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Si
CPV System cos!
System cost 2014
2014 Si system cos

~~~~>
CPV system cost
projection

Hi 8 : PV status report 2013, JRC Scientific and Policy Report
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CPV1: 134K
CPV2: &M Lt
CPV3: EhIZaXMER

O SREMETIE, RIKRTHLCPV
DIFH>HELCOE

O $h&EMmLEICXY. BRTHCPVIZ
A)ybHH 5.

O S5 5aXMERIZKY, CPVIE
ERGEIAMBLIEERIETE
%)

CPVESIEYV A
0.16
LCOE: Levelized Cost of Electricity
014 L emam Si
CpPV1
0.12
—CPV2
0.10 CpPV3
S
=~ 008
v
S 0.06
o
0.04
0.02
0.00
3 4 6 7 8
DNI (kWh/m2/day)
= I HIIHIV=ZF TIVJF
Cell System
ce;?f” Junction| area (Sl?:g) Opt. eff| PR cost
' (mm?) ($/Wp)
CPV1 | 40 3 50 400 80% |[81% 3.04
CPV2 | 50 4 10 1000 85% |85% 1.90
CPV3 | 50 4 1 1500 90% |85% 0.88

CPVORE=E

DNIX EPa1—)LEhE X PR
SINNRILDRESE

GHIX EYa—)L%hE x PR
PR: Performance ratio
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System cost (S/Wp)

3.50

3.00

2.50

2.00

1.50

1.00

0.50

0.00

0.14
Cell 50%
ol AEEEILTRILFESY%
S HIEFE10001E
010 E (EHLYXDIARME)
§ Improved Optics
0oz Z TILH A XHE/ (50 m2 > 1 mm2)
0w S HIEERZ 1500151
o060 bos & (F5v% I RRICEHPRELL)
Q® Improve tracking
0.049004 § EE*?H;J-_E—I-&—JJ:
oo Lo XRMEFEMLE
l >PR%86%|thE
0.02
- ] L o0 2R FORFEIF U T DRKIES]
Baseline Cell50%  Improved optics  Improved R.R. King et al., “Solar cell generation over 40%
tracking efficiency” Prog. Photovolt: Res. Appl. 20 (2012)801.
w— Cell mmm Cell package Module package BOS: cost of balance-of-system (BOS) excluding
Cooling m Optics m BOS power conditioning
, ) , e.g., support structures, wiring, installation,
B Power cond. mmm Tracking —{1—LCOE(Miyazaki) operations and maintenance, financing
Junctio|Cell area] Conc System cost
Cell eff. n (mm?) | (suns) Opt. eff.| PR ($/Wp)
Baseline 40 3 50 400 80% |81% 3.05
Cell 50% 50 4 50 1000 80% |81% 2.45
Improved optics 50 4 1 1500 90% |68% 1.45
Improved tracking | 50 4 1 1500 90% | 86% 1.49 6
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Graphic: Fraunhofer ISE; Data for solar cell efficiencies: Green et al. Progress in
Photovoltaics (1993-2013)
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Single-junction cells

R. King et al., Prog. Photovolt: Res. Appl. 2011; 19:797-812 12
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Conversion efficiency
28.8 %
v 1
O O &

EF-FA o x |FHEHEXOD

e G TN P Light-trapping cel
« w/o substrate
l l SEVEREONS * Negligible non-radiative

l l recombination
\l' X Non-radiative
recombination | /\ 7 /
absorption ™\ \‘7‘ \'
by carriers : ..
Absorption - emission

Back electrode effective light scattering 13
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SHARP

cell size 4.0mm x 4.0mm

In-house Measurement
AM1.5G spectrum

43.5%

300 ~ 500-sun
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Hirst et al., Prog. Photovolt: Res.

Appl. 2011; 19: pp. 286-293
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M. Yamaguchi et al.,
Solar Energy 79 (2005) 78-85
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(InGaP/GaAs/Ge)

>BRAES

u =5

= /)IL.T.E = &EﬁLEgo)%ﬂd‘L}*A’b

g A rnRYAC RZSY Vb &
>GalnNAs (G D EIZ#HY)

Bandgap (eV)

24 GaP
20
GaAsP 1Ny 52Gag 48P
1.6 }barrier
InP
1.21=
L] InGaAs well
Si InGaNAs
08 :
Ge B
04 InAS
| | |
54 56 58 6.0

Lattice constant (A)
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InGaP 1.87 eV M1 xxeV I/
InGaP 1.9 eV M2 xx eV > BYSht
GaAs 1.4 eV Ge 0.67 eV MH¥3 xx eV #E
InGaAs 1.0 eV
AR RE RFEETH DINBRYEHER

BFIAEAH
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Back Electrode ﬁﬂﬁmg a) E‘ﬁ?*t)}f/ I~

Si support substrate
A

InGaAs Bottom (1.0eV)

compositional

{T
Ty
mlg\ graded buffer
=

GaAs Middle (1.42eV)

InGaP Top (1.88eV)
N E NN E

E*}i » Front Electrode
e

GaAs Substrate

T. Takamoto, et al, Proc. IEEE PVSC 35, pp. 412-417 (2010).



GalnNAsZ AL\ - fEEIL

» Theoretical efficiency > 50%.
(AM1.5, 1-sun)

( amm a—

AlGalnP E 1=1.88eV

(In)GaAs Egz=1.42eV

| GalnNAs Eg=1.04ev ’

: : Control of In & N composition enables
Material for 3rd sub-cell: G
alnNAS lattice-match to GaAs. ( [In]:[N] ~3:1)

» ~1 eV bandgap.
» Lattice-match to GaAs, Ge.

Prof. Okada, Univ. Tokyo 25
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SERBEITARRDRENVE (SbH—T7 IR G E)

2
NE O GaAs
L 1000 | u GalnoosNom
£ A Galn, N, As @
=
=
= N X 1/10
_g A
I n-GalnNASs
100 1 1 IIIIIII 1 1 IIIIIII I.I IIIIIII
1016 101? 1018 1019

Carrier Concentration (cm“’)

1B E R :Spatial distribution of N

E
¢ iAE . EC_EL(N)
EL(N)
chomp. )
N\ larger
NS
E, vy \ - optimum

Prof. Okada, Univ. Tokyo 26



Bandgap (eV)

24 —&ap
20
‘ Quantum wells
1.6 : ______ Me
GaAs | InP
1'2--_5 ------- -i- Absorber e ~
I »
08 | | (InGaq,As) A strain-balanced stack
Nol m i |
e : | [Well] - Pseudo-morphic
0.4 ! E INAS InGaAs
| 1 I | |
5.4 5.6 5.8 6.0 [Barrier]
Lattice constant (A) GaAsP
GaAs
. Y,
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Curernt Density [mA / cm2]

4
|-V characteristic QE @ 0oV
B, oo >
20 ......... —...—.r.'.......c...c............................«...;-..35:;;9.. g 0 . 8 _
3 1030 anI
15 E 0.6 - 1.2e
c ——GaAs Ref.
10 | ——GaAs Ref. 2 04 ] —PNMQW10
= 0.
ZPNMQW20 2 T PRMQW29 GaA
—C— - a S
5 PNMQW30 202 { ~ PNMQW30 °
——PNMQW40 = ——PNMQW40 =VOWS—
O T T T . O r ' e e
0 0.2 0.4 0.6 0.8 1 400 600 800 1000
Voltage [V] Wavelength [nm] n-GaAs

O @

U \ o —
NN s 1
o L_od's hv —_%eee

v Photocurrent | Recombination
T S from QWs AP in QWs
Y
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Ing 50GaAs 3.5 nm
GaAs 2.6 nm
GaAsP,,, 3.0nm

[

InGaAs well

|

/ GaAs intetlayer

GaAsP barrier
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w/o anti-reflection coating

—_
o

Current Density (mA/cm?)

—— Optimized-MQW100
—O— Typical-MQW70

N
o

o
o

o
o

o
~

[ —0— Optimized-MQW100

Internal Quantum Efficiency
o
N

5 _ - —O— Typical-MQW?70
—O0— GaAs reference - —o— GaAs reference
O ) ] ] ) ] ) ] ) 00 ) ] ) ] ) | ) | ) >
0.0 0.2 04 0.6 0.8 1.0 400 500 o600 700 800 900 1000 1100
Voltage (V) Wavelength (nm)
Total
Structure (periods) Well Barrier Interlayer MQWs

Typical MQW(70)
Optimizeg MQW(100)

Ing 2,Gay7gAS (7.5nNmM)  GaAsygPo4o (8.0nm)  GaAs (0.6 nm) —> 525 nm
1Ny 20Gay 16AS (3.5 NM)  GaAs, P4 (3.0NmM)  GaAs (2.7 nm) =—> 350 nm

L> J.. = 18.6 mA/cm? expected under InGaP filter
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MBEIZXd=FFYhik:

1l

Molecular Beam Epitaxy

Cell size:
3mm x 3mm

Structural parameter of QDs

QDs layer:

InAs 2 MLs with Si-doping

Sheet density: 5 x 10 cm Barrier layer: GaN, 4,Asg g9 20 Nnm

Mean diameter: 24.6 nm

Mean height: 4.7 nm

== 100 NM

35
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EFryMERFEIL S
< 1000.0 BAEE V,. 2.05V
é SERBRTE J,, | 1193.3 mAcm?
'|1LP( - | mRKHAEBEV, | 1.79V
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GansEl 2 500.0 | | mikeEFFF 78.8 %
) SILfEE suns 72
L | BESER R 0.39Q
A HIEH Ry, 190.6 Q
0.0 1 L 1 |
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n=46.0% @508 suns
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O |
Electrical power capacity (kWh) T
RE1ET RE1EF
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Li-ion
(conventional)

- = =Li-ion (2020)

— H2 storage
(conventional)

- = =H2 storage
(2020)
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KGNS KEADIRILF—ZFH

University of Tokyo

m The fraction of energy stored as AG of hydrogen
with respect to incident solar energy

H,O=H,+ %0, AG=1.23eV

(per unit area and time)

(1.23 V)(1.6x10-1° C)(# of H, molecules obtained)
Incident solar energy (W m-2)

NstH=

46



Courtesy of Dr. Ager
LBNL, USA

An attractive and
integrated combination of
efficiency, stability, and
scalability has yet to be
demonstrated

>5%

Shaner, Walczak, Sharp, Ardo, Ager, under review Ager, RCAST lecture, 3/14/14 - 47



| Courtesy of Dr. Ager LBNL, USA

Solar-to-hydrogen energy conversion

a Photohydrolysis System
" aminaion 2
et =
e
GaAs(Bufor Layer) o E
P*Si . ]
n-SI. 350pm /
S BOONm ; ]
TM HCIOs 1 l
12% STH 18% STH ~3% STH
Turner et al. (1998) Licht et al. (2000) Nocera et al. (2011)
Pt/pn-GaAs//p-GalnP/Pt RuO.,/pn-AlGaAs//pn-Si/Pt black Co-Pi/3J-a-Si/NiMoZn

4 A

~5% STH ’ 15% STH @ 10 suns

van de Krol et al. (2013) 10% STH Fujii et al. (2013)
Co-Pi/BiVO,//2J-a-Si/Pt wire Jacobsson et al. (2013) \_ 3Jtandem + EC _/

3xCIGS tandem + Pt

Ager, RCAST lecture, 3/14/14 - 48



University of Tokyo
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Photon Energy (eV)
10:00 12:30 15:30
2014.08.27

@ Miyazaki Univ.
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Solar-to-hydrogen3hZED HF K{L

NEKGEMEEELI OEERES

ABEENEERELILOIVEIEOXRANERIZES

University of Tokyo
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— {25
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= 20 - EC 4S-3P 115 8
& g
Q1.0 i (a8
45 O
0.0 0
[ L0 1 1 1
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IKFRFEEDIRF (FERICARLE)

University of Tokyo

JefusE: GaNon 242 FHT7747 2L /7 (20 cm?)
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IKRREDBF (RAKRGEM+IKERRE)

&= M= JEmiE 20 X 20 cm?2 X 3 = 1200 cm?

Univers

ity of Tokyo
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University of Tokyo
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University of Tokyo

= KEEM+HKERLILOEREGRIE, KEENSKREA
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IKRREENEDIFREE

University of Tokyo

m STH > 20%(&+ % vl gE

Fractional Now Target Comment
Efficiency [-]
Solar cell 0.24 0.30 Approximately 30% has been
reported.
Pop/Pmax 0.92 0.95 By optimizing connection
V(H2)/Vop 0.69 0.77 AG/AH for H,0O evolution is 0.83.
Faraday 1.00 1.00
Total 0.15 0.22

m KEHIEIRNS2.2 /kg
(FA—RFI)T7FDHBEEHED R \HIZT)

n COMLDKIGIHEABER (NIHER) DEMERILIGE
SHIZT7I Ly I BMIZIE
AKEEMEESILERICHFEDHTHT7IO—FHLER.
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University of Tokyo
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Marokite (CaMn,O,) 56



CaMn,0, BABIC L BHEREDIEBETIL

University of Tokyo

BEShTOOMBEAMMELDLLE
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Energy density in various storage media
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