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Photonic crystals for light trapping in solar cells
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Energy consumption and CO2
emissions increase

US Department of Energy, 2010
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Presentation Notes
Modern economic growth is accompanied by growth in the energy consumptionEnergy consumption is expected to grow rapidly in the coming years, mainly outside OECDWe need clean energy source with potential to replace fossil fuels, because this resource is finite- (next slide)Solar energy defenitely has the technical potentialSome solar energy is more easily harvested as wind power



Annual PV installations 1995-2010

2011: 4 nuclear 
reactors
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Presentation Notes
Photovoltaic energy generation capacity is growing very rapidly all over the world.The installed generation capacity continues to grow, due to rapid cost reductions in the solar industry- (step slide)Nuclear power plants are still large by comparison:   The installed photovoltaic capacity of the world is comparable to just a few nuclear power plants.- (step slide)More than 90% of the installed solar cells are silicon cells



Cheaper PV with thinner solar cells

Human hair – 60 µm

Future solar cells:
20 µm thin ?

Solar cell today:
160-200 µm thick
+100-150 µm lost 

• Problem: Long-wavelength light is not collected in thin silicon cell
• Can we make thin silicon cell and collect light as before?

Presenter
Presentation Notes
The thick silicon cell - significant contribution to system cost.-> step slideCan save by reducing thickness-> step slideIn a thinner cell, more of the long-wavelengt light goes straight through the cell and gets lostCan we make a thin cell that traps more of the long-wavelength light? 



Light trapping in a silicon wafer

rough surface

Silicon

Air

Air

Incident light

Presenter
Presentation Notes
A rough silicon back surface can help:Near normally-incident light goes can enter through a planar front surface-> step slideReflections from a rough back side go in random directions-> step slideMost rays are totally reflected back into the silicon and are trapped in the silicon-> step slideOnly a small fraction of the randomly reflected rays hit the front side near normal incidence and gets retransmitted into the air. 



Today: Dual-purpose surface treatment:
anti-reflection going into silicon

light trapping inside silicon

Pyramid structure Isotropic structure
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Most silicon solar cells fabricated today have a random frontside texture serving two purposesAntireflection treatment for light coming into silicon from airLight trapping function for light travelling from silicon towards airThe best structures are random pyramids    are large and require tens of microns of silicon be fabricated.     need monocrystalline siliconOptimized random surface structures are used in thinner solar cells



Grating structures and diffraction

Silicon Oxide

Period Λ
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What if we have a solar cell with a back side with a periodic linear grating? When light incident on periodic grating: diffraction. -> step slide1. Diffraction angles determined solely by period, 



Grating structures in solar cells

Silicon Oxide

Period Λ
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If we increase the grating period-> step slidewe get more diffraction orders, more possible reflectionsThe distribution of power over diffraction orders is determined by detailed structure -> step slideIf the grating period is small enough    all diffraction orders trapped by total internal reflection-> step slideOnly rays very near normal incidence can escape back out of the silicon



2D photonic crystal =
2D periodic grating

• Studied in 
numerical 
simulations

• Fully vectorial EM 
field simulations 
needed

• Rigorously 
Coupled Wave 
Analysis (RCWA)
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Linear gratings for light trapping have been extensively studiedWe have studied two-dimensional photonic crystals We can also call them two-dimensional grating structuresWe have used simulations extensively in our studiesTo optimize the periodic structure for light trapping,      we need to compute the fully vectorial electromagnetic field inside the solar cellWe have used Rigorously Coupled Wave Analysis in most of our simulations
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Simulations: Model structure

20 µm thin
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Presentation Notes
All our simulations were performed with a silicon cell with a thickness of 20 micrometer    This cell thickness is of immediate interest to the industryOur first simulations were done with oxide cylinders embedded in silicon We had a planar aluminum reflector separated by a thin oxide layer from the siliconWe simulated the maximum possible photogenerated current density,     integrated over a standard solar spectrum with an air-mass of 1.5 



Simulation results, photogenerated current:
Influence of oxide thickness 

Gjessing et al., OpEx 2010
tox

tox
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Presentation Notes
This figure shows simulated photogenerated current density    as a function of oxide layer thicknessA second curve in the figure shows the reduction in this current    due to absorption in the aluminum reflector    also as a function of oxide layer thickness We see that 100-200 nm oxide thickness reduces the parasitic absorption is considerably 



Simulation results, photogenerated current:
Influence of period and fill factor

ff=As/A

As

A

Gjessing et al., OpEx 2010
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This figure shows the photogenerated current density    in a false-color plot of two variables:    grating period in the square lattice    and area fill factor of the oxide cylinders in the siliconWe see that the optimal fill factor is about 0.7,    and we have a range of optimal periodsWe see that the current density is not very sensitive to the period     This insensitivity makes fabrication easier



Simulated spectral absorption
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Presentation Notes
This figure shows three curves for photogenerated current density Top: The incident solar spectrumMiddle: Optimized periodic back side reflector with oxide cylinder patternBottom: Planar aluminum reflector without any oxide



What about other shapes?

Gjessing et al., J. Appl. Phys. 2011
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Can altering geometrical shape improve light trapping?Dimples have been madeInverted pyramids are easily fabricated in monocrystalline silicon



Simulated 2D diffraction patterns

Gjessing et al., J. Appl. Phys. 2011
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Each of these three figures represent simulated diffraction efficiency plotsEach column represents a diffraction order,     and we have diffraction orders indices m_x and m_y running in the x and y directionsLight trapping somewhat improved for allEasier to obtain low broadband low zero order reflection



Loss mechanism: Out-coupling

Heine et al., Appl. Optics 1995
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The grating structure can be optimized to minimize direct reflectionHere is an old idea,    called a blazed grating,    having a staircase-type or sawtooth-type profile



Blazed grating in 2D

Gjessing et al., Optics for SOLAR, Tucson 2010

Rose structure
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We have proposed this 2D blazed-grating type structure    as an extension of the linear blazed grating of Heine and coworkersSeems difficult to makeStill interesting to study its properties in simulations    to compare with more conventional diffractive structures.



Simulated diffraction pattern, rose structure
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Here are diffraction efficiency plots for the rose structure-> step slideWe get very different diffraction patterns    for left- and right-circularly polarized light   Both cases have patterns with fourfold symmetry



Further reduction of symmetry

Zigzag structure

Gjessing et al., J. Eur. Opt. Soc. – Rap. Publ. 2011
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Then we became aware of the benefit of nonsymmetric diffractive structures for light trappingSo we reduced the symmetry of our structure further    and came up with a zigzag structure
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But plotted as equivalent silicon thicknessThe optimized zigzag structure is very good    much better than any of the symmetric structures



Photogenerated current density:
Oblique incidence (simulations)

Gjessing et al., J. Appl. Phys., 2011Gjessing et al., JEOS-RP, 2011
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Here we compare the various structures we have simulated    as a function of angle of incidence 



What about reality?

1 mm

1.4 mm
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But we need real solar cellsTo test our concept, we have fabricated small test structures    patches with 2D grating structures about 1 by 1 millimeter in sizeThey have been made using standard silicon processing    as used by the electronics industryDifferent colors easily seen with naked eye.



Fabricated 2D photonic crystals
SEM and AFM characterization
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Presentation Notes
Our supplier made 2D-periodic hole patterns in siliconHere are scanning-electron-microscope images of the fabricated hole patternsWe also have images taken with an atomic force microscope



Sample preparation

300 µm => ~20 µm
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Jo Gjessing developed a fairly cumbersome process     to make a 20-µm-thin silicon film with a grating on    and attached to a metal



Spatial reflection mapping
968 nm406 nm
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Here we show false-color representations of    two singe-wavelength images taken of the samples-> step slideIn the image taken at 406 nm wavelength we do not see any the grating patches-> step slideBut in the image taken at 968 nm wavelength some of the patches are clearly visibleDifferent patches were fabricated with different periods in the hole patterns-> step slideHere is a close-up of an area with 8 grating patches.



Large scale fabrication?
Nanoimprint lithography

Presenter
Presentation Notes
Nanimprint lithography is a promising low-cost method of fabrication of 2D gratings-> step slideWe had a very clever master student help us fabricate patterns on wafers of 25 and 50 micrometer thickness-> step slideThis is what happened to a 50 µm wafer



Large scale fabrication?

Haugan et al., MRS 2011

Self assembly
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Presentation Notes
Another good master student succeded in making nanospheres self-assemble    on 50 µm thick wafersHe also used the self-assembled spheres to fabricate masks for etching



Summary

• Light trapping may be achieved with small periodic 
structures

• Oblique structures slightly superior to binary
– Optimal period almost the same for different structures

• Symmetry more important than shape
• Breaking symmetry is key to approach light trapping 

limit
– Affect how we design light trapping structures in the future

• More work needed on experimental 
characterization, and on design and fabrication of 
low-symmetry structures
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Light trapping may be achieved with small periodic structuresOblique structures slightly superior to binaryOptimal period almost the same for different structuresSymmetry more important than shapeBreaking symmetry is key to approach light trapping limitAffect how we design light trapping structures in the futureMore work needed on experimental characterization, and on design and fabrication of low-symmetry structures
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Measurements with ellipsometry



Higher order diffraction
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