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Index

a
air mass (AM) 329
air–silicon interface 37
alkaline/acidic chemical wet-etching 4
angularly resolved scattering (ARS) 98–99
angular restriction 186
angular-selective reflectance filters 10, 11
angular selectivity 187
angular spectrum method 98–99
anti-reflection (AR) technologies 1
– air–glass reflection loss 336
– light-trapping microstructures 338
– nano-scale technologies 336–338
– quarter-wavelength AR layer 336
anti-reflective/antireflection coating (ARC)
3–4

– EVA/Si interface 326
– nano-scale technologies 336–338
– short circuit current loss 339
atomic layer deposition (ALD) 131–132
autocorrelation length 95

b
barium borate glass
– advantages 303
– collection efficiency 305–306
– fluorescence intensity 306–307
– fluorozirconate-based glass 306–307
– optical properties 303, 305
– transmission factor 303, 305
black body emission spectrum 24
black silicon
– chemical etching 124–126
– ECE 124–126
– fabrication method 117, 119
– KOH 117, 118
– Lambertian light trapping (see light

trapping)

– laser processing 122–124
– RIE 119–122
– silicon passivation (see surface passivation)
Bragg filter
– germanium solar cell 201–203
– hydrogenated amorphous silicon solar cell

197–201
Bragg stacks 11

c
Chandezon method 59, 96–97
charge carrier lifetime 42
charge transfer emission 40
chemical etching 124–126
chemical passivation 136
compound parabolic concentrator (CPC)
161–162

concentrated photovoltaic (CPV) system
– acceptance angle 154–157
– geometric concentration 154–155
– HCPV (see highly concentrating

photovoltaics (HCPVs))
– low-cost optical design 153–154
– non-uniformities 158–159
– optical designs (see primary optical element

(POE))
– optical efficiency 157–158
– SOG (see silicone on glass (SOG))
concentration acceptance product (CAP)
156–157

contact tabs 340–342
crystalline Si 38
crystalline silicon (c-Si) 1
– absorption depth 1, 2
– absorption spectra 2, 3
– solar cells 1, 2
Cu(In,Ga)Se2 38
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d
2D gratings 8
3D photonic crystal IRLs (3D-IRL) 14–16
3D photonic crystals 9–11
dark current, solar cell 24
dielectric photonic structures 246–248, 251
differential reciprocity, Wong and Green
theorem 31–33

diffractive gratings. See light trapping
directional selectivity. See light trapping
distributed Bragg reflectors (DBR) 9
donor–acceptor interface 40
doping concentration 243–251
down-conversion
– AM1.5 standard solar spectrum 255
– borate glasses 260
– down-shifting 256
– multivalent europium-doping (see

europium-doping)
– phonons 259
– quantum cutting mechanism 256–257
– rare-earth ions 257–258
– Sm-doped borate glass (see samarium

(Sm)-doped borate glass)
– ZBLAN glass (see ZBLAN glasses)
down-shifting 256
dye-doped polymer 297
dynamic depolarization 214

e
effective acceptance angle
– angular transmission curve 155–156
– CAP 156–157
– concentrator cost 155–156
– imperfections 155
– maximum electric power 154–155
electrochemical etching (ECE) 124–126
Electroluminescence (EL) emission 25,
36–39

electron-beam lithography 69–70, 72
emitted photon flux 23–24
emitter and collector currents, transistors
29–30

emitter wrap through (EWT) 342
energy transfer up-conversion (ETU) 231,
237

Er3+-doped FZ glasses 232
– absorption coefficient 233–234
– absorption spectra 233–234
– nominal compositions 232–233
– optical density 233–234
– up-converted fluorescence spectra

234–237
europium-doping

– photoluminescence 274
– trivalent europium 267
– XANES measurement 274
– x-ray absorption 268–270
– XRD 270–272
exact electrodynamic theory 245
excited state absorption (ESA) 237
external quantum efficiency (EQE) 28,
105–106, 231, 237, 266, 276

– 3D photonic crystal 194–197
– enhancement 9, 15–17
– front-side nanostructures 221
– rear-side nanostructures 222
– TCO 198–199
external radiative efficiency (ERE) 34

f
Fabry–Perot-resonator 55–56
field effect passivation 136
finite difference time-domain (FDTD) method
8, 59, 246

– ARS function 98–99
– black silicon interface 133–134
– Maxwell’s equation 97
– optical simulation 99–100
– properties 100–102
finite element method (FEM) 172–174
fluorescence concentrators
– absorption/emission coefficient 285–286
– barium borate glass (see barium borate glass)
– bottom-mounted system 288–289
– factors 284
– geometrical concentration 307–308
– IAD 310
– LBIC 310–312
– mono crystalline silicon solar cell 308–310
– NanoFlukos 294
– non-perfect filter 291–293
– organic dyes 299
– plasmonic nanostructures 223
– polymer matrix material 296–298
– principles 283–284
– quantum dots (see quantum dots (QDs))
– quantum efficiency 312
– rugate filter 286–287
– side-mounted system 288
– thermodynamic efficiency 290–291
– two- and three-dimensional photonic

crystals 286–287
fluorozirconate-based glass 306–307
focused ion beam (FIB) milling 83
Förster energy-transfer processes 225
Fraunhofer diffraction 328
frequency downconverters 223
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g
galvanostatic etching 124
germanium solar cell 203
glass ceramics. See ZBLAN glasses
glass-glass modules 343
gold nanoparticle 245–246

h
highly concentrating photovoltaics (HCPVs)
– concentrator design 175–179
– requirements 175–176

i
III/V based solar cells 38
inductively coupled plasma (ICP) etching
119–121

inductively coupled reactive ion etching
(ICP-RIE) 5–6

inhomogeneous broadening 212, 216
interband damping 212, 215
interband transitions
– luminescence efficiencies 211
– optical properties 212
– in silver, gold and aluminum 210
interference lithography (IL) 76–77
intermediate reflective layers (IRLs) 13–16
internal quantum efficiency (IQE) 266,
329–330

ion-assisted deposition (IAD) 310–311
isolated interface 100
iterative Fourier transform algorithm (IFTA)
algorithm 103, 105, 107, 109, 199

k
Kirchhoff’s laws 30, 33
Köhler illumination 164
Korringa–Kohn–Rostocker (KKR) method
59

l
Lambertian scatterer 5–6, 328
laser beam induced current (LBIC) 333
laser induced periodic surface structure
(LIPSS) 122–124

The Law of Entire Equilibrium 22
LED quantum efficiency 33–34, 36, 39
levelized cost of electricity (LCOE) 323
light beam induced current (LBIC) 39, 43,
310–312

light guiding efficiency (LGE) 294–295
light harvesting strings (LHSs) 333
light management, solar module
– AR treatment, PV front surface (see

anti-reflection (AR) technologies)

– cell arrangement 324
– cell interspaces 343
– cell-to-module efficiency 323
– encapsulant materials 338–339
– experimental techniques and equipment

331–333
– front and back interface 342–343
– front glass sheets 334–336
– incidence angle variation and diffuse light

331
– metallization and contact tabs 340–342
– numerical simulations 333–334
– reflective and absorption losses 324–326
– spectral effects and solar concentration

329–331
– textured interfaces/surfaces 326–328
lightning-rod effect 212
light-scattering patterns 217
light trapping 1, 35–37
– AFM 79
– butt-coupling 55
– c-Si solar cell, textured surface of 327–328
– dielectric coatings 130–132
– electron-beam lithography 69–70, 72
– Fabry–Perot-resonator 55–56
– features 126–127
– FIB 83
– grating period 53, 55
– ICP-RIE process 128–130
– incoming radiation 56
– interference lithography 76–78
– light path 57
– limiting efficiency 132–135
– linear (1D) rear side grating 51
– micro-structured front glasses 338
– nanoimprint lithography 76–77
– optical simulation (see optical simulation)
– principles 49–50
– propagation constant 55
– properties 50–51
– self-organizing process 73–74
– SEM 80–81
– structures 127
– sub-micron domain 127
– substrate thickness 132–135
– textured glass surface 327–328
light-trapping
– Bragg filter (see Bragg filter)
– crystalline silicon cell 184
– 1D layer stack filter 192–194
– 3D photonic crystal 194–197
– directional and spectral selective absorber

191–192
– grating couplers 184
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light-trapping (contd.)
– radiative efficiency limit 185–187
– radiative interaction 7, 41–50
– thin-film solar cell 184
– universal limit 188
– wafer solar cell 184
localized surface plasmons. see
particle-plasmon (PP) resonances

low-iron soda-lime-silica glass 334–335
luminescence imaging 40–42
luminescent concentrators. See fluorescence
concentrators

m
Maxwell’s equations 96–98
metal assisted chemical etching (MACE)
125–126

metal-assisted wet-chemical etching 5
metal wrap through (MWT) 342
micromorph tandem solar cell 13–16
Mie-theory 245
multicrystalline Si solar cells 41
multifold Köhler concentrators 164–166
multi-junction cells 13
multi phonon relaxation (MPR) 240,
242–243

n
nanoimprint lithography (NIL) 76–77
nanorods (NRs) 214
nanowires 215
near-field effects 212, 217–218
near-field scanning optical microscope
(NSOM) 94, 99–100, 102

normal incidence 157
normalized non-radiative lifetime 26
numerical simulations 333–334

o
Ohmic contact 23
Onsager’s reciprocity 29
optical concentration 186–187
optical density 233–234
optical excitations, metal nanoparticle
– interband transitions 210–211
– PPs (see particle-plasmon (PP) resonances)
optical path enhancement 1
– energy-selective structures 13–16
– ray optical limit 4–5
– resonant structures 7–10
– scattering structures 5–7
optical simulation
– absorptance 66–67
– Auger recombination 66

– carrier conservation 66
– drift-diffusion equation 65–66
– matrix method 64
– radiative recombination: 66
– RCWA/FMM 58–61
– solar cell simulation 65
– SRH recombination 66
– surface recombination 66
opto-electronic reciprocity
– experimental verifications 37–39
– limitations 43–44
– luminescence imaging 40–42
– principle of detailed balance 21–22
– spectrally resolved luminescence analysis

39–40
– SQ limit 22–24
organic bulk heterojunction solar cells 38
ORMOCER 299

p
particle–particle coupling 215
particle-plasmon polariton 214
particle-plasmon (PP) resonances
– conduction electrons, collective oscillations

of 211–212
– dielectric environment 214
– inhomogeneous broadening 212, 216
– interband damping 212, 215
– light-scattering patterns 217
– metal selection 213
– near-field effects 212, 217–218
– particle–particle coupling 215
– particle shape 214–215
– particle size 214
– radiation damping 212, 216
– scattering quantum efficiency 216–217
perfect electric conductor (PEC) 107
PERL 5
photoluminescence (PL) 256
photoluminescent (PL) emission 25, 38
photonic light trap 10
photovoltaic conversion efficiency 22
planar antireflection coating 2–4
plasma enhanced chemical vapor deposition
(PECVD) 136–139

plasmon hybridization 215
plasmonic effects 8
plasmonic metal nanostructures
– advantages 226
– disadvantages 226
– fluorescence concentrators 223
– frequency downconverters 223
– front-side structures 219–221
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– interband transitions (see interband
transitions)

– intermediate reflectors, tandem cells
222–223

– near-field effects 212
– photoluminescence enhancement 224
– PPs (see particle-plasmon (PP) resonances)
– radiative quantum efficiency 223–224
– rear-side structures 221–222
– SPPs 209, 218–219
plasmon resonance 245–246, 251
polymethylmethacrylate (PMMA) 296, 297
polyvinyl butyral (PVB) 339
potassium hydroxide (KOH) 117, 118
primary optical element (POE)
– classical concentrators 160–161
– cost differences 166
– flat Fresnel-based architectures 166–168
– freeform SMS concentrators 163
– multifold Köhler concentrators 164–166
– nonimaging secondary optics 161–162
– spatial and spectral non-uniformity

168–169
principle of detailed balance 21–22
The Principle of Microscopic Reversibility 22
pyramidal surface structures 4–5

q
quadratic electric field 246
quantized thermal energy 259
quantum cutting mechanism 256
quantum dots (QDs)
– CdSe/ZnS-QDs types 301–303
– ex situ method 301
– in situ method 301
– properties 300
– reabsorption losses 301
quantum efficiency 12
quasi-Fermi level splitting 40, 42
quasi steady state photo conductance (QSSPC)
method 140–141

r
radiation damping 212, 216
radiative quantum efficiency 223–224
randomly textured surfaces
– cell efficiency 91–92
– geometry/material properties 92
– impinging photons 92
– single-junction solar cell (see single-junction

solar cell)
rate equation model 240–241
Rayleigh anomaly 7
ray optical limit 4–5

ray tracing approach 331
receiver antennas 223
reciprocity theorem
– derivation 24–29
– LED quantum efficiency 33–34
– light trapping 35–37
– SQ-theory 34–35
– Tellegens’s network theorem 30–31
– transistors emitter and collector currents

29–30
– Wong and Green theorem 31–33
– Würfel’s generalization, Kirchhoff’s law 33
referential solar cell 94–96
relative emission 293–295
ribs 163
rugate filter 11–12, 192–194
rugate stacks 11

s
samarium (Sm)-doped borate glass
– barium oxide 275
– EQE 276
– fluorescence emission 276–277
– optical absorption 276–277
– quantum efficiency 278–279
scanning electron microscopy (SEM) 80–81
scanning optical microscopy (SNOM)
99–100

scattering quantum efficiency 216–217
second law of thermodynamics 22
series resistances, luminescence imaging 41,
42

Shockley–Queisser (SQ) limit 11, 22–24
Shockley–Queisser (SQ) theory 22–24,
34–35

Shockley Read Hall (SRH) recombination 66
short circuit current density 23
shunt resistances, luminescence imaging 41
silicone on glass (SOG)
– advantages 169
– disadvantages 169
– distance-temperature-map 173–174
– efficiency 173–175
– FEM 172–174
– lens temperature 170–172
– Lorentz–Lorenz equation 172
single-junction solar cell
– absorption enhancement 104–106
– angular cone 108–109
– fabrication method 109–110
– IFTA algorithm 103, 105, 109, 199
– PEC 107
– phase-only transmission function

107–108
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single-junction solar cell (contd.)
– scattering cone 108–109
– short circuit current density 108
– unorthodox method 106–107
single optical surface (SILO) 164–165
solar photons 277
sol–gel glass 298
spatial distribution 98
spatial resolution 40
spectral concentration 250
spectrally resolved luminescence analysis
39–40

spines 163
stacked cells 13
sub-band-gap photons 231, 242
surface passivation
– chemical passivation 136
– disadvantages 144
– efficiency 142–144
– field effect passivation 136
– heterojunction 121, 143
– ICP-RIE processing 140–142
– intermediate structure 140
– laser treatment 142
– parameter variation 140–141
– PECVD 136–139
– porous silicon 143
– sample cleaning 139–140
– surface damage 139–140
– surface recombination 135
surface-plasmon polaritons (SPPs) 209,
218–219

surface plasmons 209–210

t
tandem solar cells 222–223
– anti-reflection effect 110–112
– current matching 110

– intermediate layer optimization 110–111
Tellegens’s network theorem 30–31
thermal equilibrium 22, 188
thin-film solar cells 42, 184
– advantages 209
– disadvantages 209
– plasmonic nanostructures (see plasmonic

metal nanostructures)
thinner glass (TG) 333, 339
total internal reflection 8
transparent conductive front oxide layer
(TCO)

– EQE 198–199
– Lambert–Beer’s law 199–200
– multi layer stack filter 197–198
– optical path length 200
– photovoltaic absorber 197

– total reflectance 198–199
– transmission and reflection 197–198
transparent conductive oxide (TCO)
– EPF 95–96
– growth condition 93
– optical properties 102–104
– sub-wavelength resolution 94
– surface profile 94–95
– wafer-based thick solar cell 93–94

u
ultra-light trapping 10–13
up-conversion (UC)
– dielectric photonic structures 246–248,

251
– doping concentration 243–244, 251
– Er3+-doped ZBLAN glasses (see Er3+-doped

FZ glasses)
– ETU 231
– external quantum efficiency 231
– β-NaYF4:20% Er3+ 231, 237–240
– phonon energy 242–243, 251
– plasmon resonance 245–246, 251
– rate equation model 240–241
– spectral concentration 250
– sub-band-gap photons 231, 242
– trivalent lanthanide ions 232
up-conversion quantum yield (UCQY)
231–232

– doping concentration 244
– β-NaYF4:20% Er3+ 238–239, 240–241
– phonon energy 242–243

v
VentanaTM 165

w
Wong and Green theorem 31–33

x
x-ray absorption near edge structure (XANES)
274

x-ray diffraction (XRD) 270–272

y
Yablonovitch limit 5–6, 16, 35, 189

z
ZBLAN glasses 259–260
– absorption 262–264
– Er3+-doped FZ glasses (see Er3+-doped FZ

glasses)
– internal conversion efficiency 265
– quantum efficiency 266–267
– short circuit current 264–265
– sodium borate glass 260–261


