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Index

a
absorber layer 94–95, 99–101, 229
active-matrix liquid crystal displays

(AMLCDs) 147
active-MMI SLED

field patterns and fiber coupling
efficiency 208–213

high power and low wall-plug
consumption 205–207

merit and results of 202–205
self-imaging consideration 200–201
spectrum and ripple analysis 207–208
wide spectrum consideration 201–202

active multimode interference
(active-MMI) 203

aerospace 242
amplified spontaneous emission (ASE)

195, 201, 205, 210
anti-reflection (AR) coatings 195, 196,

198, 203
antisite defect 23
asymmetric double split rings (aDSRs)

312
atmospheric-pressure CVD (APCVD) 51
atomic force microscopy (AFM) 236,

291, 294, 304, 322
atomic layer deposition (ALD) 52, 53,

150, 285
Auger coefficient 22
Auger recombination 21, 22, 157–158,

224, 226, 233
Auger recombination rate 21
avalanche photodiode (APD) 262–263

b
band-to-band recombination 19–21, 152,

158
band-to-local-energy-level recombination

153–154
base-collector (BC) junctions 109, 113,

118
base-emitter (BE) junctions 118
benzocyclobutene (BCB) polymer 203
biasing modes 111
bipolar junction transistors (BJTs) 5, 37,

38, 107, 119
bipolar transistors 107

biasing modes 111
circuit configurations 111–112
device structures and working

principles 108–111
field-effect transistor 119

junction FETs 126–131
metal-oxide-semiconductor

120–126
metal-semiconductor FETs

131–137
modulation-doped FETs 137–141

heterojunction bipolar transistors
117–118

NPN and PNP BJTs 113–117
thin-film transistors 142

device structures and
characterizations 142–147

emerging applications 148–150
representative materials and devices

147–148
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bismuth based halide perovskite X-ray
detector 277–278

Bloch function 34
blue GaN LED 181–183
Bohr radius 25
Boltzmann distribution 17, 18
Boltzmann’s constant 146, 154
Born–Oppenheimer approximation 32
boron-doped silicon (BSi) 25
brain-inspired computing 149
Bravais lattice vector 7–9, 11, 12, 14, 33,

34
bright-state prehistory effect 260
Brillouin zone (BZ) 34, 35, 288, 289
building-integrated photovoltaics (BIPV)

243
bulk-heterojunction (BHJ) 284, 320

c
cadmium chalcogenide nanocrystals 161
cadmium telluride (CdTe) solar cells 228
cadmium zinc telluride (CZT) 280
carrier transport

band-to-band transitions 19–21
drift current and diffusion current

14–17
Einstein relation 16, 17
electrons and holes 14
lifetime and mean-free-path 15
multiple scattering mechanisms 16
Shockley-Read-Hall statistics 20–21
thermal-equilibrium condition 19
trap-assisted recombination 21

cathode-ray tube (CRT) 142
charge-coupled device (CCD) sensors

265
chemical beam epitaxy (CBE) 58
chemically amplified resists (CARs)

88–89
chemically assisted ion-beam etching

(CAIBE) 198
chemical vapor deposition (CVD) 51,

148, 205, 228, 287, 298, 302
chip fabrication 175
classic semiconductors 164
coefficient of thermal expansion (CTE)

97

color rendering index (CRI) 190
common base configuration (CBC) 111,

112
common collector configuration (CCC)

112, 113
common emitter configuration (CEC)

112, 113
communications sector, solar cells 243
complementary

metal-oxide-semiconductor
(CMOS) 282

conduction band minimum (CBM) 152,
153, 164, 187

contact angle measurement 235
conventional sputtering 56
copper-based halide perovskite X-ray

detector 278
copper-based halide perovskites 279
copper gallium selenide (CGS) 227
copper indium gallium selenide (CIGS)

solar cells 227
correlated color temperature (CCT) 190,

191
Coulomb attraction 24
crystalline silicon (c-Si)

atomic and band structures 236–237
properties of 238
synthesis method 239

cubic close-packed (CCP) atoms 13
CuInGaSe solar cell 227–228
current on/off ratio (ION/IOFF) 145
cutoff mode 111
Czochralski (CZ) growth 54, 239

d
dark current 259, 262, 265
dark-state prehistory effect 260
depletion mode operation 123
detectivity (D) 266
diketopyrrolopyrrole (DPP)-based

polymers 284
N,N-dimethylformamide 239
Dirac equation 289
Dirac fermions 301
direct sonication synthesis 296–297
direct-type X-ray detectors 274–278
donor–acceptor pair recombination 154
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dopant atoms 25–27
doping process

bipolar junction transistor 22
boron-doped silicon (BSi) 25
Brillouin zone 34, 35
diffusion 25–27
diode 22
dopant atoms 27
electrically active defects 23
electrostatic modulation 36
ion implantation 29–31
mechanism 24, 26
phosphorus-doped silicon (PSi) 25
point defects 22–25
surface dopants 28–29

double-heterojunction LEDs 165–167
double-heterostructure (DH) design 202
Drude model 15
dry etching 95, 177, 196
dye-sensitized solar cells (DSSCs)

320–321
dynamic random-access memory

(DRAM) nodes 85

e
E-beam evaporation 56–57
Einstein relation 16–18
electrically active defects 23
electric vehicles (EVs) 242
electrochemical exfoliation 296
electron beam deposition (EBD) 228
electron-beam physical vapor deposition

(EBPVD) 56–57
electron-hole pairs (EHPs) 220, 226, 273
electronic transport mechanism

301–302
electron transport layers (ETLs) 284, 321
electron volt (eV) 152, 249
emitter-base junction 111
energy band theory

atomic ions 31–32
Born– Oppenheimer or adiabatic

approximation 32
ion–ion interactions 32
one-electron potential V(r) 33
reciprocal lattice vector 34–35
Schrödinger equation 33

energy resolution (ER) 280
enhancement mode operation 123
epitaxial growth 57–60, 164, 173, 174,

185, 271, 287, 294, 297–298
epitaxial thin films 51, 59
etching 66, 84, 88, 179
excimer laser annealing (ELA) 147
exciton recombination 71, 155
excitons 71
external quantum efficiency (EQE) 167,

184, 187, 188, 192, 223, 267, 316
extreme ultraviolet (EUV) lithography

equipment 83, 86–88
light source and exposure system

85–86
mask materials and designs for

absorber layer 99–101
mask fabrication process 95–96
mask substrate 96–98
ML mirror layer 98–99

Moore’s law 83
research 85
resist development

metal-based nanoparticles resist
91–94

molecular glass resist 89–91
polymer-based chemically amplified

resists 88–89
extrinsic photoconduction 251–252

f
face-centered cubic (FCC) 237
far-field patterns (FFP) 209
Fermi–Dirac statistics 39
fiber optic gyroscopes (FOGs) 199
Fick’s laws of diffusion 27
field-effect transistor (FET) 119, 287,

300, 306
antennas 308–311
application of 304–314
electronic transport mechanism

301–302
graphene nanoribbon 304
junction FETs 126–131
memory 307–308
metal-oxide-semiconductor 120–126
metal-semiconductor FETs 131–137
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field-effect transistor (FET) (contd.)
modulation-doped FETs 137–141
sensors 306–307
terahertz modulators 311–314

fill factor (FF) 223, 224
flexible and wearable electronics

148–149
floating-zone (FZ) growth 54
fluorescence spectroscopy 235
Förster resonance energy transfer (FRET)

187
forward active mode 111
Fourier transform infrared (FTIR)

spectroscopy 76, 235
four probe measurement 60–64
Frank–Van der Merwe (FVM) growth

mode 171
free excitons 155, 160
Frenkel pair 23
full width at half maximum (FWHM)

161, 164, 168, 192, 208, 280
functionalized multi-walled carbon

nanotubes (f-MWNTs) 320

g
GaAs1-xPx 160
gallium arsenide (GaAs) 159
gallium nitride (GaN) 160, 180
gallium phosphide (GaP) 159
gamma-ray detectors 279–280
GaN-based white LEDs 190–191
GaN LEDs

blue GaN LED 181–183
green and UV 183–186
nitrides structure and basic properties

180–181
Gaussian distribution function 29
graphene

antenna modulation 310
chemical and biological properties

293–294
crystal structure 287
electronic properties 289–291
mechanical properties 291–292
optical properties 291
preparation methods 294

CVD growth 298–299

direct sonication synthesis 296–297
electrochemical exfoliation 296
epitaxial growth 297–298
mechanical exfoliation 294, 296

thermal properties 292–293
graphene-based devices 300–301

FET
application of 304–314
device structure of 302–304
electronic transport mechanism

301–302
graphene nanoribbon 304

future of 324–325
graphene nanoelectromechanical

systems 321–324
type-I two-terminal devices 314–315
type-II two-terminal devices 316–321

graphene-based field-effect transistors
302–304

graphene nanoribbon FETs 304
graphene nanoribbons (GNRs) 304
green light-emitting diodes (LEDs) 184
II–VI Group semiconductors 160–161
III–V Group semiconductors 158–160
Group V atoms 23

h
Hall coefficient 65, 66
Hall effect measurement 64–67
Hermann–Mauguin notation 9
heterojunction back-contact solar cells

(HBC) 227
heterojunction bipolar transistors (HBTs)

117–118
heterojunction solar cells 222, 241
heterojunction with intrinsic thin-layer

cell (HIT) 227
hexamethyldisilazane (HMDS) 178
high-energy pulsed laser beam 57
highest occupied molecular orbital

(HOMO) 187
high-spatial-frequency roughness (HSFR)

97
hole transport layers (HTLs) 187, 321
homojunction LEDs 164
homojunction solar cell 221
hysteresis factor 223, 225
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i
illuminance (E) 170
implantable electronics 150
incident-photon-to-current conversion

efficiency (IPCE) 223
indirect-type X-ray detectors 278
indium gallium arsenide (InGaAs) 282
indium tin oxide (ITO) 284
inductively coupled plasma (ICP) 177
infrared (IR) photodetectors 271
inorganic halide perovskites (IHPs) 192
inorganic metal halide perovskite (IMHP)

162
insulated-gate FETs (IGFETs) 120
integrated circuits (ICs) 1, 5, 56, 85, 108,

119, 126, 130, 137
interdigital electrodes 164
interdigitated back-contact cell (IBC)

227
interface-charge-separation solar cells

216
interfacial engineering 188, 222, 230
internal quantum efficiency (IQE) 167,

188, 267
Internet of Things (IoT) 149
interstitial defect 23
intrinsic graphene 301, 304, 318
intrinsic photoconduction 251
isoelectronic center recombination 156

j
Jahn-Teller distortion 164
junction-charge-separating solar cells

216
junction field-effect transistors (JFETs)

120, 126
junction gate field-effect transistors

(JUGFETs) 126

k
Kerr effects 324
Kirchhoff’s current law 110
Kronecker delta 10

l
Lambertian distribution 168
laser diodes (LDs) 52, 57, 195

layer-by-layer deposition 59
lead-based halide perovskites 279
lead-based perovskites 276
light emitting diodes (LEDs) 167, 195,

287
chips manufacture 175

evaporation 175
packaging 179–180
photolithography and etching

177–179
sputtering 176–177

efficiency of 167
emitting materials growth 171–174
optical properties of 167–170
principle and structure of 164–167

light extraction efficiency 168
lighting tools, historical development of

152
line width roughness and line edge

roughness (LWR/LER) 90
liquid crystal displays (LCDs) 142, 147
liquid-phase epitaxy (LPE) 57, 171, 174
lowest unoccupied molecular orbital

(LUMO) 187
low-pressure CVD (LPCVD) 51
low-temperature poly-Si (LTPS) 147
luminance (L) 170
luminescent semiconductors 158–164
luminescent spectra 167–168
luminous flux 170, 258
luminous intensity 170

m
magnetron sputtering 56, 176, 177, 228,

229
mask defects 101, 102
mask fabrication process 95–96
mask shadowing effect 102–103
mask substrate 96–98
maximum power point (MPPT) 224
mechanical exfoliation 294
MESFETs vs. MOSFETs 136
mesoporous perovskite cells 232
metal-based nanoparticles 91–94
metal halide perovskites (MHPs) 187
metal halides 162
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metal–insulator–semiconductor
photodiode 262

metal–organic chemical vapor deposition
(MOCVD) 51, 58, 171, 172, 228

metal–organic molecular beam epitaxy
(MOMBE) 58

metal–organic VPE (MOVPE) 58
metal–oxide–semiconductor FET

(MOSFET) 69, 119, 120, 122, 126
metal–semiconductor FETs (MESFETs)

120, 131
metal–semiconductor–metal

photodetectors (MSM-PDs)
280–281

advancements and applications 282
design consideration 282

microelectromechanical systems (MEMS)
321–322

middle-spatial-frequency roughness
(MSFR) 97

ML mirror layer 98–99
mobility (μ) 146
modulation-doped field-effect transistors

(MODFETs) 137
modulation transfer function (MTF) 275
molecular beam epitaxy (MBE) 58, 171,

173, 228
molecular glass resist 89–91
Moore’s law 83
Mueller matrix ellipsometry 235
multi-mode interference effect 202
multi-mode interferometer (MMI) 199,

202, 211
multi-phonon process 157
multiple quantum wells (MQWs) 183,

185, 201, 203, 208

n
nanoelectromechanical systems (NEMS)

301, 321–322
near-field patterns (NFP) 209
neuromorphic computing 149
noise in photodetectors 268
nonradiative recombination process

Auger recombination 157–158
multi-phonon process 157

non-telecentric nature of EUV
lithography 98

NPN bipolar junction transistor 37, 113,
114

n-type silicon-based solar cells 226
nucleation-growth model 171

o
Ohmic contacts 117, 132, 138, 141, 176,

224
Ohm’s Law 116
one-dimensional band dispersion 37
one-electron potential V(r) 33
one-step method, perovskite solar cells

239–240
open-circuit voltage (Voc) 224
operating point 115
optical coherence tomography (OCT)

systems 201
optoelectronic materials

chemical method
anti-solvent method 50
atomic layer deposition (ALD) 52,

53
ball-milling process yields MAPbI3

48
CVD reactors 51
hot-injection method 49
solid/liquid phase chemical synthesis

48–51
solution-based methods 51
solvent evaporation method 50
temperature-decreasing method 49
temperature gradient technique 50
vapor phase chemical synthesis

51–53
electrical properties characterization

C–V and I–V measurements 67–70
four probe measurement 60–64
Hall effect measurement 64–67

epitaxy growth 57–60
optical properties characterization

Fourier transform infrared spectrum
(FTIR) spectroscopy 76–78

photoluminescence spectrum
70–73
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ultraviolet-visible absorption
spectrum 74–76

X-ray photoelectron energy spectrum
78, 80–81

physical method
Czochralski (CZ) growth 54
EBPVD systems 57
floating-zone (FZ) growth 54
high-energy pulsed laser beam 57
melt growth techniques 54–55
physical vapor transport (PVT) 55
sputtering 55
vapor phase physical deposition

55–57
organic light-emitting diodes (OLEDs)

142, 147, 162, 186
organic materials 162
organic photomultiplication detectors

(OPMDs) 283
advancements and applications

284–285
design consideration 283–284

organic solar cells (OSCs) 230, 320
oxide semiconductors 1, 147

p
passivated emitter rear cell (PERC) 226
pattern collapse 88, 102
perovskite-based white LEDs 191–192
perovskite gamma-ray detectors 279
perovskite LEDs

efficiency enhancement
carrier dynamics modulation

187–188
interfacial engineering 188

structure and progress 186–187
perovskite photodetectors 269–271

gamma-ray detectors 279–280
infrared detectors 271–272
ultraviolet light detectors 272–273
visible light detectors 272
X-ray detectors 273–279

perovskite solar cells 321
carrier transport 233–234
crystal structure of perovskite materials

231–232
device structure 232–233

one-step method 239–240
primary characterization instrument

234–236
two-step method 240–241
vapor-deposition method 241

phenylethylammonium iodide (PEAI)
278

phosphors 162
phosphorus-doped silicon (PSi) 25
photoconduction effect 251–252
photoconductive type

current–voltage characteristics 257
photoconduction effect 251–252
photoelectric characteristics 257–258
photoresistor theory 252–257
prehistory effect 260
sensitivity and gain 258–259

photoconductors 251
photodetectors 249, 316

detection mechanism 250
general metrics 265–269
perovskite 269–280
photoconductive type 251
photodiode type 261–263
photomultiplier tube 264–265
photovoltaic type 263–264
principle of 249
wavelength sensitivity 250

photodiode type
avalanche photodiode 262–263
metal–insulator–semiconductor 262
PIN photodiode 263
PN junction photodiode 261
Schottky barrier photodiode 261–262

photolithography process 178
photoluminescence quantum yields

(PLQYs) 161, 191
photoluminescence spectrum 70
photomultiplier tubes (PMTs) 264, 283,

284
photoresist coating 178
photoresistor 251

band structure 253
geometric parameters 254
structure 253, 254

photoresistor theory 252–257
photoresist stripping 179
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photovoltaic cells, types of 245
photovoltaic effect 220
photovoltaic photodetector 263
photovoltaic power generation 215, 220
photovoltaic power station 243–244
physical vapor deposition (PVD) 175,

176, 228
physical vapor transport (PVT) 55
PIN photodiode 263
Planck’s constant 154, 291, 316
plasma-enhanced ALD (PEALD) 53
plasma-enhanced CVD (PECVD) 51
plastic solar cells 230
PN junction 108

avalanche breakdown mechanisms 45
emission 165
n-type and p-type 39
photodiode 261
properties of 38
p-type and n-type 37, 38
quasi-Fermi levels 41
reverse bias 44
Shockley equation 40, 43
temperature influences 42
thermal excitation 45
tunneling breakdown 45

PNP BJTs 113
PNP transistor 116
point defects 22–25
Poisson equations 39
polydimethylsiloxane (PDMS) 284
polyethylene terephthalate (PET) 284
polymer-based chemically amplified

resists 88–89
polymer solar cells 230
poly(methyl methacrylate) (PMMA) 299
post-exposure bake (PEB) 179
power conversion efficiency (PCE) 223,

224, 226, 320
prehistory effect 260
primitive vectors 7, 8
p-type back surface field (BSF) 226
pulsed laser deposition (PLD) 57, 228

q
quantum-confined Stark effect (QCSE)

182
quantum dots (QDs) 319

quantum efficiency (QE) 267
quiescent point (Q-point) 115

r
radiant flux 170
radiative recombination of

non-equilibrium carriers 151
band-to-band recombination 152–153
band-to-local-energy-level

recombination 153–154
donor–acceptor pair recombination

154
exciton recombination 155
isoelectronic center recombination

156
radio frequency devices 305
radio frequency identification devices

(RFIDs) 147
radioluminescence (RL) 278
rapid thermal annealing (RTA) 26, 30
reciprocal lattice vectors 10–11, 288
reflection high-energy electron diffraction

(RHEED) 59
responsivity (R) 266
reverse active mode 111
Rydberg constant 154, 155

s
saturation mode 111
scanning electron microscopy (SEM)

234, 322
scanning photocurrent microscopy

(SPCM) 317
Schottky barrier photodiode 261, 281
Schottky gate contact modulates 139
Schottky gate electrode 134
Schottky junction 67, 131, 319, 320
Schottky solar cells 222, 319–320
Schrödinger equation 33, 155
self-trapped exciton (STE) 164, 192
semiconductor

carrier transport
band-to-band transitions 19–21
drift current and diffusion current

14–17
Einstein relation 16–17
electrons and holes 14
lifetime and mean-free-path 15
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multiple scattering mechanisms 16
Shockley-Read-Hall statistics

20–21
thermal-equilibrium condition 19
trap-assisted recombination 21

crystal structure and types of
binary AB compounds 12
body-centered cubic (bcc) lattice 7
Bravais lattice 7–9
bulk crystal 7
common semiconductor crystal

structures 11–14
crystal lattice 7
CsPbBr3 13–14
face-centered cubic (fcc) lattice

7–8
lattice and crystal systems 6–9
Miller indices 9–11
polycrystalline solids 6
primitive unit cell 7–8
reciprocal lattice 9–11
single-crystalline forms 6
unit cell of the crystal 7
wurtzite crystal structure 12–13
zincblende lattice 12–13

definition of 1
examples of 1
properties of

atomic bonding 2–3
carrier concentration 5
charge carrier transport 5
covalent bonding 3, 4
doping 4
external modulation effect 3–6
photon excitation 6
strain effect 5

semiconductor luminescence
luminescent semiconductors 158–164
nonradiative recombination process

157–158
radiative recombination of

non-equilibrium carriers
151–156

Shockley ideal diode equation 40,
42, 43

Shockley-Read-Hall (SRH) recombination
19–21, 42, 233

Shockley-Read-Hall statistics 20

short circuit current density (Jsc) 223
signal-to-noise ratio (SNR) 265, 266
silicon carbide (SiC) 162, 297
silicon quantum dots (Si QDs) 318
single-layer graphene 308
Si solar cell 225

crystalline silicon
atomic and band structures

236–237
properties of 238
synthesis method 239

slope efficiency 204
Snell’s law 169
solar cells

advantages of 216–217
applications of

aerospace 242
solar-powered vehicles 242–243

basic principles
parameters of 223–225
photovoltaic effect 220
solar spectrum and irradiance

217–219
structure 221–222

crystalline silicon (c-Si)
atomic and band structures of

236–237
properties of 238
synthesis method of 239

definition of 215–216
overview of 215
perovskite solar cells

one-step method 239–240
two-step method 240–241
vapor-deposition method 241

in renewable energy 216–217
types

CdTe solar cell 228–230
CuInGaSe 227–228
organic solar cells 230–231
perovskite solar cells 231–236
silicon 225–227

solar irradiance 218
solar-powered vehicles 242
solar radiation 217
solar spectrum 217
solid-phase epitaxy (SPE) 57
space charge region (SCR) 264
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sputtering 55
Stokes-shifted emission 192
Stranski–Krastanov growth mode 172
stretchable electronics 150
substitutional defects 23, 24
subthreshold swing (SS) 145–146
superluminescent light-emitting diodes

(SLEDs) 195, 196, 202, 211
surface-mount devices (SMD) 179

t
Tauc plot 76
ternary or quaternary III-V compounds

58
thermal conductivity 293
thermoelectric coolers (TECs)

205
thin-film transistors (TFTs) 142

device structures and characterizations
142–147

emerging applications 148–150
representative materials and devices

147–148
threshold voltage (VTH) 145
transconductance 130, 135
transition metal dichalcogenides (TMDs)

148, 318
transportation infrastructure 243
turn-on voltage (VON) 145
two-dimensional electron gas (2DEG)

137
two-dimensional (2D) semiconductors

148
type-I two-terminal devices 314–315
type-II two-terminal devices 316–321

u
ultraviolet light detectors 272–273
ultraviolet–visible absorption spectrum

74

ultraviolet–visible spectroscopy (UV–Vis)
234

unit cell of the crystal 7
UV GaN LED 183–186

v
valence band maximum (VBM) 152,

153, 187
van der Waals interactions 3, 236
vapor-assisted solution method

241–242
vapor-phase epitaxy (VPE) 51, 57
visible light photodetectors 272
Volmer–Weber mode 171

w
wavelength-division multiplexing (WDM)

systems 199–201
white light-emitting diodes (WLEDs)

190
GaN-based white LEDs 190–191
perovskite-based white LEDs 191–192

x
X-ray detectors 273–274

direct-type X-ray detectors 274–278
indirect-type X-ray detectors

278–279
X-ray diffraction (XRD)

234, 241
X-ray photoelectron spectroscopy (XPS)

78, 80–81

y
Young’s modulus 292

z
zinc oxide (ZnO) 160
zinc sulphur (ZnS) 160
zinc telluride (ZnTe) 160


