
DOI 10.1515/nanoph-2013-0001      Nanophotonics 2013; aop© 2013 Science Wise Publishing & 

        Vijay Kris   Narasimhan    and     Yi   Cui*                  

  Nanostructures for photon management in solar 
cells   
  Abstract:   The concurrent development of high-perfor-

mance materials, new device and system architectures, 

and nanofabrication processes has driven widespread 

research and development in the field of nanostructures 

for photon management in photovoltaics. The funda-

mental goals of photon management are to reduce inci-

dent light reflection, improve absorption, and tailor the 

optical properties of a device for use in different types of 

energy conversion systems. Nanostructures rely on a core 

set of phenomena to attain these goals, including grada-

tion of the refractive index, coupling to waveguide modes 

through surface structuring, and modification of the pho-

tonic band structure of a device. In this review, we pre-

sent recent developments in the field of nanostructures 

for photon management in solar cells with applications 

across different materials and system architectures. We 

focus both on theoretical and numerical studies and on 

progress in fabricating solar cells containing photonic 

nanostructures. We show that nanoscale light manage-

ment structures have yielded real efficiency gains in many 

types of photovoltaic devices; however, we note that 

important work remains to ensure that improved optical 

performance does not come at the expense of poor electri-

cal properties.  
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1     Introduction 
 The prospect of the widespread adoption of solar energy 

generation from photovoltaics is in reach. Continuous 

improvement in materials quality and cell design and 

scaling of manufacturing have led to better efficiency [ 1 ] 

and reduced cost [ 2 ] in many types of solar cells, with both 

silicon and cadmium telluride module costs dropping to 

below  $ 1/W. Coupling as much light as possible into solar 

cells is important in achieving both goals, and therefore 

current solar cells incorporate light management ele-

ments, including antireflection coatings, back-reflectors, 

and surface texturing, to reduce optical losses. 

 There is also a trend across many solar cell technolo-

gies towards thinner devices. The reasons for reducing the 

dimensions of the active layer vary by technology, from 

reducing the weight and thickness of silicon devices to using 

less scarce material in cadmium telluride and CIGS devices 

[ 3 ] to eliminating light-induced degradation in amorphous 

silicon devices [ 4 ] to improving charge collection efficiency 

in organic devices [ 5 ] to reducing the cost of gallium arse-

nide devices [ 6 ]. Thinner solar cells, while offering numer-

ous advantages, present new challenges to cell designers. A 

decrease in thickness may also be accompanied by incom-

plete absorption of photons and a corresponding decrease 

in efficiency. Moreover, as solar cells make their way into 

different types of systems and architectures, including 

tracking systems, concentrator systems, and building-inte-

grated systems, new optical requirements, such as better 

angular performance, partial transparency or reflectivity, 

and directional selectivity, emerge. 

 Thankfully, shrinking the scale of light manage-

ment elements can meet the demands of these shrinking 

absorber layers. At the nano and meso scales, new phe-

nomena such as graded index interfaces, strong coupling 

to guided modes, and photonic bandstructures for spec-

tral and directional selectivity emerge from the physics 

of Maxwell ’ s equations. In this review, we focus on the 

rich portfolio of structures that enable these phenomena, 

namely nanotextured antireflection coatings, surface 

structures for coupling into waveguides, and photonic 

crystals. 1   We highlight key developments in theory and 

experimental processes applicable to the wide variety of 

material systems and applications under development 

today.  

1  Another important photon management technique, plasmonics, 

which exploits collective resonant electron oscillations in the free-

electron like gasses of particles and surfaces, has been previously 

reviewed in this journal [ 7 ] and elsewhere [ 8 ]. We refer the interested 

reader to those publications 
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2     Graded Index antireflection 
layers 

2.1    Overview and theory 

 One of the fundamental goals of photon management in 

solar cells is to reduce light loss from reflection off the 

front surface of the cell. Consider a polished silicon solar 

cell with no antireflection coating; when averaged over 

the absorbed part of the solar spectrum (up to 1100 nm) 

and across all incident angles, ~37% of light is lost to 

reflection. Such high reflection arises from the mismatch 

in the refractive index between the air and the solar cell. 

A common way to reduce this loss is through an antire-

flection layer with a thickness of 0.25 λ , where  λ  is the 

wavelength of interest. Destructive interference results 

from the phase difference between light reflected from 

the top and bottom interfaces of the antireflection layer. 

However, antireflection coatings are highly wavelength- 

and angle-specific. 

 Alternatively, an antireflection layer with an index that 

varies gradually from that of the air to that of the substrate 

could be used to reduce the apparent abruptness of the 

interface [ 9 ]. In principle, antireflection effects from such 

a film would be broadband and quasi-omnidirectional. To 

be an effective graded index layer, the wavefunction of the 

incident light must vary slowly through its depth, i.e., the 

wavelength of the light must be on the same scale as the 

depth of the graded index layer or smaller. Index match-

ing is also best when the gradient is  “ flat ”  at the ultimate 

interfaces with the air and the substrate, i.e., when the 

functional form of the gradient profile has multiple con-

tinuous derivatives at these interfaces. Nearly ideal con-

tinuous graded index profiles include the quintic profile 

described by Southwell [ 10 ] and the half-period of an expo-

nential sine function [ 11 ]. Such ideal profiles are difficult 

to fabricate in practice; however, other non-ideal profiles, 

such as linear gradients, truncated polynomial gradients, 

and multi-layer approximations of ideal gradients, can 

still demonstrate extremely low reflection. Graded index 

layers can be implemented by nanostructured layers or 

wavelength scale mesostructures, as described in the fol-

lowing sections.  

2.2    Nanostructures 

 One approach to achieving a high-performance graded 

index profile is to use nanostructures much smaller than 

the wavelength of light to vary the density of the material 
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 Figure 1      Approximation to a modified quintic profile using oblique 

angle deposition of nanorod arrays. Used with permission from [ 12 ].    

above the active layer of the cell. As the density varies, 

so too does the effective refractive index of the material. 

For example, the Schubert group has used a combination 

of standard thin film growth and oblique-angle deposi-

tion to deposit silica and titania multi-layer films. When 

deposited at oblique angles, nanorod arrays are formed 

with a reduced refractive index depending on the fill 

fraction of the layer. The group developed a 5-layer film 

with a reflection minimum of   <  0.2% at 632 nm [ 12 ]; this 

structure approximated a modified quintic profile ( Figure 

1 ). The group also devised a three layer film optimized 

for silicon solar cells which outperformed a standard  λ /4 

antireflection coating, reducing overall reflection to   <  6% 

[ 13 ]. Recently, the group applied their technique to devel-

oping a 4-layer antireflection coating for multi-junction 

solar cells (i.e., cells that contain a stack of semiconduc-

tor junctions with different band gaps connected in series) 

[ 14 ]. They reduced reflections at normal incidence on an 

inverted metamorphic triple-junction device to 3.9% as 

compared to 7.9% for an optimized dual-layer antireflec-

tion coating on the same device.  

 Continuous density gradient layers have also been 

explored. For example, Koynov and colleagues sputtered 

metal onto crystalline, polycrystalline, and amorphous 

silicon substrates and performed wet chemical etching 

to roughen the surface with random hillocks ranging 

from 10 – 100 nm in width and up to 250 nm in height [ 15 ]. 

Reflection was reduced to 2 – 5% in the highly absorptive 

wavelength ranges of the samples. 

 Branz and colleagues [ 16 ] used a solution of HAuCl 
4
  

or ~5  nm colloidal gold nanoparticles, HF, and H 
2
 O 

2
  

to perform a catalyzed etch of interconnected pores in 

the   <  1 0 0  >   directions in silicon. From measurements of 
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reflectance as a function of etch time, they found empiri-

cally that reflection falls off exponentially with increasing 

ratio of the depth of the gradient to the wavelength. They 

achieved a minimum reflectance of   <  2% across the spec-

trum from 300 nm to 1100 nm. Nanoparticle etching can 

also give rise to a silicon sponge architecture which shows 

good antireflection performance [ 17 ]. 

 Oh and colleagues [ 18 ] used a similar fabrication 

method (silver nanoparticle-assisted etching) to study 

techniques for improving the conversion efficiency of 

a silicon solar cell with a graded index layer. In a con-

figuration in which a porous nanostructure occupies a 

significant volume fraction of the emitter layer (i.e., the 

n +  layer of the p/n junction), a silicon solar cell typically 

has a poor absorbed-photon-to-electron conversion effi-

ciency, or internal quantum efficiency, especially in the 

blue wavelengths (400 – 600 nm). In lighter doped emit-

ters, surface recombination of photoexcited carriers domi-

nates, whereas Auger recombination is more significant in 

more heavily doped emitters. Nanostructures exacerbate 

both types of recombination since they present a large 

surface area and also enable high dopant concentrations 

in volumes of the cell with high light absorption. By using 

a TMAH etch step after dopant diffusion in a silicon cell 

with a porous graded index layer, the authors simultane-

ously reduced the surface area and the dopant concentra-

tion near the surface and realized an impressive efficiency 

of 18.2%. 

 Density variations can also be advantageous in anti-

reflection layers deposited on top of the active layer in a 

solar cell; in essence, this produces a truncated graded 

index profile with a continuous gradient from air to the 

bottom of the antireflection coating and an abrupt dis-

continuity between the bottom of the antireflection layer 

and the active layer of the device. Any optical losses from 

the discontinuity may be compensated by the fact that the 

solar cell may avoid damage and deteriorated electrical 

performance associated with patterning the active layer 

itself. 

 For example, Lee and colleagues suppressed reflec-

tion from a silicon solar cell using a zinc oxide nanonee-

dle antireflection layer grown by a two-step liquid phase 

technique [ 19 ]. A highly tapered structure, with a height of 

1.5  μ m, an average tip diameter of 10 nm, and a base diam-

eter of 45 nm, provided the best performance, reducing 

the weighted reflection to 6.6% across the solar spectrum. 

2.6  μ m zinc oxide nanoneedles have also been shown to 

successfully improve the short-circuit current density of 

a GaAs-based multi-junction solar cell by 16.7% [ 20 ]. Pre-

liminary investigations have also been conducted on GaP 

nanowire grasses for use in multi-junction devices [ 21 ].  

2.3    Mesostructures 

 Wavelength-scale mesostructures can also function as 

effective graded-index coatings. For example, vertically-

aligned nanopillar arrays with a moderate filling fraction 

formed by dry [ 22 ,  23 ] or wet [ 24 ] etching substantially 

reduce reflections owing to the formation of an intermedi-

ate refractive index layer between air and the substrate. 

The performance can be further improved from the step 

profile created by nanopillars by tapering the structures 

into nanocones to produce a continuous graded index 

profile. For example, Yu and colleages [ 25 ] devised a 

technique for forming very regular silicon nanocones 

by nano-imprinting a pattern on a tri-layer resist, multi-

step reactive ion etching to transfer the pattern through 

the resist, depositing and lifting off metal to create a hard 

mask, and further reactive ion etching to create the nano-

cones. Reflectivity of   <  5% was achieved across the solar 

spectrum for cones with a lateral period of 200 nm and a 

height of 520 nm. 

 In contrast to the complexity of this multi-step 

process, Huang and colleagues devised a single-step 

self-masked fabrication process to produce silicon nano-

tips across a wafer [ 26 ]. By adding silane to a standard 

set of etch gases in a dry-etching machine, a flat silicon 

substrate was etched while a silicon carbide etch mask 

was simultaneously formed. This resulted in an array of 

tapered nanowires of various heights and profiles that 

suppressed reflection to ~ 1% in the wavelength range of 

interest. 

 Our group developed a wafer-scale approach that 

offers both precise control of the spacing and profile of the 

nanocones with a simple fabrication process [ 27 ]. First, we 

use Langmuir-Blodgett deposition to coat large areas of a 

substrate with a close-packed array of silica nanoparticles 

that act as an etch mask. We also subsequently developed 

a roll-coating technique that achieves similar coverage 

[ 28 ]. Next, we use dry etching to pattern the substrate. By 

tuning the dimensions of the starting template and the 

etching conditions, and therefore the shrinkage of the par-

ticles and the undercut during the etch, vertical as well as 

tapered profiles can be obtained ( Figure 2 ). We showed by 

comparing the absorption in an amorphous silicon layer 

that the tapered structure improved absorption compared 

to a columnar structure fabricated from the same template 

and a planar film at all wavelengths of interest ( Figure 3 ) 

[ 23 ]. The performance of nanocones at off-normal angles 

of incidence was also found to be superior to nanopillars 

and the planar structure.   

 A similar technique was devised for forming 

rounded nanocones on gallium arsenide through 
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 Figure 2      Various etch profiles obtained using a silica nanosphere template and reactive ion etching of silicon substrates. Reused with 

permission from [ 27 ].    
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 Figure 3      (A) Refractive index profile and (B) absorption spectrum of nanocones, nanowires, and planar amorphous silicon samples (optical 

photograph shown inset). Adapted with permission from [ 23 ],   ©  2012 American Chemical Society.    

holographic lithography, thermal reflow of the pho-

toresist, and dry etching [ 29 ]. For GaAs nanocones with 

300  nm spacing, reflection was suppressed to   <  5% in 

the wavelength range of 300 – 1100 nm. Interference 

lithography was used to produce a moth-eye surface 

texture on organic solar cells which gave rise to a 3.5% 

improvement in the peak external quantum efficiency 

of the device. Of note, the current generated from the 

device improved further at oblique angles up to 50 °  

from normal incidence [ 30 ]. 

 Analysis has also been conducted to find optimal 

antireflection meso structures [ 31  –  33 ]. Findings from these 

studies confirm some general trends about mesostruc-

tures. First, reflection is minimized when the spacing of 

the mesostructure is on the order of the average wave-

length between air and the substrate; as the spacing or 
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period of the mesostructure decreases, the location of 

the reflection minimum blue-shifts. Second, antireflec-

tion generally improves as the ratio of height to spacing 

in the mesostructure increases; however, if the base of 

the mesostructure does not tile the substrate completely, 

i.e., if there are spaces in the structure, then the reflection 

saturates. Third, structures in which the variation in the 

effective refractive index (i.e., the gradient profile) is slow 

at the ultimate air and substrate interfaces outperform 

structures with a linear gradient profile. 

 It is worth noting that tapering reduces reflections 

and promotes coupling into non-planar active layers 

as well. Using rigorous coupled wave analysis, Alaeian 

and colleagues found that the absorptance of an array 

of silicon nanopillars could be improved by capping the 

cylinders with conical tips with an optimal sidewall angle 

of 60 °  [ 31 ]. Tapering was also used in germanium nano-

pillar arrays formed by growth in an anodic aluminum 

oxide template. Dual-layer nanopillars were formed by 

varying the dia meter of the template from 130 nm in the 

lower half of the pillar to 60 nm in the upper half of the 

pillar. The structure demonstrated 99% absorptance in 

the wavelength range of 300 – 900 nm, far higher than the 

absorptance achieved when either 60 or 130  nm pillars 

were used alone [ 34 ]. 

 As was the case for nanoscale structures, mesoscale 

graded index structures can also be implemented in 

a specific antireflection layer to avoid patterning the 

active layer. For example, our group devised a technique 

to grow tin oxide nanocones by controlled oxidation of 

tin nanoislands formed after sputtering of thin tin metal 

films. The absorption in a polycrystalline silicon sub-

strate was improved by 30% in the wavelength range 

of 400 – 850 nm owing to the antireflection effect of the 

nanocones [ 35 ]. In another study, etching of nanopil-

lars into the SiO 
2
  layer of a bilayer SiO 

2
 /TiO 

2
  antireflec-

tion coating produced a ~5% improvement in the output 

power of a silicon solar cell at normal incidence and a 

55.8% improvement at 60 °  incidence as compared to the 

power generated from a cell coated with a planar SiO 
2
 /

TiO 
2
  film [ 36 ]. 

 Solar cells may also need an encapsulant layer 

above the active layer to prevent shocks and reduce cor-

rosion. Honeycomb or moth-eye graded index structures 

imprinted by hot-embossing have been explored to reduce 

reflections from the top surface of a PVC plastic encapsu-

lant layer [ 37 ]. The quantum efficiency of a solar cell with a 

graded-index encapsulant improved across the spectrum 

at normal incidence, resulting in a 3.3% improvement of 

efficiency; however, at high angles, the short-wavelength 

performance degraded significantly. An encapsulant that 

performs well at even high angles of incidence was fab-

ricated by Yamada and colleagues. They analyzed the 

effect of the shape of a moth-eye structure using rigorous 

coupled wave simulations and fabricated an optimized 

coating for silicon solar cells (i.e., rounded nanocones) 

by nanoimprinting an acrylic resin [ 38 ]. When placed 

on top of a standard encapsulated silicon solar cell and 

deployed in Nagoaka, Japan, power output of the cell was 

improved by 4% at normal incidence and by up to 15% 

at angles as large as 80 °  or more. Polymer layers can also 

be transferred onto solar cells after being patterned. Chen 

and Sun transferred a nanoimprinted PMMA layer with an 

egg-carton structure onto a polycrystalline silicon solar 

cell which improved the conversion efficiency from 10.4% 

to 13.5% owing to substantial reduction in reflections [ 39 ]. 

 Nanotextured encapsulants or protective surfaces 

can present advantages beyond light-trapping, such as 

superhydrophobicity for self-cleaning or antifogging. 

In such multi-purpose nanotextures, design tradeoffs 

emerge. For example, consider a periodic array of nano-

cones with subwavelenth spacing. The best graded index 

profile for antireflection is achieved through sharp tips; 

however, a self-cleaning surface in which water droplets 

readily roll off favors rounded tips to allow water drop-

lets to stably span adjacent cones over a pocket of air. 

Moreover, while both photon and liquid management 

favor high aspect ratio structures, mechanical stabi lity 

against buckling imposes additional constraints. By 

optimizing across all of these constraints, Park et al. [ 40 ] 

produced a silanized quartz structure with a cubic parab-

oloid profile with a center-to-center spacing of 200 nm, 

a height of 1.1  μ m, and a tip radius of curvature of 17 

nm. This structure demonstrated superhydrophobicity 

(contact angles   >  165 ° ) and reduced reflection to light of 

wavelengths of 450 nm and longer across incident angles 

as large as 60 °  ( Figure 4 ).   

2.4    Summary 

 We have shown that nanoscale and mesoscale struc-

tures can be used to effectively reduce reflection losses 

from the top of solar cells. The refractive index profile of 

 nanostructures and the spacing, height, and profile of 

mesostructures determine the ultimate antireflection per-

formance. RCWA and FDTD simulation are useful tools for 

optimizing antireflective structures over the wavelengths 

and incident angles of interest. High power conversion 

efficiencies resulting from reduced reflections have been 

demonstrated for structured antireflection layers and for 

directly patterned active layers.   
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 Figure 4      Cubic paraboloid nanostructure (A) SEM (scale bars = 200 nm), (B) Photograph showing superhydrophobicity, and (C) transmission 

spectrum with solar spectrum as a reference at different angles of incidence. Adapted with permission from [ 39 ],   ©  2012 American Chemical 

Society.    

3    Scattering structures and 
waveguides 

3.1    Overview and theory 

 Eliminating reflections allows more light to enter a pho-

tovoltaic device; however, once inside the active layer, 

it must be absorbed to contribute to power generation. 

Therefore, a second major goal of photon management 

in solar cells is to improve absorption in the active layer. 

To examine this further, consider the expression for the 

absorptance of a material: 

   ( )-1

01- 1- 1-10 L
L IA T I α−= = =  

 where I 
0
  is the incident intensity, I L  is the intensity at path 

length L, and  α  is the linear absorption coefficient, which 

is proportional to the imaginary part of the refractive 

index of a material. Thus, when  α  is weak (e.g., near the 

band edge of a semiconductor), extension of the light path 

beyond a single pass through the depth of the material is 

crucial. 

 The path length in solar cells with absorbers thicker 

than the coherence length of solar light is traditionally 

extended by introducing a backreflector, surface rough-

ness, scatterers, or diffraction gratings. The absorption 

enhancement from roughened and reflective surfaces in 

bulk devices (with thickness and roughness on a scale 

greater than the wavelength) was examined using ther-

modynamic and statistical ray-optics approaches by 

Yablonovich and Cody [ 41 ,  42 ] and independently by Goe-

tzberger [ 43 ]. The upper bound for absorption enhance-

ment calculated from these analyses is 4n 2 /sin 2 ( θ ), where 

n is the refractive index of the material and  θ  is the half 

angle of the light absorption cone. For absorption from 

a half-space and a Lambertian surface, where roughness 

scatters incident light isotropically, this limit reduces 

to the more familiar form, 4n 2 . To approach this level of 

enhancement, rough transparent conductive oxides [ 44 ] 

and substrates [ 45 ] for thin film cells have been fabricated. 

Periodic structures with low symmetry, such as pyramids, 

also act as efficient quasi-isotropic scatterers [ 46 ] and are 

widely used in thick crystalline silicon solar cell devices 

where alkaline etching of (100) wafers produces a pyrami-

dal structure [ 47 ]. Multi-crystalline silicon cells produce 

facets and dimples when etched in acids and bases, 
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respectively [ 48 ]; these structures show some absorption 

enhancement. 

 In thin structures or in structures where the scale of 

the scattering texture is on the order of the wavelength 

of light, wave effects become important. A more general 

theory is therefore required to calculate the potential 

absorption enhancement in this case. Yu and colleagues 

used a statistical temporal coupled-mode theory to 

examine the problem [ 49 ]. In this theory, they consider an 

absorbing layer of thickness d that supports a number of 

excitable guided resonances ( M ) and a number of chan-

nels ( N ) that couple light from free space into the reso-

nances through a periodic structure on the surface. They 

find that the absorption enhancement is proportional to: 

   ( )-1F M Nd∝  

 Thus, enhancement can be increased by throttling the 

number of channels by modifying the surface structure or 

by reducing the thickness of the structure while maintain-

ing the number of available resonances. They show that 

for surface structures with periodicity slightly smaller 

than the wavelengths of interest, light trapping in bulk 

cells can far exceed the 4n 2  limit, but only for a narrow 

range of wavelengths and angles of incidence. Conversely, 

in ultra-thin slabs with deep subwavelength confinement, 

extreme absorption enhancement is achievable over a 

large bandwidth and a large set of angles of incidence. 

Similar findings were derived numerically by Bozzola and 

colleagues for crystalline silicon, amorphous silicon, and 

CIGS solar cells [ 50 ]. 

 While the possibility of exceeding the bulk limit in the 

nanophotonic regime is appealing, it is worth noting that 

light trapping should not come at the expense of other 

losses in the cell. For example, the enhancement factor for 

an ultra-thin layer of material may be high, but the overall 

absorption may still be low. Also, surface structures can 

increase surface recombination and backside structures 

can interfere with high-quality thin-film growth [ 51 ]. 

 It is clear that using a combination of surface texture 

and waveguiding, high light absorption enhancement can 

be achieved. In the following sections, we examine recent 

analytical and experimental progress in these areas.  

3.2    Gratings and surface structures 

 While the general theory suggests that grating structures 

have a high absorption enhancement limit with appro-

priate periodicity (4 π n 2 ), there has also been additional 

insight into how to design gratings to optimize light trap-

ping performance [ 52 ,  53 ]. In general, 2D gratings perform 

better than 1D gratings because they couple to more reso-

nant modes in the absorber, however both 1D and 2D grat-

ings have been studied to show the effects of varying other 

parameters. 

 Barettin and colleagues examined the effect of place-

ment of a 1D grating on long-wavelength absorption in 

dye-sensitized solar cells [ 54 ]. In this type of cell, a film 

of a nanocrystalline large-bandgap semiconductor (e.g., 

TiO 
2
 ) is coated with a dye, attached to a transparent con-

ductive electrode, immersed in a liquid electrolyte con-

taining a redox couple (e.g., I - /I 
3
  - ) , and sandwiched by 

another metallized counter-electrode. Light incident on 

the semiconductor layer produces electrons that are trans-

ferred from the photoexcited dye to the semiconductor film 

and out to the transparent contact while the redox couple 

reduces the oxidized dye, providing a transport pathway 

for holes through the electrolyte to the counter electrode 

[ 55 ]. Variants formed with different materials (including 

a solid-state hole transport material) [ 56 ] and nanostruc-

tures [ 57 ] have emerged to improve power conversion effi-

ciency and stability. When placed on top of a 10  μ m titania 

layer (i.e., on the side of the incident light), a grating with 

a pitch of 500  nm had a negligible effect on absorption 

of 700 nm light whereas a grating on the shadow side of 

the layer (between the semiconductor and the electrolyte) 

showed improved absorption of around 20%. 

 The work of Meng and colleagues examined the 

combined effect of period and placement on absorption 

enhancement in solar cells with gratings on both the top 

and bottom sides of the active layer [ 58 ]. The authors 

showed a simulated improvement in the short-current 

density of 65% by using a 2D 250 nm grating to reduce 

reflections at the front surface and a 2D 750 nm grating 

to increase the light path of long wavelengths at the 

back surface. Wang and colleagues from Shanui Fan ’ s 

group worked with us and arrived at a similar result with 

respect to an optimized structure for a 2  μ m equivalent 

thickness silicon solar cell [ 59 ]. Here, an optimized struc-

ture had a 500-nm period nanocone grating on the top 

of the cell and a 1000-nm period nanocone grating on 

the bottom. In addition, cones with a higher aspect ratio 

were used on the top surface to improve the antireflec-

tion effects. 

 The aspect ratio in tapered gratings is an interest-

ing consideration. SangMoo Jeong, Erik Garnett, and col-

leagues from our group built on our silicon nanocone plat-

form to construct hybrid polymer-silicon solar cells [ 60 ]. 

We found that cones with a height to diameter aspect ratio 

of less than two would allow the spin-coated PEDOT:PSS 

to fully conform to the substrate while still offering excel-

lent optical properties. Moreover, unlike the analysis for 
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antireflection, which showed that taller cones were always 

better, the optimal aspect ratio for nanocones acting as a 

combined antireflection and diffraction grating is 0.9 owing 

to the fact that high aspect ratio structures also promote 

less lateral scattering within the active layer (Figure 5).  

 With respect to shape, gratings of low symmetry are 

more efficient than those of high symmetry, but the effect 

is only important for normally incident light [ 52 ,  53 ]. This 

can be understood because normally incident light has an 

even modal profile. Symmetric structures have odd and 

even resonant modes. The incident light can therefore 

couple into only half of the modes in symmetric structures. 

 In breaking the symmetry of a grating, it is prefer-

able to skew the shape of the grating rather than break-

ing the periodicity because reflections increase in the 

latter case. Gjessing and colleagues performed numeri-

cal optimizations to compare various shapes of periodic 

backside structures for 20  μ m thick crystalline silicon 

solar cells, including cylinders, cones, dimples, inverted 

pyramids, roof-mosaics, and two structures of lower sym-

metry named  “ rose ”  and  “ zigzag ”  [ 61 ]. The tapered struc-

tures perform better than the cylinders, and, as expected 

from theory, the structures with the lowest symmetry, 

especially the zigzag structure, are predicted to provide 

absorption enhancement close to the 4n 2  limit at normal 

incidence (corresponding to a photocurrent density of 37.3 

mA/cm 2 ). Interestingly, the optimal period for each of the 

films is approximately the same (700 nm for cylinders and 

~950 nm for the other designs). For the designs with the 

larger period, performance suffers at larger angles because 

of out-coupling of light from higher diffraction orders. 

 Instead of grating-based coupling, some interesting 

work on nanostructured scattering layers has been con-

ducted. Spinelli and colleagues [ 62 ] showed in simulations 

and experimentally that arrays of small cylindrical dielec-

tric nanoparticles can effectively couple light into semi-

conductor substrates; silicon cylinders with a diameter of 

125 nm and a height of 150 nm on a 400 nm pitch reduce 

integrated reflection from a silicon substrate from 32.2% 

to 7.5%; the effect can be further enhanced by using a 

silicon nitride antireflection layer. The reduced reflection 

is attributed to effective coupling of light into the semi-

conductor substrate; while both spheres and cylinders 

have large scattering cross-sections to interact with inci-

dent light, cylinders can couple light into the substrate 

through a leaky Mie resonance whereas these resonances 

in spheres of a similar size are essentially isolated. New 

resonances with more effective substrate coupling emerge 

in larger spheres: Grandidier and colleagues [ 63 ] proposed 

a light-trapping scheme based on a periodic array of wave-

length-scale dielectric spheres. An array of such spheres 

acts as a diffraction grating but can also couple to guided 

modes in an absorber through coupled whispering gallery 

resonances in the sphere array. When placed close to 

adjacent spheres, the circulating resonances beneath the 

surface of the individual spheres couple to form so-called 

 “ jet ”  waveguide modes. FDTD simulations show broad-

band absorption enhancement owing to scattering and a 

doubling in absorption around the wavelength of 665 nm, 

which is the resonant frequency for the coupled whisper-

ing gallery mode. Shin and colleagues heterogeneously 

integrated p +  + -doped InGaAs nanowires on the rear side 

of a silicon solar cell via catalyst-free MOCVD growth [ 64 ]. 

The rest of the rear surface of the silicon was passivated 

with a nitride layer and the nanowires were surrounded 

by a metal backreflector and rear contact. It was found 

by analyzing direct and diffuse transmission in the het-

erostructure without the metal contact that the nanowires 
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 Figure 5      (A – D) Fabrication process and (E) simulated optimum aspect ratio for a hybrid polymer-silicon nanocone solar cell. Reused with 

permission from [ 59 ],   ©  2012 American Chemical Society.    
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scatter most light above the 950 nm wavelength diffusely. 

Thus, the nanowires act to scatter light at large angles 

which the metal contact then reflects back into the solar 

cell to extend the light path. In addition, the structure 

offers electronic advantages since it acts as a rear point 

contact. With only 1.5% of the silicon surface covered, 

the recombination at the rear surface is greatly reduced. 

The device with the nanowire rear contact showed a 36% 

improvement in power conversion efficiency as compared 

to a reference structure with a planar backreflector.  

3.3    Waveguiding 

 The dramatic effects of waveguiding in ultra-thin planar 

layers have been shown in a number of studies. One 

numerical study showed that a simple 1D sinusoidal 

grating could increase the daily energy output of an 10 

nm-thick non-tracking PV device by 60% compared to a 

planar structure with an optimized antireflection coating 

[ 65 ]. Yu and colleagues showed an average enhancement 

of 12 times the expected bulk limit in a 5 nm thick absorber 

layer surrounded by a cladding layer and a scattering 

layer ( Figure 6 ). Callahan and colleagues [ 66 ] presented a 

local density of optical states approach to analyzing nano-

photonic absorption enhancement and present a variety 

of techniques for achieving this goal, including a portfolio 

of ultra-thin waveguides ( Figure 7 ), inhomogeneous struc-

tures, and spectral-reweighting. Munday and colleagues 

from the same group show a specific example: enhance-

ment in a 10nm P3HT:PCBM layer clad on both sides by a 

45 nm layer of GaP to form a high-low-high refractive index 

slot waveguide structure can exceed the 4n 2  limit from 560 

to 680 nm via coupling into three waveguide modes [ 67 ]. 

Finally, Naqavi and colleagues analyzed the case of simul-

taneous wavelength scale scattering and subwavelength 

confinement at oblique angles of incidence [ 68 ]. Interest-

ingly, they find that light coupling at oblique angles of 

incidence does not significantly decrease the potential 

absorption improvement factor.   

 Light trapping in waveguide modes has also been 

explored in non-planar slabs. Yu and colleagues [ 69 ] 

showed numerically that a corrugated slab of amorphous 

silicon 70  nm thick sandwiched between two layers of 

dielectric material could absorb the same amount of light 

as a 400 nm thick planar film. Strong light trapping was 

attributed to the design which combined the antireflective 

effects of the dielectric material and the coupling of light 

into leaky resonant modes within the amorphous silicon, 

which allow nanostructures of various shapes to act as 

efficient optical antennae [ 70 ]. 

 In another study, instead of using the nanocone archi-

tecture in the active layer of the device to promote antire-

flection, Zhu, Hsu, and colleagues from our group used 

our silica sphere coating and dry etching technique for 

fabricating nanocone substrates which we subsequently 

used as a template to grow 280 nm thin-film amorphous 

nanodome solar cells. The cells had 94% measured 

absorption in the wavelength range from 400 to 800 nm, 

owing to coupling into guided modes (verified through 

electromagnetic simulations, see  Figure 8 ). The improve-

ment in absorption translated into a final device efficiency 

of 5.9%, 25% higher than a planar control [ 71 ].  

 In collaboration with Bataglia and colleagues, Ching-

Mei Hsu in our group expanded on this work to further 

optimize the structure. First, we fabricated a 270 nm-thick 

p-i-n cell, and a randomly textured zinc oxide front elec-

trode deposited by low-pressure chemical vapour depo-

sition [ 72 ]. Nanopillar, convex nanodome, and concave 

nanocone substrates were investigated and compared 

against a flat backreflector. Cells grown on the nanocone 

substrates demonstrated an impressive device efficiency 

 Figure 6      (A) Structure, (B) electric field intensity profile, and (C) angular-dependent enhancement factor of an ultra-thin solar cell. The 4n 2  

limit to absorption enhancement, shown in red, is far exceeded in this structure. Adapted from [ 48 ],   ©  2010 National Academy of Sciences.    
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 Figure 8      (A) Structure (scale bar = 500 nm), (B) schematic, and (C) 

electromagnetic simulation of an amorphous silicon nanodome cell 

showing the presence of an electric field component in the vertical 

direction, which indicates coupling into guided modes in the active 

layer. Reused with permission from [ 70 ].    

of 9.7%, a 20% increase compared to the planar sample 

owing to coupling to guided optical modes. Other samples 

showed good light trapping properties but concomitant 

degradation of electrical properties. Absorption was also 

shown to be relatively insensitive to grating period in this 

case owing to the initial quasi-omnidirectional scatter-

ing from the front textured transparent contact, which 

results in angle-averaging of the light trapping effects of 

the nanocones themselves. With a slight modification to 

the fabrication process, the authors created a substrate 

with a hexagonal array of nanocavities that yielded a final 

amorphous silicon cell with a device efficiency of 10.9% 

[ 73 ], rivaling that of cells deposited on a random pyrami-

dal textured substrate ( Figure 9 ).  

 Using the silica nanosphere template without etching 

the underlying substrate, Yao, Yao, and colleagues [ 74 ] 

in our group developed an architecture for solar cells 

comprising an array of hollow shells which acts simul-

taneously as scattering layer and a set of spherical wave-

guides. The structure was fabricated by performing LPCVD 

coating of a silica sphere template with nano-crystalline 

silicon. Absorption in this structure is greatly enhanced 

owing to circulating guided resonances. By optimizing the 

balance between the internal and external leakage rates 

in the structure, we experimentally demonstrated up to a 

20-fold absorption enhancement in an amorphous silicon 

film only 50 nm thick ( Figure 10 ). We also showed excel-

lent angular absorption performance and the ability to 

transfer the nanoshells to flexible substrates.  

 It is finally important to note that in solar cell designs 

with high parasitic optical losses, the benefits of light trap-

ping structures can be severely mitigated. Consider a stand-

ard silicon solar cell with a non-ideal rear metal reflector. 

If the loss in the rear reflector is on the order of 5 – 6%, the 
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 Figure 10      (A) Structure of a nanoscrystalline hollow nanoshell 

absorber layer (scale bar = 300 nm) and (B) improved absorption 

performance of nanoshell (red) vs. co-deposited planar film (black). 

Adapted from [ 74 ].    

improvement in current from enhanced light trapping 

could be halved [ 51 ]. This agrees with the numerical inves-

tigation by Gjessing and colleagues, in which the authors 

used a spacer layer between the grating and the metal 

backreflector. Their structure showed a larger absorption 

enhancement from a backside 2D grating as compared 

with similar designs in 2 and 5  μ m silicon films owing to 

reduced parasitic losses. Similar conclusions were found 

in the study of a 2.4  μ m-thick polycrystalline periodic 

nanodome architecture formed by electron beam evapora-

tion and annealing of silicon on a periodically patterned 

sol-gel surface [ 75 ]. Light trapping in the structure was pre-

dicted to operate near the 4n 2  limit when the cell was sand-

wiched between lossless transparent conductive oxide 

contacts. However, when typical TCO losses were taken 

into account in the optical model, no significant improve-

ment was observed over conventional designs owing to 

parasitic absorption in the transparent contact layers. The 

authors suggest several techniques for improving experi-

mental performance, including employing a planarized 

or highly scattering backreflector rather than a conformal 

back-reflector and minimizing the contact area between 

the transparent conductive oxide and the absorber layer in 

the device. It is clear that the use of metals, heavily doped 

semiconductors, or other lossy materials in light-trapping 

designs should be carefully evaluated. 

 Electrical losses from light trapping structures of dif-

ferent shapes was also highlighted by Vervisch and col-

leagues using a thin organic cell with a metal grating 

backreflector as an example [ 76 ]. While the carrier genera-

tion rate of an optimized cell with a grating is higher than 

an equivalent planar cell, the internal electric field within 

the organic cell is severely altered, and thus carriers are 

poorly harvested, resulting in an overall lower power 
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conversion efficiency ( Figure 11 ). Very recently, indium 

phosphide nanowire p-i-n solar cells were developed 

with efficiencies up to 13.8%, rivaling planar cells [ 77 ]. 

Light absorption was optimized for wires on a given pitch 

(400 nm) by changing the diameter of the wires (180 nm) 

to maximize resonant light trapping. In modeling the elec-

tromagnetic fields in the device, much of the absorption 

was found to occur near the tip of the wire; the authors 

thus reduced the depth of the heavily doped n region to 

minimize electrical losses.  

 Given the importance of eliminating these mitigating 

factors, many simulation tools that couple optical and 

electrical performance of solar cells have emerged to eval-

uate potential light-trapping designs when used in a full 

cell design [ 76 ,  78 ,  79 ]. Experimental techniques have also 

been developed to extract non-parasitic absorption from 

luminescence experiments [ 80 ] and to probe the quantum 

efficiency of guided modes directly [ 81 ].  

3.4    Summary 

 The study of absorption enhancement benefits from a rich 

set of general theory and simulation tools to optimize the 

geometry (placement of structures, period, aspect ratio, 

and shape), and thus the optical properties of light trap-

ping surface structures and waveguide absorbers. Designs 

with efficiencies rivaling or exceeding conventional 

architectures have been demonstrated by our group and 

others. Materials selection and optimization of fabrication 

 techniques is required to achieve simultaneously high 

absorption, small parasitic losses, and strong electrical 

properties in solar cells.   

4    Photonic crystals 
4.1    Overview and theory 

 While eliminating reflection and enhancing absorption 

are central to achieving low-cost, high efficiency solar 

cells, devices may have a host of other requirements for 

photon management architectures in real applications. 

For example, solar cells in building-integrated photo-

voltaics may need to be partially transparent, those in 

concentrator systems may require directional selectivity, 

and those in thermophotovoltaic systems require optical 

layers with specifically tuned absorption and emission 

spectra. For these needs, photonic crystals could offer an 

excellent solution. 

 Photonic crystals enable control of light propagation 

just as atomic crystals enable control of electron conduc-

tion [ 82 ]. In an atomic crystal, the periodic arrangement of 

atoms results in a spatially periodic electrical potential on 

the scale of electron waves. Electrons with certain ener-

gies and momenta will be able to pass through the crystal 

without scattering while other combinations of energies 

and momenta will be forbidden. Similarly, photonic crys-

tals present a varying dielectric potential through the 

spatial arrangement of materials with different dielec-

tric permittivity on the scale of the wavelength of light. 

When the dielectric contrast and scaling of features in 

the structure is properly selected, the structure presents 

either a complete photonic bandgap (i.e., no propagating 

waves in any direction) or a partial gap/stop-band (i.e., 

no propagating waves in certain directions) in a band of 

frequencies. 

 In the following sections, we explore a number of 

properties of photonic crystals useful to photon manage-

ment. First, we look at photonic crystal reflectors placed 

on the shadow side of the active layer of a solar cell or in 

an intermediate layer in a multi-junction device. Here, 

photonic crystals provide wavelength-selective near-per-

fect reflection, scattering, or interfacial modes for increas-

ing the light path. We then look at absorbers and emit-

ters which are themselves structured as photonic crystal 

slabs, which demonstrate field localization for enhanced 

absorption. Finally, we look at front-side photonic crystals 

used for antireflection, directional selectivity, and cou-

pling of incident light to interfacial modes.  
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 Figure 11      Generation rate and electric field distribution for 

planar and grating-based organic solar cells. Used with permis-

sion from [ 76 ].    
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4.2    Photonic crystal reflectors 

 Perhaps the simplest photonic crystal structure is an alter-

nating periodic stack of layers with different dielectric 

permittivity. Assuming negligible absorption and proper 

scaling of the layers, light propagation through the layers 

is forbidden, and the structure becomes a near perfect 

reflector to the light frequencies within the photonic band 

gap. A key advantage of photonic crystals when compared 

to traditional metallic reflectors or highly scattering back 

reflectors is tunable spectral selectivity, which allows near-

perfect reflectivity inside the band gap and high transmis-

sivity outside the bandgap. In addition, near the red edge 

of the photonic crystal bandgap, strong light localization 

can occur in the high refractive index layers of the stack, 

potentially further enhancing absorption [ 83 ]. Such 1-D 

photonic crystals, also known as Distributed Bragg Reflec-

tors, have been heavily investigated for solar cells. 

 One useful application for wavelength-selective pho-

tonic crystal reflectors is for semi-transparent building-

integrated photovoltaics (BIPV). BIPV are used for roofs, 

skylights, windows, or facades in place of traditional build-

ing materials to generate electricity while simultaneously 

providing thermal management and tinting/shading. 

 Semi-transparent amorphous silicon (a-Si) solar cell 

modules have been deployed in BIPV systems at a New York 

City subway station [ 84 ] and on the fa ç ade of a building in 

Korea [ 85 ]. a-Si is an attractive material for BIPV applica-

tions owing to its availability, relative non-toxicity, compat-

ibility for deposition over large areas, and low temperature 

coefficient. However, its thickness must be minimized 

in order to maintain a high electric field across the active 

layer and minimize light-induced degradation [ 4 ]. O ’ Brien 

and colleagues [ 86 ] analyzed a DBR rear electrical contact 

for a superstrate-configuration a-Si BIPV. The structure 

comprised alternating silica nanoparticle and sputtered 

ITO layers adjacent to a 100 nm-thick a-Si absorber. Simu-

lations using the scattering matrix method showed that a 

DBR with a Bragg reflection peak centered around 600 nm 

would provide nearly identical short-circuit current to an 

optimized zinc oxide/silver contact while transmitting over 

40% of incoming sunlight, which would be available for 

building heating and cooling. The authors also proposed 

an optimized architecture to provide sufficient transmis-

sion for indoor lighting by re-centering the reflection band 

of the DBR around 500  nm and deposited amorphous 

silicon layers atop DBRs with different reflection bands to 

demonstrate color control of transmitted light. 

 A full a-Si cell with photonic crystal reflectors was fab-

ricated by Kuo and colleagues [ 87 ]. Here, a stack of three 

TiO 
2
 /SiO 

2
  DBRs with different stop bands were deposited 

behind the ZnO back contact of an amorphous silicon 

solar cell; by tuning the position of the stop bands of the 

three reflectors, the authors improved the efficiency of an 

amorphous silicon solar cell with a 200 nm thick absorb-

ing layer from 3.68% to 4.66% while allowing transpar-

ency in the 450 nm wavelength region, resulting in blue 

light transmission through the cell ( Figure 12 ).  

 Other BIPV-compatible cells with DBRs were made 

from organic photovoltaics. In an organic solar cell, 

bound electron-hole pairs (excitons) are formed by inci-

dent light and separated at a heterojunction interface 

between a donor and acceptor polymer. By choosing par-

ticular donor and acceptor materials, for example chlo-

roaluminum phthalocyanine and fullerene (C 
60

 ), a cell 

can be made to absorb light in the infrared and ultravio-

let while maintaining transparency in the visible. A TiO 
2
 /

SiO 
2
  DBR reflector was sputtered onto the backside of such 

an organic device to reflect 99% of incident light in the 

wavelength range of 695 – 910  nm [ 88 ]. When used with 

a 120 nm thick ITO back transparent contact and a back-

side antireflection layer for visible light, efficiency was 

increased to 1.5% compared to 1.0% in a device without 

a reflector. In addition to improving power generation in 

the device, the authors note that the DBR could be used 

for simultaneous near-infrared rejection in architectural 

cooling applications. As an alternative to sputtering, spin 

coated DBRs have also been explored as a low-cost, low 

deposition temperature reflector in organic cells [ 89 ]. 

 Dye-sensitized solar cells (DSCs) have also been cited 

for their potential in building integrated photovoltaics 

[ 90 ]. In addition to being partially transparent, photonic 

crystal reflectors in dye cells must be permeable to the hole 
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 Figure 12      (A) Schematic, (B) reflection spectrum, and (C) pho-

tograph of transmitted light for an amorphous silicon solar cell 

backed by a stack of three DBRs. Used with permission from [ 86 ].    
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transport electrolyte. Porous DBRs comprising alternating 

layers of spin-cast SiO 
2
  and TiO 

2
  particles have been dem-

onstrated to improve the power conversion efficiency of a 

DSC from 3.9% for a reference cell to 4.6%. The photocur-

rent is greatly enhanced by the DBR while the photovolt-

age, angular performance, and transparency of the device 

are preserved [ 91 ]. Optimizing the overlap between the 

photonic bandgap and the absorption band of the dye and 

the thickness of active layer (and thus the number of avail-

able photonic states for light coupling) gives rise to a larger 

enhancement of the photocurrent. DBRs have also been 

integrated seamlessly into columnar TiO 
2
  electrodes for dye 

cells using periodic current pulsing of a titanium plate [ 92 ]. 

The electrodes were then peeled off and inserted into a dye 

cell. The space between the columns allows for penetration 

of the electrolyte. The power conversion efficiency of these 

devices was improved from 3.66% to 5.61%; further optimi-

zations led to an even higher efficiency of 7.11%. 

 In addition to reflectivity generated by a photonic 

band-gap, scattering or coupling to waveguide modes 

may be desired from photonic crystal reflectors. Zeng and 

colleagues [ 93 ] fabricated a crystalline silicon solar cell 

on top of a 675  μ m-thick silicon wafer; one-dimensional 

gratings with a 1.1  μ m period were patterned on the back-

side through projection photolithography and etching, 

and DBRs were deposited by plasma-enhanced chemical 

vapour deposition. The DBR was designed to have strong 

reflectivity in the wavelength range from 800 to 1100 nm, 

while the grating was designed to diffract incident light at 

these wavelengths well beyond the critical angle for total 

internal reflection in silicon. The authors found that the 

photonic crystal and grating together performed better 

than the grating alone, improving overall efficiency from 

11.1% to 13.2%. Further, the angular performance of the 

devices is impressive; 80% of power efficiency enhance-

ment is preserved even through incident angles as high as 

45 °  owing to the preservation of the reflection properties 

of the photonic crystal bandgap and the diffraction pro-

perties of the gratings at large angles. Short circuit current 

enhancement of 19% was observed by another group [ 94 ] 

in a thinner 5  μ m device. Note that unlike planar DBRs, 

where more layers improve the photonic crystal perfor-

mance, simulations show that for DBRs with integrated 

gratings, parasitic losses due to grating coupling to 

guided modes within the DBR instead of the active layer 

could degrade performance [ 95 ]. 

 Another way to introduce scattering to photonic crys-

tals is to use structures of higher dimensionality. O ’ Brien 

and colleagues studied photoconductivity enhancement 

in absorber layers using opaline photonic crystal backre-

flectors [ 96 ]. Opals consist of a hexagonally-close packed 

array of spheres in three dimensions. The photonic band 

structure of opals does not contain a wide photonic 

bandgap but instead has a narrow stopgap in the [ 1 1 1 ] 

crystal direction. The authors deposited a 40-layer thick 

opal of glass spheres on the back side of a 254 nm thick 

amorphous silicon film. Peaks in absorption enhance-

ment in the a-Si films corresponded well with scalar 

wave approximation simulations, and the authors found 

through FDTD simulations that absorption enhancement 

arose both from backreflection in the stop band and from 

diffraction from the opaline structure into guided modes 

at the interface between the opal and the absorber, includ-

ing a defect mode that exists within the photonic stop gap 

(the surface of a 3 dimensional crystal, which is a break in 

the crystal periodicity, can be considered a defect). 

 The inverse of the opal structure has also been investi-

gated. Inverse opals are fabricated by backfilling the void 

space between the spheres of an opaline structure and 

selectively etching, dissolving, or calcining the sphere 

template. 

 Inverse TiO 
2
  opals with interconnected cavities have 

been heavily investigated for dye-sensitized solar cells. 

Early investigations focused on replacing the nc-TiO 
2
  film 

with an inverse opal photonic crystal [ 97  –  101 ]. Any gains 

from nanophotonic effects in these designs were mitigated 

by a greatly reduced surface area for dye loading compared 

to nanoscrytalline thin films, volume contraction and 

cracking of the inverse opals during removal of the sphere 

template, or because incident light within the stopband 

of the crystal was rejected and therefore not absorbed 

by the dye inside the inverse opal. Instead, inverse opals 

were found to be most effective when coupled to a nc-TiO 
2
  

thin film, i.e., a bilayer DSC structure. Halaoui et al. 

[ 102 ] showed an improvement in the incident photon-to-

electron conversion efficiency in a bilayer DSC structure 

over either the planar layer of nanoscrystalline TiO 
2
  or a 

photonic crystal TiO 
2
  backbone alone. Similarly, Guldin 

et al. [ 103 ] and colleagues observed improved short circuit 

current density in a non-optimized bilayer DSC. Lee and 

coworkers [ 104 ] improved the power conversion efficiency 

of a bilayer DSC device to 8.3% compared to 6.5% for a 

comparable reference cell with the same dye loading. 

They found the improvement to be highly dependent on 

the optical coupling between the photonic crystal and the 

thin film. Li and colleagues [ 105 ] found similar levels of 

improvement in relative efficiency in a recent study (an 

improvement of 2.76% to 3.59%). Different mechanisms 

for absorption enhancement in inverse opals coupled to 

thin films have been elucidated, including backreflection 

from the photonic band gap, the localization of heavy 

photons at the edges of the photonic gap (a narrow-band 
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effect which enhances light absorption in the red regime) 

[ 106 ], enhanced backscattering due to disordered regions 

in the crystal [ 102 ], and, significantly, because of the 

localization of light in the absorber film due to multiple 

resonant modes at the interface between the crystal and 

the absorber [ 107 ]. 

 It should also be noted that inverse opals can be 

used even on devices with more exotic morphologies. 

Mihi and colleagues developed a technique to transfer 

an inverse opal from a silica coated substrate to another 

surface by encapsulating it in a polymer, undercutting it 

with hydrofluoric acid, transferring it, and dissolving the 

polymer. Using this technique, they formed a porous TiO 
2
  

inverse opal electrode and transferred it onto a nanow-

ire dye-sensitized solar cell ( Figure 13 ). The authors 

improved the efficiency of the solar cell from 0.586% to 

0.679%, demonstrating the optical quality of the trans-

ferred film [ 108 ].  

 Instead of or in addition to being used at the back 

side of a solar cell, photonic crystals reflectors have also 

been investigated as intermediate layers in multi-junction 

solar cells. The current through a the series connection in 

a multi-junction cell is limited by the junction with the 

lowest current, and thus current matching is critical to 

achieving high efficiency in these devices. In addition to 

band-gap and device engineering approaches, interme-

diate reflectors could be used to tune absorption in each 

junction. 

 For example, consider an amorphous-silicon/micro-

crystalline silicon tandem solar cell (micromorph solar 

cell). The thickness of the top amorphous layer in such 

a cell is restricted because of the hole diffusion length; 

therefore, current matching is difficult to achieve by 

changing the thickness of the sub-cells. Bielawny and 

colleagues [ 109 ] simulated photonic crystals as interme-

diate reflectors in micromorph cells using the Fourier 

modal method. Simulated optimized 1D and 3D pho-

tonic crystal structures provide 20% and 30% higher 

current, respectively, in the amorphous silicon top cell of 

a tandem device over a standard cell. While the 1D struc-

ture demonstrates a strong 0th order reflection band, the 

3D structure is also capable of diffraction to higher order 

modes, further increasing the light path. 

 The same group fabricated devices with an inverse-

opal 3D structure on the top cell [ 110 ] and in a full tandem 

device [ 111 ]. The authors use a superstrate configuration 

with the active layers deposited atop a textured trans-

parent conductive oxide to take advantage of scattering 

at the front interface. The dip-coated PMMA opal tem-

plate is applied next. While the spheres assemble amor-

phously on the rough surface, they form a crystalline 

opal structure in the upper layers of the stack. Atomic 

layer deposition of aluminum-doped zinc oxide is used 

to backfill the opal to form a conductive inverse opal. The 

PMMA template is then dissolved, and the back layers of 

the tandem cell (the microcrystalline silicon bottom cell 

and back contact) are deposited. In the fabricated device, 

the upper cell performance increases near the reflection 

band of the photonic crystal while the performance of 

the bottom cell degrades significantly owing to the prop-

erties of light propagation through the inverse opal as 

well as electrical and reflection losses at the interface 

between the photonic crystal and the  μ c-Si layer. Intro-

ducing a thin (90 nm) ZnO index matching layer below 

the photonic crystal has been proposed to limit deleteri-

ous reflections at longer wavelengths; simulations have 

shown that the absorption loss in the bottom cell can be 

partially recovered through this technique [ 112 ]. 
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 Figure 13      Transfer process and final structure of an inverse-opal framework for a dye-sensitized solar cell. Used with permission from [ 108 ].    
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 1D photonic crystal intermediate reflectors with inte-

grated rectangular and triangular surface diffraction grat-

ings were simulated by another group [ 113 ]. An optimized 

structure with triangular gratings had 77 % simulated 

absorption (400 – 1100 nm) in the top cell and transmis-

sion of 41% (1100 – 1800 nm) to the bottom cell. The sig-

nature of light trapping imparted by the photonic crystal 

was a band-edge absorption enhancement factor of 4.6 

in the wavelength range of 867 – 1100 nm. The group also 

demonstrated a fabricated structure grown by plasma 

enhanced chemical vapor deposition (PECVD), electron 

beam (E-beam) lithography, and dry etching. 

 Beyond controlling the flux of incident light into each 

layer in a multi-junction cell, DBRs are also being explored 

to manage photons generated by radiative recombina-

tion and reabsorbed in each layer, i.e., photon recycling. 

Photon recycling plays an important role in high-effi-

ciency materials, for example III-V semiconductors, where 

non-radiative recombination pathways for photogen-

erated carriers are minimized. For example, Miller and 

colleagues [ 114 ] have performed calculations which show 

that a single-junction 3  μ m gallium arsenide cell is theo-

retically capable of achieving an efficiency of 33.2%, close 

to that predicted by the detailed balance limit for a single 

junction device (33.5%); however, if the back-reflector for 

such a cell leaks 20% of photons, the overall efficiency 

drops by 1.3%. Surprisingly, this is not primarily due to 

a loss of incident photons (the short-circuit photocurrent 

from the device drops only 0.2%) but instead to a loss of 

photons generated through radiative recombination in the 

active layer (which manifests as a drop in the open-circuit 

voltage of the device). This is consistent with a thermo-

dynamic argument: if some photons are not recycled, the 

carrier product of electrons and holes (np) drops, which 

in turn reduces the splitting of the quasi-Fermi energies 

of the exited populations in the device and thus the open 

circuit voltage [ 45 ,  115 ]. 

 Several III-V cells with high photon recycling could 

be connected through tunnel junctions to form a multi-

junction device; such solar cells are currently the highest 

efficiency photovoltaic devices available [ 1 ]. Leakage of 

recycled photons from one sub-cell to other parts of the 

device would result in a decreased photovoltage from that 

sub-cell and an overall decrease in efficiency. Photonic 

crystal reflectors with an appropriate stop-band could 

therefore be used to maximize voltage while a comple-

mentary technique, such as bandgap engineering, could 

be used to balance current. In recent work, Garcia and 

colleagues [ 116 ] used the transfer matrix method to cal-

culate the effect of an optimized DBR on the GaAs subcell 

of a triple junction device. The authors considered several 

materials which could be epitaxially grown on GaAs and 

provide near-isotropic high reflectance around GaAs ’ s 

band edge of 880 nm. The authors describe a technique 

to optimize the thickness and number of repeats of a DBR 

intermediate reflector for recycled photons and discuss a 

multi-section DBR with each section optimized to a par-

ticular propagation angle to approximate isotropic reflec-

tion. The maximum calculated reflectivity achievable for a 

single GaAs cell is 88% while that for the GaAs middle cell 

of a triple-junction device is 83%. 

 Finally, there has been some theoretical work to 

compare the relative merits of different types of photonic 

crystals for backreflecting applications. Bermel and col-

leagues compared the simulated optical performance of 

several different photonic crystal architectures, includ-

ing DBRs, DBRs with 1D and 2D gratings, 2D photonic 

crystal slabs, 3D woodpile crystals, and inverse opals in 

a 2  μ m c-Si solar cell [ 117 ]. When optimized, the structures 

all were predicted to demonstrate between 24% and 32% 

absorption enhancement over a device with an aluminum 

backreflector. DBRs with 2D gratings with different grating 

periods had the highest enhancement since the grating 

periods could be tuned independently to avoid strongly 

overlapping modes and broaden the frequency response. 

The work also established the superiority of triangular 

lattice slabs over square lattice slabs as backreflectors 

owing to a bandstructure with a larger stopband for one 

polarization of light and a slower group velocity for light 

in this structure.  

4.3    Photonic crystal absorbers 

 Another property of photonic crystals important to light 

trapping is localization of light within the photonic crystal 

itself. This effectively tailors the absorption spectrum of a 

material by enhancing the path length or residence time 

of light at certain frequencies. Forming absorbers which 

are themselves structured as photonic crystals has thus 

been an area of active interest. One system that lends itself 

well to this design is the organic solar cell. The absorption 

length and the exciton diffusion length in such devices 

typically differ by an order of magnitude (100s vs. 10s of 

nm, respectively [ 118 ]); strong light absorption in thinner 

layers of the active material, particularly in wavelengths 

close to the infrared absorption edge, are desired. An early 

theoretical study [ 119 ] describes photonic crystal Bloch 

mode absorbers in organic solar cells comprising donor 

(P3HT) nanowires in an acceptor (PCBM) slab. Through 

FDTD simulations, the authors theorized a 35.6% absorp-

tion enhancement by optimizing the periodicity (500 nm), 
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wire diameter (400 nm), and slab thickness (150 nm). Near 

the absorption edge, this structure provides a high density 

of Bloch modes, two Bloch modes for coupling normally 

incident light, and long modal lifetime owing to low 

group velocity (slowly propagating light) in the disper-

sion relation at the relevant wavelengths (600 – 700 nm). 

While absorption could be effectively enhanced in such 

a bilayer structure, the donor and acceptor are separated 

on a length scale incommensurate with efficient exciton 

diffusion. 

 A light trapping strategy compatible with the bulk 

heterojunction architecture, in which donor and accep-

tor polymers phase-separate into an intimately inter-

mixed nanostructure, involves impressing a low-index 

photonic crystal, for example, nanocrystalline zinc 

oxide or titanium dioxide ridges, pillars, or cones, into a 

bulk-heterojunction matrix. In addition, this approach 

offers higher index contrast than the case where the 

polymers alone are used as the photonic crystal mate-

rials. 1D and 2D periodic impressed OPV absorbers 

have been studied theoretically in a number of works 

[ 120  –  122 ]. Plane-wave transfer and scattering matrix 

simulations [ 120 ] showed absorption enhancements 

of 17% of an optimized ridge/pillar photonic crystal 

solar cell over an optimized planar structure of equiva-

lent volume. Simulations also place a lower bound of 

0.3 on the difference in refractive index needed in the 

low-index layer to give rise to enhanced absorption 

with P3HT:PCBM. Other simulations [ 121 ] revealed a 

reduction of the distance between exciton creation and 

separation, suggesting favorable electrical properties 

in addition to higher absorption. Tapered structures in 

the low-index layer, such as cones and pyramids, are 

predicted to outperform rectangular structures owing 

to antireflection effects and, in some configurations, 

higher exciton generation close to the interface between 

the polymer and the top contact [ 122 ]. 

 The modal character of the enhancement was also 

analyzed [ 120 ] by comparing peaks in the absorption 

profile and the photonic band structure of the absorber 

layer. Both broad-band and narrow-band modes exist 

with short and long lifetimes, respectively. Further, not all 

modes result in absorption enhancement (i.e., some are 

optically inactive). The importance of an active spacer or 

flash layer, i.e., a thin planar layer of the polymer blend 

sitting on one side of the photonic crystal, is highlighted 

in this and another study [ 123 ]. Light is concentrated in 

quasiguided modes at the bottom face of a photonic 

crystal slab; without a spacer layer, light trapping would 

occur in the electrode material rather than the active layer 

and result in negligible absorption enhancement. 

 Ko and colleagues fabricated organic solar cells with 

a photonic crystal active layer [ 124 ] by patterning the low-

efficiency TDPTD:PCBM system with a soft, non-wetting 

perfluoropolyether mold to form a hexagonal array of 

columns with a height of 180  nm and a periodicity of 

400 nm. The columns were back-filled with 5 nm nc-ZnO 

particles; the thickness of the layer was tuned to provide 

both index contrast in the photonic crystal and an optical 

spacing layer for interference effects. The device showed 

higher absorption than a comparable planar device 

at wavelengths higher than 600 nm, with a maximum 

absorption enhancement of 3.5X at 660  nm over a com-

parable planar device. Moreover, the photonic crystal 

cell ’ s incident photon-to-electron conversion efficiency 

is improved over the entire spectrum, not merely in the 

region of enhanced absorption, owing both to light con-

centration in the absorbing layers and improved internal 

quantum efficiency, perhaps through enhanced electrical 

performance from chain or grain alignment [ 125  –  128 ] or 

due to modification of the exciton creation and dissocia-

tion profile. Photonic crystal devices were on-average 68% 

more efficient than planar counterparts, albeit on mod-

estly performing   <  1% efficient devices. Recently, the same 

group conducted studies on both standard and inverted 

organic solar cells [ 129 ]. In the P3HT:PCBM materials 

system with a copper phthalocyanine layer, up to a 90% 

absorption enhancement and a 13% efficiency enhance-

ment were observed in photonic crystal devices, produc-

ing a device with a record efficiency at the time of 2.91%. 

 Crystalline silicon and amorphous silicon photonic 

crystal slabs consisting of stripes [ 130  –  132 ], nanopil-

lars/rods [ 31 ,  133 ], nanowells/nanoholes [ 130 ,  134  –  136 ], 

tapered columns [ 137 ], and conical nanowells [ 138 ] have 

been investigated theoretically and experimentally for 

solar cell applications. All of these studies found large 

improvements in absorption and/or short circuit current 

density as a result of coupling to quasi-guided modes in 

the slab. This is consistent with the theory of Yu and col-

leagues [ 49 ], which showed that inclusions of low index 

material in a high index absorber layer can significantly 

improve absorption. However, passivation of etched struc-

tures and other electrical problems remain challenges to 

increasing conversion efficiency of devices using pat-

terned silicon photonic crystal slabs in practice. 

 Many of the photon management approaches 

described here use periodic photonic crystals. However, 

quasi-periodic and disordered systems could also be of 

interest [ 139 ]. For example, a 2D photonic crystal slab of 

silicon was simulated with different degrees of disorder 

[ 140 ]. It was found that slab where the center-to-center 

distance was randomized around a mean value of 20% of 

Brought to you by | Stanford University
Authenticated | 171.67.216.22

Download Date | 5/13/13 6:17 PM



18      V. K. Narasimhan and Y. Cui: Nanostructures for photon management © 2013 Science Wise Publishing & 

the lattice spacing performed best; smeared Bloch reso-

nances were still visible in the absorption spectrum of 

this structure. Structures with too much disorder, where 

Anderson-type localization dominates, do not perform as 

well. Another study on a random set of circular holes in a 

100 nm a-Si film confirmed this finding [ 141 ]. The disor-

dered 2D slab showed up to five-fold integrated absorp-

tion enhancement compared to an unpatterned planar 

structure. Interestingly, structures with periodic vs. com-

pletely random patterns perform almost identically, while 

an amorphous hole array, i.e., where short-range cor-

relations are present with no long range order, enhance 

absorption most strongly. 

 The use of photonic crystal slabs to tailor the 

absorption spectrum of a film could also be used for the 

reciprocal purpose of tailoring its emission spectrum. 

This technique has particular utility for an emerging 

class of solar energy converters based on thermopho-

tovoltaics (TPV). In this type of system, higher energy 

photons from sunlight are concentrated and absorbed 

by a material in order to raise its temperature; the 

absorber ’ s spectrum is such that emissivity at longer 

wavelengths is suppressed in order to prevent re-emis-

sion. The absorber is thermally coupled to a narrow-

band emitter that is closely matched to the absorption 

of a low-bandgap semiconductor solar cell. The goal of 

the TPV system is therefore to convert the broadband 

nearly black-body spectrum of the sun to a narrow band 

spectrum well matched to a solar cell. The theoretical 

efficiency of such a system is ~85%. Photonic crystals 

that could function both as selective, temperature stable 

absorbers and emitters [ 142  –  145 ] for TPV applications, 

as well as for photon management within the PV diode 

itself [ 146 ] are currently being investigated.  

4.4    Front-side photonic crystals 

 Front-side photonic crystals also have unique light-trap-

ping properties in some types of solar cells. For example, 

in ultra-thin absorber layers, a new physical mechanism 

for light absorption enhancement using DBRs emerges. In 

[ 147 ], the authors propose forming a DBR from ITO and 

ATO layers in the front transparent conducting electrode. 

Unlike the previous studies we have discussed, the DBR 

is not used as a back reflector. The organic P3HT:PCBM 

active layer is positioned between the ITO/ATO layers 

and the back metal contact. Given its refractive index, 

the organic layer essentially becomes the back layer of 

the photonic crystal if its thickness is properly scaled 

(in this case, to 40 nm). Thus, at the interface between 

the organic layer and the metal, Optical Tamm Plasmons 

may be formed [ 148 ]. Unlike surface plasmon polaritons, 

Optical Tamm Plasmons can be directly excited from the 

air (i.e., they have wavevectors that lie inside the light 

cone) by both polarizations of light. The authors calcu-

late a maximum 35% improvement in absorption in this 

structure when only two periods of the photonic crystal 

are present. The authors confirm that the absorption 

enhancement is the same regardless of incident polari-

zation and show a peak in the field at the metal/organic 

interface, providing evidence for enhancement by Optical 

Tamm Modes ( Figure 14 ).  

 An aperiodic dieletric stack was investigated as a 

front-side coating for an ultra-thin 15  nm CuPc:PCTBI 

organic solar cell in [ 149 ]. Such a stack would ideally act 

as an antireflective coating at short wavelengths and as 

a high-reflectivity mirror at long wavelengths, where the 

organic cell absorbs poorly. The authors present an ana-

lytic approach to calculate the improvement in short 
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an Optical-Tamm based light trapping scheme. Used with permissionfrom [ 147 ].    
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circuit current density for physically realizable values of 

reflection amplitude and phase and then use a numeri-

cal optimization technique to design multi-layer dielectric 

stacks that exhibit these properties. Averaged over a full 

day (i.e., over a range of incident angles), with an opti-

mized 4-layer structure, the authors calculate a potential 

40% improvement in short-circuit current density for an 

ultra-thin 15 nm bilayer organic solar cell and 32% for a 

bulk heterojunction device. 

 Ulbrich and colleagues present a design for front-side 

photonic crystals which exploit directional selectivity to 

enhance performance [ 150 ]. The principle of this structure 

is to place a selective filter at the front of the solar cell over 

top of a randomized scattering layer. The filter accepts 

only direct and circumsolar sunlight and rejects photons 

incident at oblique angles. Therefore, light enters the cell 

at a narrow range of angles, is randomly scattered by a 

textured surface and thus trapped outside the exit cone 

of the filter (thus modifying the  θ  term in the 4n 2 /sin 2 ( θ ) 

bulk limit). The light path can be theoretically enhanced 

by up to a factor of 26,000 times in silicon for light enter-

ing at incident angles   <  2.5 °  off normal. The filter can also 

be designed to operate only below a certain threshold fre-

quency such that diffuse light from higher, more readily 

absorbed frequencies is allowed to pass. The authors 

propose two types of photonic crystals to implement 

directional selectivity; a TiO 
2
 /SiO 

2
  Rugate filter, which is 

a stack of dielectric materials with a continuously varying 

refractive index profile, and an inverse opal structure 

with an incomplete band gap. The filters are shown to be 

effective only when light is normally incident on the cell 

throughout the day, i.e., in solar energy systems which 

track the sun. In non-tracking systems, no improvement 

is expected. The authors demonstrate an improvement 

in absorptance near the band edge in a 37  μ m silicon 

slab using a commercial Rugate filter and calculate 5% 

and 7.5% annual improvement in energy yield from 1  μ m 

silicon cells implementing optimized Rugate and inverse 

opal filters, respectively. 

 Finally, front-side photonic structures could also be 

used to reduce thermodynamic losses associated with 

radiative recombination. The entropy of light spontane-

ously emitted from the active layer is much larger than 

that of light incident from the sun owing to the larger solid 

angle of the emission cone. Polman and Atwater show 

that limiting the emission cone, and thus the entropy of 

the emitted light, could improve the open circuit voltage 

of a solar cell by up to 315 mV at room temperature and 

thus push solar cell efficiencies much closer to the theo-

retical thermodynamic maximum [ 151 ].  

4.5    Summary 

 We have shown that photonic crystals have been inves-

tigated in many classes of thin-film solar cells. Photonic 

crystals are particularly well-suited for photon manage-

ment in applications where spectral and directional 

selectivity or light localization could minimize photon 

loss while maintaining other properties, such as trans-

parency, angular performance, or porosity. While some 

studies have demonstrated efficiency enhancement, only 

theoretical gains have been predicted for many applica-

tions. To realize the full potential of photonic crystals in 

practice, continued effort to refine fabrication techniques 

and to seek structures with better electrical properties is 

essential.   

5    Conclusion 
 In this article, we have reviewed the rich physics underly-

ing nano and meso-scale structures for light management 

in solar cells. Such structures enable excellent antireflec-

tion, large absorption enhancement, and the possibility to 

tailor the optical response of solar cells for various appli-

cations in unprecedented ways. Nanoscale photon man-

agement structures have shown real efficiency gains in 

many types of photovoltaic devices, but simulation, char-

acterization, and improved fabrication techniques are 

important for ensuring that improved optical performance 

does not come at the expense of electrical properties in 

order for these structures to contribute to the widespread 

adoption of future generations of solar cells.   
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