A national laboratory of the U.S. Department of Energy
Office of Energy Efficiency & Renewable Energy

« _»NREL National Renewable Energy Laboratory

Innovation for Our Energy Future

Inverted GalnP/GaAs/InGaAs triple-
junction solar cells with low-stress
metamorphic bottom junctions

John F. Geisz, Sarah R. Kurtz, M.W. Wanlass, J.S.
Ward, A. Duda, D.J. Friedman, J.M. Olson, W.E.
McMahon, T.E. Moriarty, J.T. Kiehl, M.J. Romero,

A.G. Norman, K.M. Jones

National Renewable Energy Laboratory
Golden, CO USA

Presented at 33™ |[EEE Photovoltaic Specialists Conference
San Diego, 2008

NREL/PR-520-43287 M
NREL is operated by Midwest Research Institute . Battelle 4



Outline

» Ge-based high-efficiency solar cells

* Theoretical basis for change

» Ge-free, inverted devices

« Strain control for metamorphic junctions
* High efficiency results

* Next step...."Band gaps without borders”




Spectrolab’s World Record Results
using Ge Bottom Junction

* Multijunction |lI-V solar
cells under concentration

o Lattice-matched to Ge
40.1% efficiency (135X)

o | attice-mismatched
(metamorphic) on Ge
40.7% efficiency (240X)




Fixed bottom junction - Ge
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 Theoretical efficiency of
series-connected 3
junction solar cells

* |soefficiency plot shows
highest theoretical
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' f efficiency on Ge far from
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_ Ge bottom » Ge produces too much
& e current, too little voltage
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Fixed bottom junction - 1 eV
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» Higher theoretical
efficiency available near
lattice-matched top
junctions using 1.0 eV
bottom junction
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Calculated for 500X @ 300K AM1.5D
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Constraints of Real Materials

Dislocations from lattice-mismatched materials degrade performance

« Current 3-junction . . . .
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Constraints of Real Materials

Dislocations from lattice-mismatched materials degrade performance

* Current 3-junction . . . .
solar cell is lattice-
matched

» Spectrolab’s g ol
metamorphlc E 1.2 n B InP N
design is slightly o8F o o -
mismatched (0.5%) T _s |

0.0 ' | L |
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Lattice Constant (A)

Spectrolab’s Metamorphic
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Constraints of Real Materials

Dislocations from lattice-mismatched materials degrade performance

* Current 3-junction
solar cell is lattice-
matched

» Spectrolab’s
metamorphic
design is slightly
mismatched (0.5%)

e Our design has a
highly mismatched

(1.9%) bottom
junction

Bandgap (eV)
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NREL’s Inverted Design
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Inverted Design

OMVPE growth on GaAs
Lattice-matched grown first
Metamorphic grown last
Mounted on Si or glass
Substrate removed

Descriptive names
— Handle mounted

— Inverted metamorphic
(Emcore)

— Flip-chip (LEDs)

Metamorphic 1.0 eV InGaAs

a
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1.8 eV GalnP
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Inverted

OMVPE growth on GaAs
Lattice-matched grown first
Metamorphic grown last
Mounted on Si or glass
Substrate removed

Descriptive names
— Handle mounted

— Inverted metamorphic
(Emcore)

— Flip-chip (LEDs)

Design
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GaAs Supstrate

1.8 eV GalnP

Metamorphic 1.0 eV InGaAs
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Inverted Design

OMVPE growth on GaAs
Lattice-matched grown first
Metamorphic grown last

Mounted on Si or glass
Substrate removed 1.8 eV GalnP

Descriptive names
— Handle mounted
— Inverted metamorphic Metamorphic 1.0 eV InGaAs

(Emcore) —
_ Flip-chip (LEDs)

i:}“?;-'- National Renewable Energy Laboratory




Advantages of Inverted Design

« Monolithic - one growth process
* Thin device — handle properties dominate
— weight
— heat removal
— mechanical robustness
— flexible
— cheap (reuse substrate)
» Efficient
— more band gap choices
— top junction (most power producing) is lattice-matched
» Requires good metamorphic growth
- minimize defects
- transparent buffers
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More Details of the Structure

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

Complicated structure includes
—tunnel junctions
—contact layers
—p/n junctions
—back-surface-field layers
—window layers
—metal grids

Subtle difference in inverted
growth (see Steiner’s talk)
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More Details of the Structure

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

Complicated structure includes
—tunnel junctions
—contact layers
—p/n junctions
—back-surface-field layers
—window layers
—metal grids

Subtle difference in inverted
growth (see Steiner’s talk)
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Stress/Strain Control of
Metamorphic In ,,Ga ,;As Junction

Ga y5In ;5P

In ,;,Ga ,5As

Ga ,sIn ;5P

5.763 A

Ga 54In 4P

5.653 A GaAs
substrate

(width represents
lattice constant) Geisz et al., J Crystal Growth, 310 (2008) 2339
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Stress/Strain Control of
Metamorphic In ,,Ga ,;As Junction
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Stress/Strain Control of
Metamorphic In ,,Ga ,;As Junction

Ga y5In ;5P
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Stress/Strain Control of
Metamorphic In ,,Ga ,;As Junction

Ga y5In ;5P

In ,;,Ga ,5As

Ga y5In ;5P

Ga 4gln g.P

5.763 A

Ga 54In 4P

5.653 A GaAs
substrate

(width represents
lattice constant) Geisz et al., J Crystal Growth, 310 (2008) 2339
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Stress/Strain Control of
Metamorphic In ,,Ga ,;As Junction

Misfit of buffer with solar cell (%)
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x in Ga,In,_,P in final layer of graded buffer

(width represents
lattice constant) Geisz et al., J Crystal Growth, 310 (2008) 2339
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1.0 eV Solar Cell Performance

Excellent results when
grown under low stress
(no driving force for
dislocation generation or
glide)
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Radiative limit not much
higher V. than 0.6 V
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1.0 eV Solar Cell Performance
2

Plan-view CL

Low 10° cm™ Low 10° cm™ High 108 cm2

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

Efficiency (%)

Radiative limit not much
higher V. than 0.6 V

-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20
compression |n-situ InGaAs stress (GPa) tension

o%o

i',"* M®=L National Renewable Energy Laboratory




TEM of 1.0 eV Metamorphic Junction

a) compression

b) tension

220 dark field
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One-Sun Global Results (AM1.5G)

NREL
GalnP/GaAs/GalnAs Cell

Device ID: MHOO4#4 Device Temperature: 25.0 £ 1.0 °C
Jan I8, 2007 15:16 Device Area: 0.250 cm”
Spectrum: AMI.5-G (IEC 60904) Irradiance: 10000 W/'m™
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*33.8% efficiency at AM1.5G
T Vewew World record!(previously
32.0% on Ge)
= 13139 e’ *All 3 junctions current
Fill Factor = 86.85 % Efficiency = 33.78 % matched

Ve = 29590V 1 31681 mA
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High Concentration Results

 High intensity flash simulator

V. rises logarithmically (expect
3KT for 3 ideal junctions)

» Series resistance limits fill factor
increase

y
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* Improved metal grids reduced
series resistance

- 38.9% @ 81X old
- 39.2% @ 131X new

Efficiency (%)

Concentration (Suns)
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And One More Thing.......

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




* High E (disordered)
GalnP top junction best
for lattice-matched triple

* 1.0 eV bottom junction
better

1.0
Bottom Eg; (eV)

Calculated for 500X @ 300K AM1.5D
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* Higher theoretical
efficiency available
using lower E
(ordered) GalnP top
junction

» Global maximum at
1.85/1.34/0.93 eV

1.0 1.1
Bottom Eg; (eV)

Calculated for 500X @ 300K AM1.5D
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One Metamorphic Junction (1MMJ)
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Two Metamorphic Junctions (2MMJ)
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Dislocations In Inverted Triple
with Two Mismatched Junctions

n 5;Ga g;As bottorn cell
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Stress and Strain of 2MMJ

Near zero in both metamorphic junctions

GaAs
_|substrate 224GI RSM
2MMJ structure
AMMEGE536567  SEE2

InGaAs Middle
0.032 GPa
compressive stress

GalnP Top
0.062 GPa
tensile stress
InGaAs Bottom
0.029 GPa
tensile stress
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Inverted Solar Cell Comparison
AM1.5G

Bottom InGaAs Junction
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— 1MMJ 2.96 13.1 87% 33.8%]|
---- 2MMJ 2.79 13.9 85% 33.2%]
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* New 2MMJ design has higher current, lower voltage
» >33% AM1.5G efficiencies from both inverted designs
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Inverted Solar Cell Comparison

AM1.5D
S e Concentration

A

40.1% efficiency
at 143X In triple-

< ) 40,15 @ adx junction with 3
different lattice
constants

10 100 using sparse grid
Concentration (Suns) electroplated gold
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Challenges

» Series resistance

» Broadband antireflective coatings

L ong term reliability of lattice mismatched devices
» Measurements of current matched multi-junctions
* More junctions

 Substrate reuse




Conclusions

» Ge-based devices are great, but nearing full
potential

» Lattice-mismatched (metamorphic) growth becoming
more important for further improvements - requires
dislocation and stress control

* Inverted approach has many advantages

* 33.8% at AM1.5G WORLD RECORD

» Great for space too (see Emcore’s talk)

« 39.2% at 131 suns concentration (1 metamorphic)
* 40.1% at 143 suns concentration (2 metamorphic)
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Resistance losses from metallization

<A

7| HV | det| mag | WD | 57| HV |det| mag | WD | 5 pm
*|5,00 kv |ETD|20 007 x| 5.0 mm X780 *|5,00 kv |ETD|24 994 x| 5.0 mm X780

Severe catalytic undercutting of Misalignment of evaporated

electroplated gold fingers used metal on pre-etched contact layer
as etch mask
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One-Sun Space Results (AMO)

NREL
GalnP/GaAs/GalnAs Cell

0 .
Device 1D: MHI91 #2 Device Temperature: 23.0 £ 1.0°C 30 6 A) AMO eﬂ:lCIenCy
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Independent confirmation
NASA Glenn (30.8%)

Technology transfer to Emcore:
31.9% AMO efficiency on 4 cm?
device
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