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USA 20 70 3 33 28 33 238
Germany 1 7 7 30 5 2 52
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The Netherlands 1 0 0 4 0 13
Korea ) 1 1 1 5 13
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K. Kurokawa "Photovoltac technology direction — Japanese
“PV2030"” T. Tomita "Toward Giga-Watt production of Silicon

Photovoltaic Cells, Modules and Systems”
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4.1.1

K. Araki et al. "Development of a new 550X concentrator module
with 3J cells —Performance and reliability”

K. Araki et al. "Comparison of efficiency measurements for a
HCPV module with a 3J cell in 3 sites”
H.S. Lee et al. "Field test analysis. The behavior of 3-J
concentrator cells under the control of cell efficiency”
InGaP/InGaAs/Ge
400 550
550

550
20
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Fre 1 {Ledt): Mew 530 X Fresnel lens made by imjection molding

Fig 2 {Right Mew 550 X concentrutor module and the 4040 X module presented st SCC2003 and 19th EUPVSC

Table. 1 Uncomrected peak efficiency measurement

Concentr | Area Site Ambi | Uncomected | OHI
ation om” ant Efficiency Wi
Inuyama
400K | 7058 | Japan it ITE%S 510
IManufaciursr
Tayohashi,
400 % | 7,058 | Japan TC 250 % 645
Independent
Fraunhafzer
400X | 1,178 | I5E, Gammany 18C A% B35
Independent
MREL, US4
400K | 1,178 T . I ¥ 240 % O40
Inuyama,
550X | 5445 | Japan 3ac 0% Tdl
Manufaciursr
Toyahashi,
550 % | 5445 | Japan AC T % T
Independent
550 Faunhofer ISE
400 27.4 550
2006 38.9 540
85.8 5091 31

WWW.syracuse-pv.webhop.org

R. Sherif et al. (Spectrolab), “First demonstration of multi-junction receivers
in a grid-connected concentrator module”

Spectrolab

Concentrating Technologies (CT) Arizona Public Service (APS)
GalnP/1InGaAs/Ge
APS Solar Research & Test (STAR) 2004
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G. Sieferetal. Fraunhofer ISE , “Experimental comparison of the power output
of FLATCONTM modules and silicon flat plate modules”

500 30
GaAs/GaSh
LPE GaAs Zn GasSh
AM1.5D 100 31.3
150 23 Fraunhofer ISE
FLATCON (Fresnel Lens All glass Tandem cell CONcentrator)
GaAs Gag gsIng.  P/Gay gzlng /A

MOVPE 300 31.1



Figure 1: Photograph of the outdoor test set-up on the roof of Fraunhofer ISE in Frelburg. Top beft: toital
view of the tracking unit with several FLATCON™ modules mounted on it. Top right: Detailed view of
twa FLATCON™ modules momted on the tracker. Bottom left: fixed flat plate module. Bottom dight:
fat plate module mounted on the tracker.

Tahle 1: Power outpur per m’ during one week in June 2004 for the three different approaches,

Date FLATCON™ flat plate fixed flat plate tracked
(W dav)] [W/im dav)] [Wim day)]

24 06.2004 1281 6084 1119.3
25062004 1122 624.2 709 4
26 06 2004 1190 7145 8445
27 062004 403 392.4 466.9
28 06 2004 37 7163 9329
29.06.2004 1144 761.4 9575
30062004 1186 709 4 R118
01.07.2004 0 367.5 353.0
sum 6363 4894.1 61952
sum fexeluding 28.06.) 6326 4177.8 5262.3




Faunhofer ISE
40

L.M. Fraas et al. (JX Crystals), “Toward 40% efficient stacked IlI-V terrestrial
concentrator cells”

Table 1:

M) Type |15 2™ a7 ) 4™ ] Efficiency

Mono 2. InGaP Gafs 36%
185aV |1.4eV

Mono 3. InGaP Gahs Ge 42%
185V |14eV |07eV

Mono 3. InGak Gafs GalnMas 47%0

| match 1.85eV |14eV |1eV

Mono 4. InGaP Gafs GalnMas | Ge 52%

| match 1.85eV |14eV |1eV 7 eV

Table 2: : |dealized efficiency at 300 K for various mechanically stacked MJ cel
types at 500 suns AM 1.5D

M) Type [15J 2™ 37 ) 4™ ) Efficiency
Mech 20 | GaAs Gash 42%

1.4 eV T ey
Mech 2J |InGaP |Gahs |Gasb 46%

1.85eV |1.4eV Tey
Mech 4] InGaP Gafs GalnAsP | GalnAsiIinF | 52%
1.85eV |1.4eV |1eV gey

Tem Call Front
Hee Jow Gontnct

S
I

T
Tk Gus
Tep Ol 1h ¢
Tranched CORGACE

(B-a

Figure 1: JX Crystals 4 terminal mechanical stack receiver design with both
contacts at top of top cell and back metal contact on top cell recessed in trench
for thin low delta-T glue line

InGaP/GaAs/Ge 38.9
300K AM1.5D 500 42 NREL



AM1.5D 500

47 52

Spectrolab InGaP/GaAs JX Crystals GaSh

36 GaShb 10 46

4.1.2

A. Mohr et al. (Fraunhofer ISE), “Silicon concentrator cells in an one-axis tracking
concentrator system with a concentration ration of 300X”

Fraunhofer ISE 300
CPCs
39.7 CPCs 7.7 300 CPCs + 23.5°
CPCs PMMA Si RLCC
78
RLCC Si CPCs
0.2025 245 45 2 63 265 24
23.2

T.M. Bruton et al. (BP Solar), “Low cost, 100X point focus silicon concentrator cells made
by the LGBC process”

2003 450 Wp 20 26
p PV
LGBC LGBC
EUCLIDES
125 125 CZ-Si 116 45 Entech linear
20 20
EUCLIDES 14 10 Fraunhofer ISE
85 17.4
100 18

100 18 0.15
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Figure 1: Concept of the ong-axis tracking
concentrator system consisting of a parabolic
trough and dielectric compound parabolic
concentrators enablmg a geometrical
concentration of around 300x. The CPCs used
as second stage result in a geometnical
concentration of 7. 7% concentrating the
sunlight by total internal reflection. The CPCs
have an acceplance angle of +/- 23 57
allowing a one-axis tracking from the sumimer
1o the winter solstice.

Figure & CPC made of PMMA mounted on a
RLCC cell. The CPC is glued onto the

concentrator cell wsing an optical transparent
adhesive

Figure 3 Structure of the rear-line-contacted
silicon concentrator cells (RLOCC). The
interdignated grid finger structure on the rear
stde and the textured front side with an AR-
coating are shown.
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Figure 4 The RLCC cells reach an efficiency
ol 24% at 63 suns and 23.2% at 2635 suns.

Figure 1. Small area cell cut from a 30X concentrator cell
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Figure 3. Efficiency versus concentration for a 14x10 mm cell measurad at FhizISE with

active area being the non-bus bar region and the “imaginary” area correcting for light leakage
to the bus bar, swith spectral mismatch correction
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InGaP g 1.8 AM1.5G g 1.9 AMO
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4.2.1
T. Takamoto et al. ( ), “Future development of InGaP/(In)GaAs based
mutijunction solar cells”
InGaP/ (In)GaAs
InGaP/InGaAs/Ge AM1.56
31.5 AMO 29.2 gl.82 InGaP
gl1.96 AlInGaP AM1.56G 33 AMO 31

InGaP/InGaAs/Ge



AM1.5 200 39.2 498 38.9

Table. 1 Characteristics of the triple-junction cells.

Voc Jsc FF Eff. Condition
[mV] [mAfem? ] [%a]

2567 14.1 0.87 31.5 AML.5G, 25°C
2568 17.9 0.86 29.2 AMO, 28°C

#

34 "ir—*‘t
.
37 + !

36 +

EFf. (%)

34 »
N

32
a1
30

1 [1] 100 1040
CONCENTRATION RATIO

Voo, FF and efficiency of the concentrator cells o o finction of the concenlration
raticewhich is defined by the inmease in lsc of the cell

InGaP/InGaAs/Ge
AlInGaP oc Al
Ge
InGaAsN g
19
a-Si  CIGS
MOCVD InGaP/GaAs

M 4 7



AM1.5G 29.4 AMO 25.2

InGaP/GaAs

Fig. 7. Schematic illustration of a flexible thin-film
InGaP/GaAs dual junction solar cell
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Fig. 8. Photograph of the flexible InGaP/Gaas cell
with 4 cm x 7 cm in size and a string in which five
cells (3.2 cm x 6.4 cm) are senes connected.

Fig. 9. AM1.5G I-V curve of the best efficiency
thin film cell

F. Dimroth et al. (Fraunhofer ISE), “3-6 junction photovoltaic cells for space
and terrestrial concentrator applications”
Fraunhofer ISE

RWE AMO 29.1 GalnP/GaAs/Ge
Fraunhofer ISE 35.2
AlGalnP/GalnP/Al1GalnAs/GalnAs/GalnNAs/Ge AMO 46.7

30 50p Ge



3-junction —  Sjunction — Bqunction

zalnP
Alzalnhs
Zalnde

European roadmag for fhe development of radiafion-hard muiijunction solsr calls for space applications

First atfernpts fowargs 30 = 50w fhin and lightweight space sofar ceiiz on Ge are under development
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Figure 2 Quantuny Eficiency (leff) and Gght IY-charactenstics of the st Sunchon solar cells deveioped at the
Fraunhofer ISE. The call technology was performed af RIWE-SSP. Thiz cell achieved a high voltage of 5.2 Vol
The cell has been measured under the 3-source solar simulstor af the Fraunhofer ISE calibralion laboratory. The
cureni densify & nof accurale as the spectrum of the J-source solar simulator can nol be condrofied
simuttaneously for all the § junchions. Calibrating the AMO efficiency of these devices is therefore challenging.
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Figure 3. GalnhAs single junchon solar cels are developed fogether with the Universly of Marbuwrg. These calls
will be wsed &3 the 5 suboel in & §-junchion space sofar cell in the future. Cument densities wider AMO fifered
with Gads are 3.3 mAkem? and therefore, suficient for this appiication.

4.2.2

D.C. Law et al. (Spectrolab), “Multijunction solar cells with subcell materials

highly lattice-matched to germanium”

Spectrolab GalnP/GalnAs/Ge AMO 30.16
28.3 30 2 12,323 Emcore
175
37.3
AMO 36.2
1.6 1.1
Gag 9Ny 7,P/Gay 771Ny 53AS 1.6
Ge 2.4 MOCVD
GalnP GalnAs GalnP/GalnAs
AR GalnP GalnAs
oc g/ oc g
GalnP 425 1.6 540 GalnAs
1.6 2.4 380 420
480 1.6 GalnAs Si
oc 0.2 0.5 1.6 GalnP/GalnAs
g oc
g sc disorderGalnP
1.6 FF FF
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various metamorphic GalnP single-junction cells

various metamorphic GalnAs single-junction cells

Table 1. Summary of metamorphic GalnP/GalnAs dual-

junction cells performance
etsmorphic SalnPiGainds Dual Junchon Calks
Lathce-Mismatch (%)
0% 0.2% 0.5% 1.6% 1.5% 16%
EalnP ardering disordened ordered | desordered
Ty i) FRT e 1 1 1.
Jumg® |rn.F-.-'crn::- 17.67 18,70 19.2& 2451 2168 2451
Fill Factor (%] 552 B0 &5.1 495 HER &4.0
Wmp (Vi 214 204 1,88 1.34 1.51
Btive Area
Efficiency % 26.3 26.2 26.1 16.T 226 6.6
e e P

# Pariman g propacton of 1.5% LMK DJ salls wis nomal 81 facior valees

N.J. Ekins-Daukes et al. (

), “Native and radiation induced defects in

lattice mismatched InGaAs and InGaP”
Ekins-Daukes ( )
Ny 456a0.5,P as-grown
Transient Spectroscopy
240 v 0
400 c 0.62
InGaAs
InGaP
110

270

InGaAs
.46

In, 16624 g4AS

DLTS Deep Level

as-grown
190

225
110
200

110



n-AllnP windpw
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i-Ing 16Gag g/AS INg16GaggAS

0.16 .84/ (12 eV)

P-1ny;6GaggAs base )

p-InGaP BSF

p-1Ng16Gag g/AS buffer
INy;GageAs || 1No1sGBosAS

Graded buffer 1

INgosGaggsAS GaAs

p-GaAs substrate Step Graded Graded

Fig.1 Schematic diagram showing the

cell structure for

the step-graded and

graded Ino.16GaAs lattice mismatched
devices.
4.2.3
1.05
11mA/cm? sc
17 A/cm

0o

Unirmdiated Majonty Scan -2V, 0Y)

(AR

DLTS Sagresd (aii )

[LRF ke

250 300
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Tempirabhre 'K

Fig.3 Majority carrier DLTFS spectra taken

from unirradiated graded (TCAO0-3) and
step-graded (Vv3091,3087) samples. The bl
coefficient is plotted on the Y axis.
InGaAsN
InGaAsN
g 1/4

A.J. Ptak et al. (NREL), “Enhanced-depletion-width GalnNAs solar cells grown

by molecular-beam

epitaxy”

D.J. Friedman et al. (MREL), “Analysis of depletion-region collection in GalnNAs

solar cells”
Ptak (NREL)
p-i-n

QE

Ga
MBE
MOCVD
MBE

GalnNAs
GaAs
BSF

GalnAsN

10*cm3

MOCVD

1.5x10%cm3

QE

GalnNAs

GalnNAs
MOCVD GalnNAs
0.2u
V-N
Ga
MBE V]
Si GaAs Si
GalnNAs
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Figure 1. Caleulations for GalaMAs with a
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S. Kurtz et al. (NREL), “ Effect of nitrogen concentration on the performance
of Ga(In)As(N) solar cells”
S. Kurtz et al. (NREL), * Collection of photocarriers in (Galn)(NAs) solar

cells”
GalnAsN
GalnAsN
n-GalnP
/p-GalnP-BSF

In
oc g
p-on-n
GaAs

Ga

Open-circuit voltage (V)

Kurtz (NREL) GaAsN

MOCVD GaAs GaAsN GalnAsN
/0.1y n-GaAs:Se / y p-Ga(In)As(N):Zn
P-on-n 600 650
g NF,
GalnAsN oc g
oc N-on-p
oc 3x10%®cm3
n-on-p p-on-n g
T X T
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Fig. 3. The open-circuit voltage as a function of bandgap

for GalnNAs cells. The line has unity slope, indicating a

n-on-p oc

GaAs

DLTS

linear change in Voc with bandgap.
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Fig. 5. Base doping of GalnNAs cells as measured by CV
at the short-circuit condition.
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Fig. 7. Electron diffusion lengths as a function of impurity
concentration in GaAs. The nitrogen data are from Fig. 6.
These data are plotted both as a function of the nitrogen
concentration and as a function of the electron trap
concentration. The data for In and Se are estimated from
the literature [17,20].
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0.1y
GalnNAs

S. Prasad et al. (Univ. South Alabama), “ Evolution of defects in InGaAsN”

MOCVD InGaAsN GaAsN DLTS GaAsN v
0.45 290 v 0.85 410
120
0.17 210 310
4.2.4
J.F. Geisz et al. (NREL), “ Lattice-matched GaNPAs-on-silicon tandem solar
cells”
1.7 1.1 37 1.1
Si Ii-v si integration
Si
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2.0
1.9 !!EE!E!!!
1.8 s [ e e
1.} porm amininsic undhoped Gl ::’I:L "

L2 e pe-tggee Tl o P o
QLD o p” tiak innel
0.2 i 7 Gal, P Se Juncicm

0.5 pny Gal,, 5 eafTer layer

-
-
o

=
=
&

Top-cell Bandgap (eV)
=

4 s A0 nm CaP nugention kayer
08 10 10 12 13 1.4 1.5 diffused n-rype Si emitior
Bottom-cell Bandgap (eV) ~ siliposm
pHype 5B aubsrite e
Fig. 1. Iso-efficiency contour plot of ooll
ideal  seres-connected,  two-junction  solar difused S-Al bock serloce £lekd
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band gap using AMISG standard spectra Fig. 2. Schematic of GaNPAs-on-silicon

Efficiencies were calculated at 300 K and 1

sun conditions. The red triangle shows the tandem structure.
optimal GaNPAsSL tandem, and the blue
circles  show  the  standard  GalnP/GaAs
tandam cell
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S.A. Ringel et al. (Ohio State Univ.), “ Multi-junction Il11-V photovoltaics
on lattice-engineered Si substrates”

Ringel SiGe Si GaAs
1.2x10%m™ 10.5 GaAs Si
GaAs cm? AM1.5G 18.2 oc 0.973 sc 23.9
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Fig. 1. CellSaver Solar Concantrator Panals.
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R.P. Raffaelle et al. (RoChester Inst. Tech.), “Wide bandgap space solar cell development”

Solar Probe

2/3

PV
450
2000

NASA MESSENGER
AMO 10.6

ocC ocC



g
g9
g
g
g 300 1000
GaP SiC GaN
SiC 600
CvD 230 Si 100 Ti
900
SiC AMO

Flgure 1: a proposed (uture mizsion o mvestigate
the plasima environment near the suain.

Un(dn/dT) 7 T

300K 300 900
g 1.5

TiSi,
TiSi,
Ti Pt

E
1
E
T
%
1
E
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Figure 4. (a) Experimental silicon carbide solar cell wath TiSa op grd comtact and (b) AMD current versus
voltage photorespotse.
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