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OutlineOutline

••
 

GeGe--based highbased high--efficiency solar cellsefficiency solar cells
••

 
Theoretical basis for changeTheoretical basis for change

••
 

GeGe--free, inverted devicesfree, inverted devices
••

 
Strain control for metamorphic junctionsStrain control for metamorphic junctions

••
 

High efficiency resultsHigh efficiency results
••

 
Next step....Next step....””Band gaps without bordersBand gaps without borders””
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World Record Results World Record Results 
using using GeGe

 
Bottom JunctionBottom Junction

••
 

MultijunctionMultijunction
 

IIIIII--V solar V solar 
cells under concentration cells under concentration 

••
 

LatticeLattice--matched to matched to GeGe
40.1% efficiency (135X)40.1% efficiency (135X)

••
 

LatticeLattice--mismatched mismatched 
(metamorphic) on (metamorphic) on GeGe
40.7% efficiency (240X)40.7% efficiency (240X)



Fixed bottom junction Fixed bottom junction --
 

GeGe

••

 

Theoretical efficiency of Theoretical efficiency of 
seriesseries--connected 3 connected 3 
junction solar cellsjunction solar cells

••

 

IsoefficiencyIsoefficiency

 

plot shows plot shows 
highest theoretical highest theoretical 
efficiency on efficiency on GeGe

 

far from far from 
latticelattice--matchedmatched

••

 

GeGe

 

produces too much produces too much 
current, too little voltagecurrent, too little voltage

••

 

LM 40.1% / 46.5%LM 40.1% / 46.5%
••

 

MM 40.7% / 47.7%MM 40.7% / 47.7%

EEg1g1

EEg2g2

EEg3g3

 

fixedfixed

Calculated for 500X @ 300K AM1.5DCalculated for 500X @ 300K AM1.5D



Fixed bottom junction Fixed bottom junction --
 

1 1 eVeV

••

 

Higher theoretical Higher theoretical 
efficiency available near efficiency available near 
latticelattice--matched top matched top 
junctions using 1.0 junctions using 1.0 eVeV

 bottom junctionbottom junction

EEg1g1

EEg2g2

EEg3g3

 

fixedfixed

Calculated for 500X @ 300K AM1.5DCalculated for 500X @ 300K AM1.5D



Constraints of Real MaterialsConstraints of Real Materials

••
 

Current 3Current 3--junction junction 
solar cell is latticesolar cell is lattice--

 matchedmatched

Standard Lattice MatchedStandard Lattice Matched

Dislocations from latticeDislocations from lattice--mismatched materials degrade performancemismatched materials degrade performance
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MetamorphicMetamorphic

Constraints of Real MaterialsConstraints of Real Materials

••
 

Current 3Current 3--junction junction 
solar cell is latticesolar cell is lattice--

 matchedmatched

Dislocations from latticeDislocations from lattice--mismatched materials degrade performancemismatched materials degrade performance

••
 

SpectrolabSpectrolab’’ss
 metamorphic metamorphic 

design is slightly design is slightly 
mismatched (0.5%)mismatched (0.5%)
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Inverted DesignInverted Design

Constraints of Real MaterialsConstraints of Real Materials

••
 

Current 3Current 3--junction junction 
solar cell is latticesolar cell is lattice--

 matchedmatched

Dislocations from latticeDislocations from lattice--mismatched materials degrade performancemismatched materials degrade performance

••
 

SpectrolabSpectrolab’’ss
 metamorphic metamorphic 

design is slightly design is slightly 
mismatched (0.5%)mismatched (0.5%)

••
 

Our design has a Our design has a 
highly mismatched highly mismatched 
(1.9%) bottom (1.9%) bottom 
junctionjunction



Inverted DesignInverted Design

1.8 1.8 eVeV

 

GaInPGaInP

1.4 1.4 eVeV

 

GaAsGaAs

Transparent Transparent GaInPGaInP

 

gradegrade

Metamorphic 1.0 Metamorphic 1.0 eVeV

 

InGaAsInGaAs

GaAsGaAs

 

SubstrateSubstrate

••
 

OMVPE growth on OMVPE growth on GaAsGaAs
••

 
LatticeLattice--matched grown firstmatched grown first

••
 

Metamorphic grown lastMetamorphic grown last
••

 
Mounted on Si or glassMounted on Si or glass

••
 

Substrate removedSubstrate removed

••
 

Descriptive namesDescriptive names
––

 

Handle mountedHandle mounted
––

 

Inverted metamorphic Inverted metamorphic 
((EmcoreEmcore))

––

 

FlipFlip--chip (chip (LEDsLEDs))
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••
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••
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Advantages of Inverted DesignAdvantages of Inverted Design
••

 

Monolithic Monolithic --

 

one growth processone growth process
••

 

Thin device Thin device ––

 

handle properties dominatehandle properties dominate
––

 

weightweight
––

 

heat removalheat removal
––

 

mechanical robustnessmechanical robustness
––

 

flexibleflexible
––

 

cheap (reuse substrate)cheap (reuse substrate)
••

 

EfficientEfficient
––

 

more band gap choicesmore band gap choices
––

 

top junction (most power producing) is latticetop junction (most power producing) is lattice--matchedmatched
••

 

Requires good metamorphic growthRequires good metamorphic growth
--

 

minimize defectsminimize defects
--

 

transparent bufferstransparent buffers



More Details of the StructureMore Details of the Structure

More details can be found in More details can be found in 
Geisz et al., APL, 91, 023502 Geisz et al., APL, 91, 023502 
(2007)(2007)

Complicated structure includesComplicated structure includes
––tunnel junctions tunnel junctions 
––contact layerscontact layers
––p/np/n

 

junctionsjunctions
––backback--surfacesurface--field layersfield layers
––window layerswindow layers
––metal gridsmetal grids

Subtle difference in inverted Subtle difference in inverted 
growth (see Steinergrowth (see Steiner’’s talk)s talk)
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Stress/Strain Control of Stress/Strain Control of 
Metamorphic InMetamorphic In.27.27
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1.0 1.0 eVeV
 

Solar Cell PerformanceSolar Cell Performance

Excellent results when Excellent results when 
grown under low stressgrown under low stress
(no driving force for (no driving force for 
dislocation generation or dislocation generation or 
glide)glide)

RadiativeRadiative

 

limit not much limit not much 
higher Vhigher Vococ

 

than 0.6 Vthan 0.6 V
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Solar Cell PerformanceSolar Cell Performance

Low 10Low 1066

 

cmcm--2 2 Low 10Low 1066

 

cmcm--2 2 High 10High 1066

 

cmcm--2 2 

Excellent results when Excellent results when 
grown under low stressgrown under low stress
(no driving force for (no driving force for 
dislocation generation or dislocation generation or 
glide)glide)

RadiativeRadiative

 

limit not much limit not much 
higher Vhigher Vococ

 

than 0.6 Vthan 0.6 V

PlanPlan--view CLview CL



TEM of 1.0 TEM of 1.0 eVeV
 

Metamorphic JunctionMetamorphic Junction

1 1 μμmm
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P gradeP grade
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OneOne--Sun Global Results (AM1.5G)Sun Global Results (AM1.5G)

••33.8% efficiency at AM1.5G 33.8% efficiency at AM1.5G 
World World record!(previouslyrecord!(previously

 32.0% on 32.0% on GeGe))
••All 3 junctions current All 3 junctions current 
matchedmatched



High Concentration ResultsHigh Concentration Results

••

 

High intensity flash simulatorHigh intensity flash simulator
••

 

VVococ

 

rises logarithmically  (expect rises logarithmically  (expect 
3kT for 3 ideal junctions)3kT for 3 ideal junctions)

••

 

Series resistance limits fill factor Series resistance limits fill factor 
increaseincrease

••

 

Improved metal grids reduced Improved metal grids reduced 
series resistanceseries resistance
--

 

38.9% @ 81X old38.9% @ 81X old
--

 

39.2% @ 131X new39.2% @ 131X new



And One More Thing.......And One More Thing.......

New Inverted Triple Junction Design New Inverted Triple Junction Design 
••More Optimal Band GapsMore Optimal Band Gaps
••Two Metamorphic JunctionsTwo Metamorphic Junctions



Fixed top junction Fixed top junction --
 

high high EEgg

••

 

High High EEgg

 

(disordered) (disordered) 
GaInPGaInP

 

top junction best top junction best 
for latticefor lattice--matched triplematched triple

••

 

1.0 1.0 eVeV

 

bottom junction bottom junction 
betterbetter

EEg1g1

 

fixedfixed
EEg2g2

EEg3g3

Calculated for 500X @ 300K AM1.5DCalculated for 500X @ 300K AM1.5D



Fixed top junction Fixed top junction --
 

low low EEgg

••

 

Higher theoretical Higher theoretical 
efficiency available  efficiency available  
using  lower using  lower EEgg

 
(ordered) (ordered) GaInPGaInP

 

top top 
junctionjunction

••

 

Global maximum at Global maximum at 
1.85 / 1.34 / 0.93 1.85 / 1.34 / 0.93 eVeV

EEg1g1

 

fixedfixed
EEg2g2

EEg3g3

Calculated for 500X @ 300K AM1.5DCalculated for 500X @ 300K AM1.5D



One Metamorphic Junction (1MMJ)One Metamorphic Junction (1MMJ)



Two Metamorphic Junctions (2MMJ)Two Metamorphic Junctions (2MMJ)



Dislocations in Inverted Triple  Dislocations in Inverted Triple  
with Two Mismatched Junctionswith Two Mismatched Junctions

2 2 μμmm

PlanPlan--view CLview CL
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220DF TEM220DF TEM
Ion beam image Ion beam image 

of FIB sampleof FIB sample
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P top cellP top cell
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As middle cellAs middle cell
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As bottom cellAs bottom cell
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AlGaInPgradeAlGaInPgrade
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Stress and Strain of 2MMJStress and Strain of 2MMJ

in situin situ

 

stressstress
by MOSby MOS ex situex situ

 

strainstrain
by XRDby XRD

Near zero in both metamorphic junctionsNear zero in both metamorphic junctions



Inverted Solar Cell ComparisonInverted Solar Cell Comparison
 AM1.5GAM1.5G

••
 

New 2MMJ design has higher current, lower voltageNew 2MMJ design has higher current, lower voltage
••

 
>33% AM1.5G efficiencies from both inverted designs>33% AM1.5G efficiencies from both inverted designs



Inverted Solar Cell ComparisonInverted Solar Cell Comparison
AM1.5DAM1.5D

ConcentrationConcentration

40.1% efficiency 40.1% efficiency 
at 143X in tripleat 143X in triple--

 junction with 3 junction with 3 
different lattice different lattice 
constantsconstants

using sparse grid using sparse grid 
electroplated goldelectroplated gold



ChallengesChallenges
••

 
Series resistanceSeries resistance
••

 
Broadband antireflective coatingsBroadband antireflective coatings

••
 

Long term reliability of lattice mismatched devices Long term reliability of lattice mismatched devices 
••

 
Measurements of current matched multiMeasurements of current matched multi--junctionsjunctions

••
 

More junctions More junctions 
••

 
Substrate reuse Substrate reuse 



ConclusionsConclusions
••

 
GeGe--based devices are great, but nearing full based devices are great, but nearing full 
potentialpotential

••
 

LatticeLattice--mismatched (metamorphic) growth becoming mismatched (metamorphic) growth becoming 
more important for further improvements more important for further improvements --

 
requires requires 

dislocation and stress controldislocation and stress control
••

 
Inverted  approach has many advantagesInverted  approach has many advantages

••
 

33.8% at AM1.5G WORLD RECORD33.8% at AM1.5G WORLD RECORD
••

 
Great for space too (see Great for space too (see EmcoreEmcore’’ss

 
talk)talk)

••
 

39.2% at 131 suns concentration (1 metamorphic)39.2% at 131 suns concentration (1 metamorphic)
••

 
40.1% at 143 suns concentration (2 metamorphic)40.1% at 143 suns concentration (2 metamorphic)
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Resistance losses from metallizationResistance losses from metallization

Severe catalytic undercutting of Severe catalytic undercutting of 
electroplated gold fingers used electroplated gold fingers used 
as etch maskas etch mask

Misalignment of evaporated Misalignment of evaporated 
metal on premetal on pre--etched contact layeretched contact layer



OneOne--Sun Space Results (AM0)Sun Space Results (AM0)

30.6% AM0 efficiency30.6% AM0 efficiency
VVococ

 

= 3.0 V= 3.0 V
Fill Factor = 85%Fill Factor = 85%

Independent confirmationIndependent confirmation
NASA Glenn (30.8%)NASA Glenn (30.8%)

Technology transfer to Technology transfer to EmcoreEmcore::
31.9% AM0 efficiency on 4 cm31.9% AM0 efficiency on 4 cm22

 device device 
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