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Evolution of Multijunction Devices
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* Need to make better use of spectrum, esp. in 0.7-1.4
eV range

« How to do this...?
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Outline

* Approaches to next-generation high
efficiencies: survey of the field

* The inverted mismatched 3-junction cell
* Adding a 4th junction

* Fabrication and testing of 4th junction
 How low a bandgap do we really need?
* Qutlook
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Lattice-Matched to Ge (and GaAs)

2.4

Device structure:
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« The “standard” 3-junction device structure
— Lattice-matched: easy to grow good material... but
— Restricts available bandgap range
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Lattice-Matched to InP
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* Another example - lattice matching to InP
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Expanding our Range of Bandgap
Options

* New materials lattice-matched to GaAs: e.qg.
GalnNAs

— Need good PV materials

* Junctions grown separately, then stacked
— Mechanical stacking
— Wafer bonding

 Lattice-mismatched epitaxy




New Semiconductor: GalnNAs

2.4 [ | e
: Device structure:
2.0 =
. Junction #1
?911 6 N Junction #2
e Junction #2 G Junction #3
-§>1 2 GaAs N Junction #4
©
m
0.8 _ =
Junctioy 549'6 ' Ptak et al, 31st PVSC
04— © | 2005, p. 603
. © 2 Jackrel et al, this meeting
| | | | InAs 3 Meusel et al, 19th
5.5 5.6 5.7 58 .59 6.0 Eur.PVSEC 2004 p.3587
Lattice Constant (A) 4King et al, 19th

Eur.PVSEC 2004 p.3581

« GalnNAs: lattice-matched, desired bandgap...

« But: short diffusion lengths >> poor device performance
« MBE may help growth'-2

 5- or 6-junction structures may work around problems34
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Mechanically Stacked Junctions

2.4 I [_]
: Device structure:
2.0 — —
. Junction #1
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Fraas et al, 21st PVSC
: : : 1990, p. 190
« Extremely wide range of materials/bandgaps accessible: 2 Fraas et al, 31st PVSC
2005, p. 751

high efficiencies; e.g. 32.6% for GaAs/GaSb back in 1990
* Not a single chip; multiple growths required

3 Bett et al, 17th Eur.Solar
Energy Conf. 2001 p.84
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Wafer-bonded Stacked Junctions
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« Wide range of materials/bandgaps accessible
» single chip / llI-V integration with Si
« Multiple growths required; requires transparent conductive bond
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Lattice-mismatched (“metamorphic”) 3J
2.4

Device structure:
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* Promising approach, competitive with lattice-matched

« Challenge is to maintain materials quality of junctions grown
after grade
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Inverted Lattice-Mismatched Structure
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*  Only the bottom junction is grown mismatched

— Similar philosophy to Varian GalnP/GaAs/substrate/GalnAs design®
» Potential for very high efficiencies (38% achieved w.o. optimization)
« Some complexities but also opportunities in the processing...
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Device structure:

Junction #1
Junction #2

grade

Junction #3

Wanlass et al'2

" Wanlass et al, 31st PVSC
2005, p. 530

2 Wanlass et al,this meeting

3 Schultz et al, 21st PVSC
1990, p. 148



Processing of Inverted Structure

1: Growth 2: Bonding 3: Substrate Removal

foreign substrate foreign substrate

lattice-mismatched lattice-mismatched lattice-mismatched

low-Eg junction(s) > low-Eg junction(s)
lattice-matched
high-Eg junctions

low-Eg junction(s)
lattice-matched
high-Eg junctions

lattice-matched

epi growth

high-Eg junctions

Substrate
(GaAs or Ge)

Substrate
(GaAs or Ge) illumination

lattice-matched layers lots_of freedom in choice Nl SRR S

grown first ~ of foreign substrate:
lightweight, flexible, etc.

Sout MREL national Renewable Energy Laboratory



2.4 ! ! ]
Device structure:
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« Extend advantages of inverted 3-junction structure to higher efficiencies
« But: how far can we grade? How far do we need to grade?
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4th Junction: Test Structure

Inverted 4 Junction
Design:

GalnAs Junction (0.7 eV)

GalnP Grade

GalnAs Junction (1 eV)

GalnP Grade

GaAs Junction (1.4 eV)

GalnP Junction (1.8 eV)

not

scale

4th Junction
Test Structure:

GalnAs Junction

(0.74-0.88 eV)
GalnP Grade
GalnAs Isotype Layer

Simulated Junction (1 eV)

GalnP Grade

Accounts for effect of lattice-
mismatched growth

Bypasses complexities of growth
and especially of measurement of
the other three junctions

Tried bandgaps from 0.88-0.74 eV
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X-ray Characterization of Strained Layers

0.70 Ga, 76INg 24As (1 eV)
0.12% tensile strain
Ga, 49lng 51As (0.77 eV)
0.23% tensile strain
‘Tg 0.69 - \
ON
0.68
MG155
I | |
-0.495 -0.490 -0.485 -0.480

Q, (1)

« XRD analysis critical to getting the compositions
correct
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TEM Characterization: 4th Junction

0.77 eV 4th junction
-220DF

4th Junction
Test Structure:

Ga,In,  As (0.77 eV)

GalnAs Junction
(0.74-0.88 eV)

GalnP Grade
(including InP buffer)

GalnAs Isotype Layer
Simulated Junction (1 eV)

Growth direction

GalnP Grade

not to scale

» Dislocations largely confined to grade

L
@ MREL national Renewable Energy Laboratory




Quantum Efficiency
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* QE degrades with increasing mismatch (decreasing EQ)
(note -- still room for improvement in these devices)

« QE of 0.88 eV device approaches performance required
(note -- QE achieved without significant depletion region)
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Current-Voltage Characteristics
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 Eg=0.74eV junction leaky, others good
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Dependence of V,. on Band Gap
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« Lowest-Eg junction degraded
« Higher-Eg junctions better
(and should get closer to GaAs-like with concentration)
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Improvement of Voc with Concentration
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* Voc does get closer to GaAs-like with concentration,
as expected
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4th-Junction Eg -is 0.7 eV Necessary?

* Good devices increasingly challenging as
band gap decreases (i.e.mismatch increases)

« Can we get away with a higher 4th junction
band gap?




Allowing Band Gap to Vary

55 | | | I | Iow AOD Spectrum

__ 54 S 1
& 53 %ﬁ \ |
g 52 L |
2 51 |-|idealized 4-junction efficiency R R
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o 50 - photon energy (eV)
49 |- -
T1.6 __— + Can raise 4th junction
815 _— . Eg from 0.7 to 0.9 eV
g 1.4 -2nd junction - __— and only lose 1.6% eff.
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= 11 = band gaps I . .
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Device with 4th Junction Eg=0.9 eV

Why consider this over the 0.7-eV option:
* High-quality 0.9-eV junction easier to make
« Efficiencies:
— Only lose 1.6% efficiency compared to 0.7-eV option
— Still 4% above the 1.85/1.41/1.0eV 3-junction efficiency
« Grade layers can be thinner:
— Less time to grow
— Less source material used
— Less strain/wafer bowing

Concerns:
« 1.6 eV junction needed: can it be as good as GaAs?
* Tunnel junctions need to be demonstrated

",' MREL naticnsl Renewable Energy Laboratory




Outlook

« A cornucopia of promising approaches to
next-generation high efficiencies

— may be places for more than one, in different
cost-performance niches

* |nverted multijunction approach

— Extending to 4 junctions likely to boost
efficiencies by several %, to ~45%

— 4-junction structure likely to use an 0.9-eV
bottom junction

“:,' MREL naticnsl Renewable Energy Laboratory




A Golden Age for Multijunctions!

40
v Multjunction Concentrators ~~ Best Research-Cell Efficiencies .
36 Three-junction (2-terminal, monolithic) . BOflnlg-b . REL
Two-junction (2-terminal, monolithic) Spectrolab ¥ mimaiched)
g Crystalline Si Cells nen
32 o Single crystal NREL/
Multicrystalline Spectrolab
Thick Si Film
28 .
e Thin Film Technologies
o Cu(In,Ga)Se,
24 o cdTe \REL
‘; & Amorphous Si:H (stabilized) Spire Cu(In,Ga)Se, S
©90|- T Nano-, micro-, poly- Si Georgia Tech UNSW___T4x conggntration
.g Multijunction polyomgstali NREL NREL  NREL NREL
= © Emerging PV g — AstroPower NREL ReL
W16 o No. Caroli U”'Vers.'tyv REL- (CATe/CIS) @
Dye cells oo Caroine So. Florida > S NREL o Uni u)
Organic cells ale nVersty ARCO  Boeing " Urited Solar # ~ ST Sy
121 (various technologiggaing /Ko@ Boeing t‘ransfer) (large area)
Vatsushi AMETEK  Photon Energ po <
atsusnita
8l Kodak  Boeing ) Kanekla
(2um on glass) NREL
Konarka
@Lrsity EPFL Groningen Univers
41 of Maine Siemens
RC. o
RCA RCA University Linz Unl\{erS|ty
0 oy i
1975 1980 1985 1990 1995 2000 2005

et MREL National Renewable Energy Laboratory



	The Fine Print
	Evolution of Multijunction Devices
	Outline
	Our Palette: the III-V Alloys
	Lattice-Matched to Ge (and GaAs)
	Lattice-Matched to InP
	Expanding our Range of Bandgap Options
	New Semiconductor: GaInNAs
	Mechanically Stacked Junctions
	Wafer-bonded Stacked Junctions
	Lattice-mismatched (“metamorphic”) 3J
	Inverted Lattice-Mismatched Structure
	Processing of Inverted Structure
	Inverted LMM: Adding a 4th Junction
	4th Junction: Test Structure
	X-ray Characterization of Strained Layers
	TEM Characterization: 4th Junction
	Quantum Efficiency
	Current-Voltage Characteristics
	Dependence of VOC on Band Gap
	Improvement of Voc with Concentration
	4th-Junction Eg - is 0.7 eV Necessary?
	Allowing Band Gap to Vary
	Device with 4th Junction Eg=0.9 eV
	Outlook
	A Golden Age for Multijunctions!

