

Electric Power Source

Scents/KkWhr [competitive]*
QSystem Installation Costs
AGrid Integration

320 to 30 yr. lifetime/veliability
1 to 2% Degradation

3 Low Operating Costs

*no subsidies

X 47 EFYVa—/LaAR$05/W, AT A3 A RSUW EB O O i K
70%
B Theoretical Maximum
60% |
! Labaoratory Results
50% W Typical Production
40%
30%
20%
10%
CPV (3J) c-Si mc-Si CIGS CdTe a-5i oPV
W48 FxDKBBMBEHICET S, BITOMEE Y2 —LOME,

2012

B L AL DR LR, B

2013 2014 2015

2016

2020 is the target year for achieving
a Dollar-per-Watt installed cost for
electricity generated by photovoltaics

S
v‘w

2017

It may take 1-3 years '

to discover and
demonstrate an

advanced technology

in a laboratory cell
or subcomponent

of a cell J

After laboratory cell level
demonstration, it may take
up to 4 years to build a pilot
scale line to manufacture cells
containing a new technology

")

After demonstrating the new technology

on a pilot line, it may take up to 6 years to

build a fully commercial, large scale
manufacturing plant

» The research targeted under the F-PACE FOA will accelerate commercialization »

X 4 9

IR RNE—HFy NEROTF-DODOFRERY — & v K EfE
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Figure 3-1. Annual and Cumulative Installed Capacity for
Rooftop PV, Utility-Scale PV, CSP, and All Solar Technologies
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SunShot Annual Capacity Rebuilds (left axis)
B SunShot Annual Capacity Growth (left axis)
=== SunShot Cumulative Capacity (right axis)
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(DOE. SunShot Vision Study, DOE/G0-102012-3037, 2012.2)

Figure 1-10. Annual Electric-Sector CO; Emissions under the
SunShot and Reference Scenarios
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(2-1) H. Yamada (NEDO) %, “Overview of Photovoltaic R&D in Japan and International
Activities of NEDO” LB L T, YL —F UiEEZIT o=,

(2-2) G. Wilson (NREL) 1%, “Advancing of PV as a Climate Change Mitigation Tool: The Need
for Greater International Collaboration” &t L T, 'L —F UFEZ1T > 72,

(2-3) E. Abed (NSF) (%. “NSF International Activities and Opportunities in Solar Energy
Research” tBE L T, L —F ViEHE 21T > 72,

(2-4) A. Contractor (Kiran Energy) (%. “India with Recent Large Scale PV Installations -
Learnings and Experiences” LB L T, 'L —F UEHEEIT > 7=,

(2-5) #%¥1x, A—HF A ¥ —TdH 5M. Yamaguchi (EH T k) . S.Ringel (OSU) D H£
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521277 X512, AFO “international Cooperation” (2R3 2 SR L itimd £ & N
T,

Summary

* Importance and Effectiveness of International Collaboration
for Development of High Performance, Low Cost and Highly Reliable PV
Materials, Cells, Modules and Systems
ex) NSF Programs, E. Abea, DOD Programs, R. Walters, NGCPV Project,
A. Bett, International PVQAT, S. Kurtz, NREL-FhG-ISE-AIST Cooperation,
H. Yamada, G. Wilson
Establishment of International Standards, ex) G. Wilson, S. Kurtz
Individual International Collaboration, ex) M. Yamaguchi
* Importance of International Cooperation
for Educating Younger Generations and Others
for Supporting R&D&D in Developing Countries and Supporting No-Electrified
Section
for Organizing High Quality PV Conferences and Exchanging Information
ex) Continuation of World PV Conference (WCPEC), M. Yamaguchi
* Needs for Greater International Cooperation and Collaboration
for Advancing PV as a Climate Change Mitigation, ex) G. Wilson
for Creation of Future Infra Structures based on Renewable Energies including
PV, ex) G. Wilson, ICSU-ISPRE, M. Yamaguchi

5 2  “international Cooperation” (2 B9 % /S % /L5t O AR

511 EEMREH

S. Kurtz (NREL) {%. ” Quantifying Reliability - The Next Step for a Rapidly Maturing
PV Industry” SHEL T, 7L —F Vi Z/T o7z, PVEY 2 — VI TERIZ/RY 220H D
N, HEEILX, “RREYVa2—VICEBTLIESLZMMICBOE L2027 | “GHhEYa2—
LS INAlAE 2 fn (i B B AL TE 5207 . “PVURATANEFRICEEL TWDLZ 2D
EOICHEETE DM LWV o2V & 9 %, PVQAT (the International PV Quality Assurance
Task Force) &C##EMEIX., 29 L7222 TCoRMIZEZLDI XL, HwTWb, PVEY =
—VEEEERVICHR TE LEE(EDOER., BEICHMEO S 2 IMMELZETE 5E
Va—OEIME, ZE D RESLEEICDTE HPVY AT MOl 7 v A (5] 21X, IECRE
ZBLT) ORIBLT, F 7R F 27 THLIBN, ZhoDREEOT 7a—Fi%, EEHE &
WHZ LB L, aARLHITE, BT, HALEEEDOAINIZRDTEA5, K
T, EEEAEOBHEBICH T WL D008 & 2 5 0 M2, BrakbRik oL m g7
PRk, Fa TR OBEENEES T H IR LEN, DTN,

PVE Y 2 — L D25 MENMES T, HRHLRIT, K0.8%/FETH D, 25~30FRIAED 72
DITIE, PVEY 2— L OME X b L ZARBRICES HEhfEENEREND, PVEY 2 — b
FZEIChey, BEERBROEE L INH DS, MM OKRIE, 206F% 0 128 73| & 2
LT —ANDY, HWEENEBRET AL LD, BIREATIE, HmiX TR LEEY, PVE
Va—nVDLHE—RELT, YA I NICEDA L F—aRx T X =N X O, T
FAZBLTOY —7EiR, KORE, 2ERHYV, 2ol b, K5 3ITRTLIIT,
PVOD S B RAEZ AT 72 [EBEEEE DB D72, International PV QA Task Force? gt ir &
Nz, 62O2DWRHD ., EHIT3DDWG (wire loading, testing of TF modules, testing of
CPV modules) 2ffk =TV 5,
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International PV Module Quality Assurance Forum
| .

The PV QA Task Force was formed last July by AIST,
NREL & JRC to develop international standards for
ensuring PV quality

>200 volunteers
Task Group 1: PV QA Guideline for Manufacturing Consistency
(leader Ivan Sinicco)
Task Group 2: PV QA Testing for Thermal and mechanical fatigue including
vibration (leader Chris Flueckiger)
Task Group 3: PV QA Testing for Humidity, temperature, and voltage
(leaders John Wohlgemuth and Neelkanth Dhere)
Task Group 4: PV QA Testing for Diodes, shading and reverse bias
(leaders Vivek Gade and Paul Robusto )
Task Group 5: PV QA Testing for UV, temperature and humidity
(leader Michael K&hl)
Task Group 6: Communication of PV QA ratings to the community
(leader David Williams)

http://www.nrel.gov/ce/ipvmqga_forum/index.cfm
5 3 International PV QA Task Force®#fZ (Dr. S. KurtziZfk)
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Predicted lifetime based on 1000 h @ 100°C

(Arrhenius behavior)

Kurtz, Whitfield, et al, Prog. In PV (2011)

Lifetime for thermal mechanism
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Activation energy (eV)

A module that lasts 30 y in Munich might last 1-3 y in Saudi Arabia
Aging rate can vary by a factor of 10 - 1000 depending. ..

X5 4 100°C TL1000MFIENEIC I S < FEdESI KIGEUME ¥ = — /L O Tl FH
(FEML= 2V X — K FER LT — F) (Dr. S. Kurtzigfh)

X5 5%, 10000l D damp heat (KR E) RBREOE 2 — L DOKBFEREDETY 2 —
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7N LB TH Y . IEA Taskl3R EDIEEIZ BT Th 5,
Water in module after damp heat

2-D Constant Environmental Exposure Kempe, Solar Cells (2008)
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The water concentration after 1000 h of damp heat depends on
module geometry and does NOT match concentration in field

X5 5 1000FEfi] D damp heat (ZEKAEN) HBREZEDOE T 2 — VO KBFHBEE
DEY 2 —)Vimn b OHEBEKRFME (Dr. S. Kurtz#g4h)
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Correlation between PV budget and PV system installation
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Cumulative and Annual PV system installation capacity in 2006 is linearly
dependent on national government PV budget (sum up from 2000 to 2004)

M. Yamamuchi. T. Schlezi J. Luther and A. Blakars. ISPRE Report (IGSU)

K56 FEEICBTDAKBEREOHEELS L OREEARL&EHOPVELED TE
(WFZeBH R E 25 te) & OFES (ICSU-ISPRE Report)
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GTM RESEARCH®> “PV TECHNOLOGY AND COST OUTLOOK, 2013-2017” (Z XU, 20174 Tlo, €Y
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