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In 2010, we extended our previous experimental results on n-i-p a-Si:H results to look at 
different patterns of nanostructures and different thicknesses of the cells. We used 
nanoimprint lithography to pattern a 10 cm x 5 cm substrate with 82 4 mm x 4 mm cells. 
12 of these were control cells with a flat interface, and the others were patterned with 
varying pitch and diameter of particles, with distribution across the substrate to minimize 
inhomogeneities during deposition. Rather than holes as in the previous experiment, we 
patterned pillars (Figure 4). For reference, we compared our patterned cells to cells 
patterned on Asahi glass with a random texture, a commonly used light trapping substrate 
for a-Si:H cells. A cross section of the thinnest cells fabricated, with total n-i-p thickness 
160 nm, is given in Figure 4. 
 

 
 
J-V and EQE measurements are shown in Figure 5, for two different pitches (500 and 700 
nm), a reference cell with a flat back contact, and a reference cell made simultaneously 
on Asahi glass. The best cell has an efficiency of 6.6%, and notably the 500 nm pitch 
pattern has a short circuit current density exceeding that of the randomly textured cell.  
The EQE spectra show the enhancement is primarly in the red portion of the spectrum, 
although there is a small but noticeable improvement in the blue, most likely due to the 
conformal coating of the layers and the additional improvement from the top contact 
structuring. In the 550 – 650 nm region of the spectrum, where there is significant power 
in the solar spectrum, the photocurrent in the patterned substrate exceeds that in the 
randomly textured cell. The prominent features observed on the red side of the band are 
attributed to Bloch modes in the cell.  The measurements are repeatable across several 
cells of each type.  For the remainder of the project, our goal is to use simulation and 
experimental tools to understand the role of the periodicity and the contributions of the 
Bloch modes to enhanced photocurrent. 
 
 
 
 
 

 
Figure 5. (a) J-V measurements on cells with 160 nm thickness, (b) EQE 
measurements on cells with 160 nm thickness. A cell with a  flat back 
contact (green) and a cell on randomly textured Asahi glass (black) are 
shown for reference. 
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Scientific Meetings: 
The research partners in the plasmonic photovoltaics project from Caltech, the 

FOM Institute and Stanford met and held a half-day workshop in April 2010 at the Spring 
2010 Materials Research Society Meeting (chaired by Harry Atwater).  This scientific 
meeting allowed the PIs, students and postdocs to coordinate and report technical 
activities.  This year, we have had several graduate student exchanges.  Graduate student 
Vivian Ferry of Caltech visited FOM from May to October 2009, to carry out joint 
research on plasmonic thin film Si solar cell design and fabrication.  The PIs have met by 
video/teleconference approximately every 3 weeks.   
 
Summary of Progress 

We demonstrated enhanced external quantum efficiency and current-voltage 
characteristics due to scattering by 100 nm silver nanoparticles in a single 2.5 nm thick 
InGaN quantum well photovoltaic device. Nanoparticle arrays were fabricated on the 
surface of the device using an anodic alumina template masking process. The Ag 
nanoparticles increase light scattering, light trapping, and carrier collection in the III-N 
semiconductor layers leading to enhancement of the external quantum efficiency by up to 
54%. Additionally, the short-circuit current in cells with 200 nm p-GaN emitter regions is 
increased by 6% under AM 1.5 illumination. AFORS-Het simulation software results 
were used to predict cell performance and optimize emitter layer thickness. 
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Large-area plasmon-enhanced photovoltaic energy conversion 
 
Principal investigator:  
Prof. Albert Polman 
Center for Nanophotonics 
FOM-Institute AMOLF 
Science Park 104 
1098 XG Amsterdam, The Netherlands 
e-mail: polman@amolf.nl 
 
Investigators  
Prof. Albert Polman – Principal Investigator 
Kylie Catchpole – Post-doctoral researcher 
Vivian Ferry – Visiting PhD student, Caltech (Atwater group) 
Maarten Hebbink – Undergraduate student, Utrecht University 
Claire van Lare – Undergraduate student, Utrecht University 
 
Collaborators 
Prof. Harry Atwater (CALTECH) 
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Abstract 
Thin-film solar cells offer the benefits of reduced materials and fabrication costs as well 
as the advantages of light-weight, flexible devices. For these geometries to exhibit 
efficient current generation, light trapping schemes are essential to capture the red and 
near-infrared portion of the solar spectrum. We have investigated the use of plasmonic 
light scattering geometries, integrated on either the top or bottom of the solar cell, to 
enhance the incoupling and trapping of near-infrared light into ultra-thin solar cells.   

We have developed fundamental design principles for increasing the efficiency of solar 
cells using light trapping by scattering from metal nanoparticles. We showed that 
cylindrical and hemispherical particles lead to much higher path length enhancements 
than spherical particles, due to enhanced near-field coupling, and that the path length 
enhancement for an electric point dipole is even higher than the Lambertian value.  Silver 
particles give much higher path length enhancements than gold particles. Path length 
enhancements over a factor 10 are predicted. The scattering cross-section of the particles 
is very sensitive to the thickness of a spacer layer at the substrate, which provides 
additional tunability in the design of particle arrays. 

Plasmonic backreflectors were studied on ultrathin amorphous Si solar cells that are 
integrated with plasmonic light trapping structures built into the metallic back contact. 
The short circuit current densities exceeding that of planar cells by 26 % due to near-field 
coupling to waveguide modes of the a-Si:H layer. The nanopatterns are fabricated via an 
inexpensive and scalable imprinting technique that could be adopted into standard solar 
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cell production. We use amorphous Si as a test platform for photonic nanopattern design, 
but our approach is broadly applicable to other thin-film solar cell material systems.  

So far, the project has lead to 8 publications in the international refereed literature, 
including a perspective article in Science and a review article in Nature Materials. A total 
of 12 invited talks were given at international conferences of which 4 as keynote or 
plenary presentation. The project was also highlighted in The Economist. Several 
prototype devices

Introduction 

 were made. 

Conventionally, photovoltaic absorbers must be “optically thick” to enable nearly 
complete light absorption and photocarrier current collection.  Figure 1 shows the 
standard AM1.5 solar spectrum together with a graph that illustrates what fraction of the 
solar spectrum is absorbed upon a single pass through a 2 μm thick crystalline Si film.  

 

Figure 1. AM1.5 solar spectrum, together with a graph that indicates the solar energy absorbed in a 2-μm-
thick crystalline Si film (assuming single-pass absorption and no reflection). Clearly, a large fraction of the 
incident light in the spectral range 600–1.100 nm is not absorbed in a thin crystalline Si solar cell. 

 
Clearly, a large fraction of the solar spectrum, in particular in the intense 600-1100 nm 
spectral range is poorly absorbed. This is the reason why, for example, conventional 
wafer-based crystalline Si solar cells have a much larger thickness of typically 180-300 
μm. An additional requirement for high efficiency solar cells is that they must have 
minority carrier diffusion lengths several times the material thickness in order for all 
photocarriers to be collected, a requirement which is most easily met for thin cells. Thus 
solar cell design and material synthesis considerations are strongly dictated by these 
opposing optical absorption thickness and carrier collection length requirements. 
Plasmonic structures can offer the possibility of reducing the physical thickness of the 
photovoltaic absorber layers while keeping their ‘optical thickness’ constant, in at least 
three ways: 
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1) Metallic nanoparticles can be used as subwavelength scattering elements to couple and 
trap freely propagating plane waves from the sun into an absorbing semiconductor thin 
film, by “folding” the light into a thin absorber layer (see Fig. 2(a)). 

2) Metallic nanoparticles can be used as subwavelength antennas in which the plasmonic 
near field is coupled to the semiconductor, enhancing its effective absorption cross 
section (see Fig. 2(b)). 

3) A corrugated metallic film on the back surface of a thin photovoltaic absorber layer 
can couple sunlight into surface plasmon polariton modes supported at the metal-
semiconductor interface as well as guided modes in the semiconductor slab; whereupon 
the light is converted to photocarriers in the semiconductor (see Fig. 2(c)).  

 

Figure 2. Plasmonic light trapping geometries for thin-film solar cells (a) Light trapping by scattering from 
metal nanoparticles at the surface of the solar cell. Light is preferentially scattered and trapped into the 
semiconductor thin film by multiple and high-angle scattering, causing an enhancement of the effective 
optical path length in the cell. (b) Light trapping by the excitation of localized surface plasmons in metal 
nanoparticles embedded in the semiconductor. The excited particle’s near field causes the creation of 
electron-hole pairs in the semiconductor. (c) Light trapping by the excitation of surface plasmon polaritons 
at the metal-semiconductor interface. A corrugated metal back surface couples light to surface plasmon 
polariton or photonic modes that propagate in the plane of the semiconductor layer.  

 

These three light trapping techniques may enable a large shrinkage (possibly 10 to 100 
fold) of the photovoltaic layer thickness, while keeping the optical absorption (and thus 
efficiency) constant. This GCEP project has focused on the light trapping schemes 
described above under 1) and 3).  

Light trapping using metal nanopatterns printed on the surface of  a solar cell 
Figure 3 shows calculations of the scattering cross section of a Ag cylinder on a Si 
substrate covered with a thin Si3N4 spacer layer, using finite-difference simulations that 
solve Maxwell’s equations in the time domain. The spectrum shows clear peaks, related 
to the dipolar and quadrupolar surface plasmon resonances, with a peak normalized cross 
section exceeding 10, indicating that the scattering cross-section can well exceed the 
geometrical cross section of the particle. As a result, to first-order, a substrate covered 
with a 10 % areal density of particles could fully absorb and scatter the incident light. For 
light trapping it is important that scattering is more efficient than absorption, a condition 
that is met for larger particles. Typically, a Ag particle with a diameter of 100 nm has an 
albedo (scattering cross section over sum of scattering and absorption cross sections) that 
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exceeds 0.95. As Fig. 3 also shows, the presence of a dielectric spacer layer significantly 
changes the scattering cross section. This is due to changes in the interference between 
the incident and reflected fields. The presence of the dielectric coating also affects the 
peak of the resonance spectrum: the stronger the interaction of the plasmon field with a 
higher refractive index substrate, the further the resonance redshifts. This provides an 
important tool to engineer the resonance to a desired spectral range. Finally, for efficient 
light trapping, it is essential that most of the scattered light is directed into the substrate 
(rather than reflected). For this near-field coupling to occur, the metal nanoparticle must 
be placed relatively close to the substrate. Particle shape also plays an important role in 
the effect of coupling into the substrate. Particle shapes such as disks that have a large 
fraction of their volume close to the semiconductor can lead to a very high fraction of 
light scattered into the substrate.   

 

 
Figure 3.  The total scattering cross-section (solid lines) and scattering cross-section of light scattered into 
the substrate (dashed lines), both normalized to geometrical cross section, calculated for Ag cylinders on 
Si3N4 underlayers on Si with thicknesses of 10 nm (red lines) and 30 nm (blue lines).  The cylinders have a 
diameter and height of 100 nm, and have a 30 nm Si3N4 overcoating.   

Figure 4 shows first-order calculations of the path length enhancement that may be 
achieved using a suitably engineered array of Ag nanoparticles. For very small particles, 
a very large fraction of the scattered light is trapped in the Si layer with path length 
enhancements exceeding a factor 10 for 100 nm diameter cylinders or hemispheres. 

So far, this project has lead to the development of the design criteria for light trapping in 
thin-film solar cells using metal nanoparticle surface coatings. We have demonstrated the 
effect of particle size, shape and dielectric spacer layers on the incoupling and light 
trapping efficiency. Experiments to verify these simulations are underway, using arrays 
of metal nanoparticles on thin film semiconductor layers.  
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Figure 4. Maximum path length enhancement for the different Ag particle geometries, at a wavelength of 
800 nm.  Absorption within the particles is neglected for these calculations, and an ideal rear reflector is 
assumed.  The line is a guide to the eye.  Insets: (top-left) Angular distribution of scattered power for a 
parallel electric dipole 10 nm above a Si surface (red) and Lambertian scatterer (blue); (bottom-right) 
Geometry considered for calculating the path length enhancement. 

 
Light trapping using corrugated metal backreflectors 
Thin film hydrogenated amorphous Si (a-Si:H) solar cells were used as test-beds to study 
plasmonic back reflectors. Here we utilize substrate conformal imprint lithography 
(SCIL) to pattern a 150 nm thick sol-gel based resist that is is applied by spin-coating 
over a 150 mm silicon wafer. To form the back contact, the patterned sol-gel layer is 
sputter-coated with 200 nm Ag (1%Pd), as illustrated in the scanning electron micrograph 
(SEM) image in Fig. 5(a). The metal holes are 225 nm in diameter after coating. The back 
contact for a flat reference cell was made by evaporating 200 nm of Ag on glass. Both 
cells were then processed side-by-side in the remaining steps to ensure identical 
deposition conditions. A 100 nm ZnO spacer layer was sputtered on top of the Ag 
contact, followed by standard n-i-p a-Si:H cell deposition using 13.56 MHz PECVD with 
an intrinsic layer thickness of 500 nm. An 80 nm indium tin oxide (ITO) top contact was 
sputtered on top, which also serves as an antireflection coating. Finally a metal grid was 
evaporated over the ITO using a contact mask. The active area of the cell is 0.13 cm2. 
Fig. 5(b) shows a cross section of a cell after fabrication on top of the patterned cell, 
made using focused ion beam. The different layers can be clearly identified, and the holes 
are conformally coated with Ag and ZnO. 

 
 
Figure 5. (a) SEM image of a nanoimprinted pattern of holes after overcoating with Ag. The coated holes 
are 225 nm in diameter, 240 nm deep, and have a pitch of 513 nm. (b) SEM image showing a FIB cross 
section of a fully fabricated n-i-p a-Si:H solar cell grown on the patterned back contact. 
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Figure 6 illustrates the current-voltage characteristics of the flat and patterned n-i-p a-
Si:H cells, for the best cell of each type. The J-V characteristics were measured with a 
solar simulator under one sun illumination (AM1.5G, 100 mW/cm2).  The patterned cell 
exhibits a 26% higher short circuit current density (Jsc) than the flat cell, demonstrating an 
increased optical path length in the device. The fill factor exhibits an increase of 11%, 
from 0.55 to 0.61. The open circuit voltage (Voc) shows a slight decrease, by 2%. 
Combined there is a significant increase in efficiency from 4.5% to 6.2% due to the 
patterned metal back contact. Several cells of each type were measured, with a variance 
in the efficiency of 0.1 for the reference cell and 0.13 for the patterned cell. It is 
interesting to note that the patterned cell does not show a reduced series resistance, 
demonstrating the good electrical quality of the patterned Ag layer.  

 
 
Figure 6. Best JV measurements of the flat reference and patterned n-i-p a-Si:H cells. Inset shows the cell 
characteristics for each device. 

 
Spectral response measurements showed that the enhance photocurrent is due to an 
increased absorption of the infrared portion of the solar spectrum, clearly demonstrating 
the light trapping effect of the nanostructured metal back contact. Most recent data 
showed that a suitably desinged metal backpattern can lead to light trapping that exceed 
that typically observed in commercially used randomly textured Asahi-type glass. We 
note that the present project did not focus on achieving optimized efficiency, but rather 
on demonstrating a strongly enhanced photocurrent due to the presence of a patterned 
backreflector. Indeed, the goal of this project is to demonstrate that plasmonic light 
scattering may be used to fabricate thinner (and thus cheaper) solar cells without 
compromising on efficiency. The results presented here are a first clear step toward this 
goal. 
 
Future Plans 
In the final phase of this project we will: 
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• experimentally investigate the effect of metal nanoparticle surface coatings on 
thin Si wafer solar cells, investigating how much the infrared photocurrent on 
very thin wafer Si can be enhanced; and  

• optimize metal backpatterns to achieve optimum light trapping leading to ultra-
thin solar cells that shows full spectral conversion of the near-infrared part of the 
solar spectrum.  
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http://www.erbium.nl/press/Seeing%20red%20-%20The%20Economist%20January%202009.pdf�
http://www.erbium.nl/press/Seeing%20red%20-%20The%20Economist%20January%202009.pdf�
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Contacts 
Prof. Albert Polman: polman@amolf.nl 
Kylie Catchpole: kylie.catchpole@anu.edu.au 
Vivian Ferry: vivianf@caltech.edu 
Maarten Hebbink: hebbink@amolf.nl     
Claire van Lare: lare@amolf.nl 
 
 
 
 

 
 

Photograph of plasmonic solar cells made in this GCEP project.
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The Economist 390, 68 (January, 2009) 
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