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Intense concentration

The Fresnel lenses in
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Voo < E,

ngq: Vuca and (Eg!q) - vm: (V)

V,. and band gap-voltage offset W, = (E//q) - Ve Single-junction cells

of solar cells with wide range of band gaps

—e— measured Voc

meas. Eg from EQE
—&—Woc = (Eg/q) - Voc
~~~~~~ radiative recomb. only
- = - detailed balance model

GalnMAs

d-AlGalnP

Ge (ipdirect gap)
0.97-eV Galnfs

c-GalnP
c-AlGalnP
d-AlGalnP

o-GalnP

AlGalnfs
AlGalnfs

1.4 eV Galnhs

Zabs

0.6 1 1.4 1.8 2.2
Band Gap E, (eV)

R. King et al., Prog. Photovolt: Res. Appl. 2011, 19:797-812 7
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cell size 4.0mm x 4.0mm

In-house Measurement

AM1.5G spectrum
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Carnot emission T's Qemit
Vit = | — — Tikl1n
o \ / €Vopt = ( T, ) A ( Qe )

0.9 Boltzmang Carnot Boltzmann

0.8 - :
g I 1 sun concentration
2 0.7
_é 0.6
_E 0.5
- Qabs.
fg' 0.3
=

0.2 \"VV ab

.1 Q

) T —
0.3 1 1.5 2 2.5 3 3.5
Eg (V)

Hirst et al., Prog. Photovolt: Res. Qabs <<< Qemit Qabs < Qemit

Appl. 2011; 19: pp. 286—293 o1



EFD)HTATIL

ORI BEESIEET ) E
— @ ®o—
#Ax EC
A4 1
O O &

BEF-EAoR
IRJLEF—ELLL

l

I converonar

KT IE70

ALTADEVICES

Conversion efficiency
28.8 %
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n-AlInP window WG‘L?& S o
n-InGaP emitter op © )
p-InGaP base (Lsf’;@
p-AllnP BSF T n
5-AlG aAsin-InGaP - ~ InGaP
n-InGaP window wG‘B-M& 2
n-InGaAs emitter #@Eiﬂ o
p-InGaAs base QA E
p-InGaP BSF T X
p-GaAs/n-GaAs s - =
N g™ S
n-InGaAs buffer B s
InGaP 1st layer Ge q E
n-Ge hd@ﬂ"
p-Ge ;ﬁ) 12.1 16.9
1.8 2.3 2.8 3.3 3.8

M. Yamaguchi et al.,
Solar Energy 79 (2005) 78-85
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Bottom Cell Bandgap [eV]

—

0.9
1.6 1.7 1.8 1.9 2

Top Cell Bandgap [eV]

OB FEESRMH
(InGaP/GaAs/Ge)

(5 N

AN
== E._EE& [ |

O IIEEEI /}IL_T_E = &BﬁLEQ@%ﬂﬂé’b

HEZMmiLd oM

0.55
II 0.5
= 0.45
— 0.4
—1 0.35
— 0.3

B 0.25

N 0.2
0.15
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0.05

2.1 2.2

Bandgap (eV)

>GalnNAs (fEea D EIZ&HY)

2.4

20

1.6 Lbarrier

1.2 =

0.8
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GaP

INg 50.Gag 48P

InP

InGaAs well

I nAI\s

5.4

5.8

Lattice constant (A)

6.0
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InGaP 1.87 eV
InGaP 1.9 eV HFiME 1.2eV
GaAs 1.4 eV Ge 0.67 eV
MFiEFIE

InGaAs 1.0 eV
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Back Electrode ﬁﬂﬁmg 0) Eﬁ?*:)}p I~

Si support substrate
A

[y InGaAs Bottom (1.0eV)
Q compositional
"1|’-'\ graded buffer
= GaAs Middle (1.42eV)

InGaP Top (1.88eV)

W E TR
%*}i » Front Electrode
x|k

GaAs Substrate

>

Multiple
Dislocations

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



GalnNAsZ AL\ -/ et/

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

( amm a—

28

—— Direct transition

2.4

- --- Indirect transition

AlGalnP Ey=1.88eV 2
< 16
(In)GaAs Egz=1.42eV o
o 12
%1_03\’ ...................

0.8

| GalnNAs Eg=1.04ev |

0.4

5.4 5.6 5.8 6.0 6.2

Lattice constant, ag (A)

: : 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 40
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£ 1000 ® Gain N  As -=C L(N)
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] @ Ncomp. )
Q
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100 1 C 1 Cea il |.| ol EV v v K Optlmumj
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Carrier Concentration (cm'3)

Prof. Okada, Univ. Tokyo 41



Bandgap (eV)

2.4 GaP
2.0}
‘ Quantum wells
+O I Me
GaAs I InP
1'2--_5 ------- -i- Absorber ~ R
| .
. | L EN(NGay,AS) A strain-balanced stack
il N
Ge | | [Well] - Pseudo-morphic
04k : i INAS INGaAs
L |
5.4 5.6 5.8 6.0 [Barrier] - -
Lattice constant (A) GaAsP - =
GaAs
\_ J
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Growth method: MOVPE

MOVPE: Metal-organic Vapor Phase Epitaxy

Gas-phase decomposition: k

()
(CH,),CASH, éi}" - <
[

b

Mass-transport

Gas-flow and
Gas-phase diffusion: D/o

GaAs epitaxial film
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Carrier Collection Efficiency (CCE)

Efficiency of photo-generated carriers
to reach an external circuit

T
L XX
hv
R
\ 7—_0
- _ AV, )
AJ sat (ﬂ’)

|
\Q
‘Jdark

J-V characteristics under
monochromatic illumination

Assumption: 100% carrier collection efficiency

at a large reverse bias
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CCE for MQW cells

1.00 &======= *f:::::_-_f:-:: ----- .‘_~\~~
Bl EERRIYGL
0.90
tu) 0.80
-4 -400
o nm
0.70 -49--600 Nm
800 nm
0.60
0.2V
-9--1000 nm @
0.50 :
0 10 20 30
Well Number

O At a large forward bias:

1.00 A
kN
b3
N\
0.90 ‘\::«--,
0.80 TREL N
-#-400 nm \Q‘i‘\\ P
0.70 ol e
' -4--600 nm N
h .~ g
0.60 800 nm s\‘
-#--1000 nm @0.8V
0.50 '
0 10 20 30 40
Well Number

e Degradation in CCE with increased number of QWSs
especially at shorter wavelength

O Increased number of QWSs does not lead to better efficiency. ,,



Superlattice for better carrier transport

Solated OWs

\7()\&
thermal escape Enhanced carrier transport
by tunneling

well barrier

Superlattice |1ng 13GaggeAS | GaAS,57Pg43 | The growth of 3-nm thick barriers is
(112 periods) 4.7 nm 3.1 nm possible only with GaAs insertion layers.

MQWs INg 16Gag g4AS | GaAs, 5P 2,
(40 periods) 7.6nm 11.6nm
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Single-cell performance with superlattice
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= I, gain 3.0 mA/cm?

p-GaAs
= V . drop as small as 0.02 V Ny 122Gy oecAS 4.7 NM

o N_early the same efficiency GaAS, 1Py 4o 3.1 N = MQWs =
with and w/o MQWs: 18%
112 QWs  GaAs
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CCE for MQWs and SL

1 e 0, e v
0.95 W

- = 0.9 F
> >
< €0.85 [
3 @
(8 (%)
= £ 08 }
(V) (J]
c c
S0.75 | £0.75 |
g S
= 07 = 07 |
5055 —=400nm §065 I ——400 nm
E ~#-800 nm E ~#-800 nm
o = o -
0.6 900 nm 0.6 880 nm
N MOQWSs —<1020nm S SL =920 nm
05 1 1 1 ! 1 1 1 05 1 1
-0.8 -06 -04 -02 0 02 04 06 0.8 0.8 -06 -04 -02 0 0.2 04 06 038

External bias (V)

External bias (V)

O Carrier collection efficiency for the superlattice cell is close to

unity even under a large forward bias.
—> Better fill factor, minimized drop in V..
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Open-circuit voltage (V)
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QD GS transition energy (eV)

Tanabe et al., Appl. Phys. Lett. 100, 193905 (2012)

Wang et al., unpublished
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| / / /i —
50 nm p*- GaAs contact layer

30 nm p - AlGaAs window layer

500 nm p - GaAs emitter layer

Si-doped
|~

N D D D D D
% 0 ® ® O O

Cell size: 25 pairs
2.0 ML InAs QDs / 20 nm GaNAs SCL
3mm x 3mm

1000 nm n - GaAs base layer

250 nm n* - GaAs buffer layer

n*- GaAs (001) substrate

AuGeNi/Au

QDs layer:  InAs 2 MLs with Si-doping

heet density: 5 x 10%° cm-2 Barrier layer: GaN, 5;ASg g9 20 NM

n

* Mean diameter: 24.6 nm

: Mean height: 4.7 nm
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PL intensity (normalized)
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Type | InAs/GaAs - - - 4.6 ns (Delay time 10 ns)
Sb 18% GaAs wall 0 nm === 94 ns (Delay time 90 ns)
Sb 18% GaAs wall 2 nm === 220 ns (Delay time 90 ns)

K. Nishikawa et al, APL 100 (2012) 113105
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@ GaAS p'i—n SC
121 .--@--- QDSC (50 stacks)
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g ----- T -‘___.,.
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Concentration (Suns) Okada et al., CPV-8, Toledo, 2012

0OV of QD cell increases rapidly with concentration ratio
than GaAs p-i-n cell.

e Characteristics of an intermediate-band cell. -



Ve €enhancement in QW cells
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‘ GaAS' 60 In0l17Ga0l83AS GaASO_79P0.21
' for bulk cell SL1 (3.1 nm) (3.0 nm)
1 ..10 | .iOO

Concentration ratio (-)

O Voc of the superlattice cells increase more rapidly with
concentration than GaAs pin cell or GaAs MQWs cell.

e Indication of intermediate-band operation?
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