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a
absolute Peltier coefficient 6
absolute Seebeck coefficient 5
acceptor-acceptor (A-A) copolymer

95, 107
acceptor-acceptor type homopolymers

96
acid-base doping 200
acousto-optical modulators (AOM)

340
Alkyl silanes 204
Anderson charge localization 22
anisotropic etching 343
anisotropy 323
Arrhenius formula 25
artificial intelligence (AI)-assisted

molecular design 82
artificial organic i-TE materials 189
atomic force microscopy (AFM) 286,

288, 358
atomic layer deposition (ALD) 343
Au-molecule-Au junctions 275
average resistivity 324

b
bandpass energy 356
BDPPV (benzodifurandione-

phenylenevinylene) derivatives
91

1,4-benzenedithiol (BDA) 302

benzene-1,4-dithiolate (BDT) molecule
285

β-naphthalenesulfonic acid 55
bis(trifluoromethylsulfonyl)imide

(BTFMSI) 65
Bismuth telluride (Bi2Te3) 134–136
6,13-bis(triisopropylsilylethynyl)

pentacene (TIPS-PENT) 24
Bi2Te3 nanoparticle arrays 154
bi-thermoelectric material 305
B←N bridged bipyridine (BNBP) 96
Boltzmann constant 277
Boltzmann equation 38
Boltzmann theory 20, 213
Boltzmann transport

equation 36
theory 26–29

boron fluoride diethyl etherate (BFEE)
55

Bose-Einstein distributions 279
Bose-Einstein statistics 34

c
calorimetric scanning thermal

microscopy (C-SThM)
286–288, 310

camphorsulfonic acid (CSA) 53
carbon-carbon bond 72
carbon nanotubes (CNTs) 138, 139,
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carbon quantum dots (CQDs) 127
Carnot cycle efficiency 12
Carnot efficiency 279
carrier concentration 101, 346–347

field-effect transistor 347–348
Hall effect 348–351

carrier transport mechanism 30
celebrated figure-of-merit (ZT) 12
charge transfer complexes (CTC) 49,

52, 198
charge-transfer (CT) crystals 38
charge transfer integral 23
charge transmission 312
charge transport 20–22

basic model 22–23
band and band-like transport

23–24
hopping transport 25–26

Boltzmann transport theory 26–29
mechanism 29
trade-off relationship, σ and S

29–32
chemical doping 195, 211, 212

acid-base doping 200–201
charge transfer doping

charge transfer complex formation
199–200

ion pair formation 198–199
dopant 201–202

n-type dopants 204–205
p-type dopants 202–204

mechanism 197–200
methods

blending 205–207
deposition 208–210
immersing and spin-coating 207
ion exchange 207–208
vapor co-deposition 210

classical solid physics theory 19
comparative technique 332
Comsoal simulation 345
conduction band (CB) 20
conductivity constant 31

conductivity formula 28
conjugated polymers 90, 91, 93–97
contact thermal resistance 340
conventional conducting polymers

(CPs) 49–52
metal-organic coordination polymers

68
PEDOT-based materials 56–68
polyaniline 53–54
polycarbazole derivatives 55–56
polypyrrole 55

conventional Peltier coolers 259
coordination polymers (CPs) 87
copper phthalocyanine (CuPc) 356
Coulomb forces 224
Coulomb interaction 217
Coulomb potential 215
Coulomb scattering effect 219
covalent organic framework (COF)

materials 184
crystalline polymers 41
crystallinity 72
CSA-doping polymers 54
cycle voltammetry (CV) 351, 359

d
DDQ 203
Debye’s theory 34
Debye temperature 34
Debye vibration frequency vD 34
delocalized electrons 33
density functional theory (DFT) 356
density of states (DOS) 30, 291, 351
destructive quantum interference (DQI)

effect 306
determination of resistivity

parallel electrode structure 321–322
Van der Pauw structure 322–324

2,7-dialkyl[1]benzothieno[3,2-b]
[1]benzothiophene derivatives
(Cn-BTBTs) 38

diethylene glycol (DEG) 353
differential Seebeck coefficient 5



Index 369

diketopyrrolopyrrole (DPP) 73
derivatives 74–75

dimensionless thermoelectric
figure-of-merit 13, 319

dimethyl sulfoxide (DMSO) 49
(3,6-dioctyldecyloxy-1,4-

benzenedicarboxylic acid) 54
disordered hopping model (DHM) 25
disorder organic materials 41
distance coefficient 327
dodecylbenzenesulfonic acid 53
dominant delocalized charge carriers

115
donor-acceptor (D-A) copolymer 107
donor-acceptor (D-A) polymer 95
donor-acceptor (D-A) system 199
dopant deposition 208
doped high-mobility organic

semiconductors (OSCs) 49
doped high mobility semiconductors

69
diketopyrrolopyrrole derivatives

73–75
indacenodithiophene derivatives

73
MPCs 77–78
pentacene 75–77
performance optimization

78–80
polythiophene-based materials 69

PBTTT 70–71
P3HT 71–73
polythiophene 69

doping concentration 114
doping efficiency 219
doping mechanisms 101
double-walled carbon nanotubes

(DWNT) 358
Drop casting 243
Drude model 23, 24
dynamic equilibrium 349
dynamic hydrogen bonds 182

e
electrical conductivity 4, 9, 123, 124,

275–277, 324
determination of resistivity

parallel electrode structure
321–322

Van der Pauw structure 322–324
four-probe method, basic principle of

320–321
electric conductance 275
electric field-induced interfacial doping

195
conjugated thiophene rings 214
conventional organic field-effect

transistor device 212
metal-semiconductor interfaces 212
power-law density of states function

216
region-regularized P3HT films 214
self-limiting domain effects 212
silicon oxide or polymethyl

methacrylate dielectric layer
215

electrochemical doping 195
electrochemical redox reaction 211
inhomogeneous doping 210
PP-PEDOT films 211
thermoelectric materials 212

electrochemical equilibrium 210
electrochemical impedance

spectroscopy (EIS) 167
electrode deposition 245
electron affinity (EA) 198
“electron-crystal phonon-glass” model

81
electronic crystal 2
electronic structure 351

cycle voltammetry 359
inverse photoelectron spectroscopy

355–356
KPFM 358
optical spectroscopy 357–358
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electronic structure (contd.)
photoelectron spectroscopy

351–355
PYS 356–357
STS 358–359

electronic thermal conductivity 32, 33
electron-phonon coupling 25
electron-phonon interactions 39
electro-optical modulators (EOM) 340
electrostatic interaction 142
energy conversion 1

efficiency 279
process 161

Energy filter effect 126, 127
energy redistribution 35
environmental stability 223
4-ethylbenzenesulfonic acid (EBSA)

200
1-ethyl-3-methylimidazolium ethyl

sulfate dope polyaniline (PANI)
358

1-ethyl-3methylimidazolium
tetrafluoroborate (EMIMBF4)
63

Ettingshausen effect 8

f
Fermi-Dirac distribution 277
Fermi-Dirac (Fermi-Dirac) statistical

mode 34
Fermi energy 127, 281, 307
Fermi level (EF) 351
fermions 33
Ferrocenium/ferrocene (Fc+/Fc) couple

359
field-effect mobility 348
field-effect transistor (FET) 212,

347–348
fill factor (FF) 260
first TE effect 4
flat resistivity 38
Fourier transform infrared spectroscopy

(FTIR) 357

four-probe method 321
F4TCNQ-doped PBTTT 209
fullerene derivatives 103

g
gel polymer electrolytes 172
geometric coefficients 323
gold-carbon nanotubes (Au-CNT)

180
graphene 138, 142
graphene oxide (GO) 141
Grotthuss mechanism 166
ground-state electron transfer (GSET)

process 224
Grutthuss mechanism 166

h
Hall bar methods 350
Hall coefficient 349
Hall effect 8, 115, 348–351
Hall voltage 349
heat flow density vector 330
heat pumping 6
heat transfer

mechanism 32–33
process 34

3-hexylthiophene monomer 71
high-angle annular dark-field scanning

trans mission electron
microscopy (HAADF-STEM)
223

high electrical conductivity 195
high energy ball milling-cold pressing

method 139
highest occupied molecular orbital

(HOMO) 198, 305, 351
hole/electron-phonon interaction 38
homogeneity 323
hopping 25

transport theory 41
hot disk method 333
Hückel-type model 199
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hybrid/composite organic
thermoelectric materials

atomic-scale or molecular percolation
effect 123

Bismuth telluride (Bi2Te3) 134–136
fabrication and optimization

chemical intercalation 149
fabrication techniques 147–150
layer-by-layer assembly technique

148
multidimensional structure of

fillers 151
organic matrix 152–153
physical mixing 147–148

fundamental effect and theory
energy filter effect 126–127
interface effects 126
percolation theory 125

Ge 133
graphene (GP) and C60 141–142,

144
inorganic fillers 137
interface filtering effect 123
low electrical conductivity 123
organic coordination based

compounds 145–146
organic-inorganic hybrid materials

128–131
organic-organic TE blends 144
PEDOT

PSS and Bi2Te3 134
polymer-carbon material composites

138–139, 141
stabilizers and dispersants 124
Te 131–133

hybrid nanocomposites 151
hydride-transfer half-reaction (ΔGH-)

44
hydrogen-atom transfer half reaction

(ΔGHsmblkcircle) 44
hydrogen-carbon bond length (dC–H)

44

i
ideal electron gas model 33
indacenodithiohene-co-3,4-ethoxylene

dioxythiophene (IDT-EDOT)
73

indacenodithiohene-co-trans-1,2-
di(2-thienyl)ethylene (IDT-TVT)
73

indacenodithiophene (IDT) 73
indacenodithiophene-co-

benzothiadiazole (IDTBT) 73
infrared method 326–327
inject printing 243
inorganic materials 25
inorganic semiconductors 196
in-plane thermal conductivity 101
in-situ resistive wire heating method

328
insulating polymers 136
integer charge transfer (ICT) 198
intensity of oscillation 22
interchain interdigitation 80
interface effects 126
intermolecular electronic coupling

39
internet of things (IoTs) 3
intramolecular interaction 21
intrinsic carrier concentration 21
intrinsic covalent bonds 195
intrinsic electrical conductivity 103
intrinsic pentacene films 75
inverse photoelectron spectroscopy

(IPES) 351
iodine-doped polyacetylene 21
ion-exchange doping 208
ionic conductivity 165
ionic Seebeck coefficient 169, 180,

184
ionic thermoelectrics

and electronic thermoelectrics
187–188

generators 185
ionic conductivity 165–167
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ionic thermoelectrics (contd.)
ionic Seebeck coefficient 167–168
ionic thermal conductivity 169
ionic thermoelectric supercapacitors

163–164
liquid materials

ionic liquids 171
solutions 170

organic i-TE devices and applications
heat-gated transistors 183
thermal-charged supercapacitors

180–182
organic mixed ionicoendash

electronic conductors (OMIECs)
177–178

sensors 184–185
solid and quasi-solid materials 172,

174, 175
Soret effect 162
thermogalvanic cells 164–165

ionic thermoelectric supercapacitors
(ITESCs) 163

ion thermodiffusion 161
iron p-toluenesulfonate (Fe(Tos)3) 65
isotropic potential surface 320

j
Joule heating 288

and heat conduction 241

k
Kelvin probe force microscopy (KPFM)

351, 358
Kubo formalism mechanism 29

l
Landauer-Büttiker formula 276
Landauer formalism 277
laser flash method 342, 343
lattice thermal conductivity 32–36

impurities, and grain boundary
scattering 36–37

Umklapp scattering 36

law of conservation of momentum 35
layer-by-Layer self-assembly 142
Lewis acids 201
light irradiation 265
linear and square four-probe methods

320
linear glycol-based polar side chain 94
liquid conductors 169
lithium-ion batteries 172
low-energy inverse photoelectron

spectroscopy (LEIPS) 356
lowest unoccupied molecular orbital

(LUMO) 198, 351

m
magneto-Seebeck effect 295
magnetothermoelectric effect 9
Marcus theory 199
metal-organic coordination polymers

68, 89, 90
metal-organic framework compounds

(MOFs) 68
metal-organic frameworks (MOFs)

88–90
metal phthalocyanines (MPcs) 77
metal thermal resistance 326
microthermoelectric (μ-TEC) modules

260
mixed ion-electron conductor material

63
mobility edge 21
modulation doping 133
molecular design

molecular backbones 105–107
side chains 107–108

molecular geometry 22
molecular stacking 37
monomer pyrrole 55
Mott mobility 30
Mott’s formula 355
multi-walled CNT/polyaniline

nanocomposite 266
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n
NaNap-doped P(PymPh) films 114
n-doped organic semiconductors

88–89
near infrared (NIR) range 263
near ultraviolet (NUV) 356
Nernst effect 8
N non-interacting fermions 33
nonequilibrium molecular dynamics

(NEMD) simulations 39
nonlinear conductivity 38
n-p type thermopower switch 52
n-type charge transfer 90
n-type conjugated polymers 95
n-type conjugated semiconducting

polymers 90
n-type metal-organic complex OTE

materials 4
n-type organic semiconductors 113
N type organic thermoelectric materials

materials and properties
metal-organic coordination

polymers 88–90
organic small molecules 97, 99,

101–104
materials and properties conjugated

polymers 90, 91, 93–97
performance optimization, strategies

for
dopant 110–115
molecular design 105–108

n-type OTE materials 4
n-type power factors 4

o
off-diagonal Hamiltonian matrix 23
oligoalkane junctions 281
optical spectroscopy 351, 357
organic diradicaloids 99
organic electronic TE materials 187
organic field-effect transistor (OFET)

347
organic/inorganic composites 123

organic ionic conductors 161
organic material 3, 25
organic mixed ionic–electronic

conductors (OMIECs) 167,
177–178, 184

organic semiconductors (OSCs) 19,
195

charge transport performance of
219

in DOS 221–222
homogeneous doping 226–227
low-dimensional materials 221
stability 223
without dopants 224–225

organic small molecules 38, 97, 99,
101–103, 105

organic solar cells 4
organic thermoelectric (OTE)

challenges 13–16
devices

cooling capacity and heat flux
density 241–242

device geometry 238–239
performance parameter 240–241
process techniques 242–243

process 31
thermoelectric effect

other related effects 7–9
Peltier effect 6
Seebeck effect 4–5
Thomson effect 6–7

thermoelectric parameters
basic parameters 9–10
power conversion efficiency

10–12
thermoelectric figure-of-merit and

power factor 12–13
organic thermoelectric (OTE) materials

3, 19, 32, 49, 87, 319
electrical conductivity 276, 277
experimental techniques

atomic force microscope 286–288
liquid metal electrode 288
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organic thermoelectric (OTE) materials
(contd.)

mechanically controlled break
junction 283–285

scanning tunneling
microscope-break junction
282–283

scanning tunneling Seebeck
microscopy 290–291, 293

three terminal devices 290
multifunctional applications

multifunctional sensor
266–270

photodetector 263–265
temperature sensor 261

Peltier cooler 258–261
Peltier effect 311
power generator

fabric device 250–253
flexible device 248–249
stretchable and self-healed device

255–256
Seebeck coefficient 277–278

anchor groups 301
atomic metallic contacts 296
electrode materials 303
electrostatic control 307–309
length dependence 297–300
metal dopants 304–305
quantum interference effects

306–307
substituent effects 302

single molecule thermoelectric
performance 279, 281

thermal conductance measurements
310

thermal conductivity 278–279
ZT value 279

orientation correlation length (OCL)
71

OTE-electrodes interface 270

p
parallel electrode structure 321
PBTTT stacking 209
p-doped conjugated polymers 115
Peierls instability 21
Peliter cooling 258
Peltier coefficient 241, 260
Peltier cooling 6
Peltier effect 2, 6, 237, 238, 288
Peltier heating 2, 6
pentacene 75
PEO-NaOH electrolyte 180
percolation inducer 63
percolation theory 125
periodic Joule heating 334
personal thermal management 269
“PGEC” (phonon-glass electron-crystal)

104
phonon glass 2
phonon-glass crystals 40
phonon mean free path (lp) 35
phonon-phonon scattering 36
phonon scattering 36
phonon thermal conductivity 32
phosphoric acid doped polyaniline 53
photodoping 195

classical thermoelectric model 217
thermoelectric performance 217

photoelectron spectroscopy (PES) 351
photoelectron yield spectroscopy (PYS)

356–357
photoelectron yield spectroscopy in air

(PYSA) 357
photogenerated carriers 217
photo-induced carriers 216
photo-induced doping 217
photo-thermoelectric device 15
photothermoelectric (PTE) effects 263
π-conjugated polymers (CPs) 177
π-conjugation effect 142
π orbitals 20
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Planck’s constant 277
polarized beam splitter (PBS) 340
polaron hopping model (PHM) 25
polar triethylene glycol 107
polar triethylene glycol type side chain

(TEG-N2200) 42
poly(3,4-ethylenedioxythiophene)

(PEDOT) 37, 49, 239, 353
poly(ethyleneimine) (PEI) 97
poly(metal 1,1,2,2-ethenetetrathiolate)

(poly(M-ett)) 68
poly(N-vinylpyrrolidone) (PVP) 252
polyacetylene (PA) 49
polyaniline-coated graphene 180
polycarbazole derivatives 55, 56
polydimethylsiloxane (PDMS) layers

73
polyethylene naphthalate (PEN) 249
polymer-carbon material composites

138–139, 141
polymeric ionic liquid (PIL) gate

dielectric 216
polymerization process 55
poly[N-9′-heptadecanyl-2,7-carbazole-

alt-5,5′-(2,2′-(1,4-phenylene)
dithiophene)] (PCDTBT) 56

polypyrrole 55
polystyrene sulfonic acid (PSSH) 172
poly(3,4-ethylenedioxythiophene)

(PEDOT) systems 56
polythiophene-based materials 69
polyurethane (PU) 256
positively charged anion conductor

poly(diallyldimethylammonium
chloride) (PDDAC) 175

power consumption 246
power factor (PF) 52
power-law parameter 30
power output 240
π-π conjugative interactions 151
π-π interaction 149, 153

π-π stacking 97
prepared polyaniline-poly(vinylacetate)

(PANI–PVAc) organic
nanocomposites 125

pressure sensing 185
proton acid-base 201
p-toluenesulfonate (Tos) 37
p-type OTE materials 80
p-type power factors 3
pulsed power technique 332, 333
pyrazine-flanked DPP (PzDPP) building

block 95
pyreneimine (PDI) 225

q
quantum chemical methods 38
quantum interference effect 306
quasi-one-dimensional (Q1D) organic

crystals 39
quasi-solid stage electrolyte 172
quasi-static method 327, 328
quinoidal oligothiophene derivatives

(QOTs) 99, 101

r
Raman spectrum (RM) 357
range hopping model (RHM) 25
ratio of the distance 327
reactive ion etching (RIE) 343
redox electrolytes 161
reduced graphene oxide (rGO) 141
regioregularity structure 71
relative error 330
reorganization energy 22
Righi-Leduc coefficient 9
Righi-Leduc effect 9
Roll-to-roll (R2R) printing 244

s
scalable processinbility 229
scanning tunneling microscopy (STM)

358
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scanning tunneling spectroscopy (STS)
351, 358–359

scattering effects 141
scattering mechanisms 15
screen printing 136, 243, 245
secondary electron cut-off (SECO) 352
second thermoelectric effect 6
Seebeck coefficient 4, 29, 123, 124,

161, 165, 167–169, 172, 180, 184,
185, 187, 195, 240, 249, 256,
275–279, 282, 283, 293, 295, 300,
302

contribution 186
measurement 275, 324
Seebeck voltage measurement 327,

328–330
temperature difference creation

324, 325
temperature difference measurement

324
infrared method 326–327
thermal resistance 326
thermocouple 325–326

Seebeck effect 2, 237, 238, 258, 266
Seebeck voltage measurement, error

analysis 329–330
self-assembled monolayer

(SAM)-organic semiconductor
interface 204

self-assembled monolayers (SAMs)
288

self-assembled supramolecular (SAS)
54

self-doped molecules 225
self-doping 225
self-powered dual-parameter 270
self-powered sensors 268
side-chain engineering 79
simultaneous measurement 343

measurement chip 343–344
TE parameters 344–346

single molecule thermoelectric (SM-TE)
devices 275–276

single naphthalenediimide (NDI)
junctions 281

single point method 328
single-walled carbon nanotubes

(SWCNTs) 132
singly occupied molecular orbital

(SOMO) 44
sodium-ion batteries 172
solid and quasi-solid materials 172,

174, 175
Solid and quasi-solid state electrolyte

172
solid polyelectrolytes 172
solid/quasisolid conductors 169
solution-processable organometallic

complexes 113
Soret effect 162, 186, 187
source-drain (S-D) electrodes 347
sp2 hybridization 20
spin caloritronics 294
spin-coating 243
spin-polarized STM (SP-STM) 294
spin thermoelectric device 16
steady-state methods 330
Stefan-Boltzmann constant 346
stretchable electronic devices 255
supercapacitors 172
superlattice-like molecular assemblies

15

t
temperature coefficient of resistance

(TCR) 335
temperature dependent resistance 326
temperature dependent σE (E) 27
temperature difference (ΔT) 324
Te nanowires 131
tetracyanoquinodimethane (TCNQ)

206
2,3,5,6-tetrafluoro-7,7,8,8-

tetracyanoquinodimethane
(F4TCNQ) 199
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tetrafluoro-tetracyanoquinodimethane
(F4TCNQ) doped
quaterthiophene 357

tetrakis(dimethylamino)ethylene
(TDAE) 65

tetrathiofulvalene-
tetracyanoquinodimethane
(TTF-TCNQ) 239

theoretical progress, in OTE materials
37, 38

TE conversion in, polymer 40, 42,
44

TE conversion in, small molecules
38–39

thermal conductance (κt) 346
thermal conductivity 9, 32, 123, 169,

330, 331, 345
bulk materials

absolute and comparative
techniques 331–332

pulsed power technique 332
TPS method 333–334

thin film materials
laser flash method 342–343
TDTR technique 340–341
3ω method 334–340

thermal deposition methods 320
thermal diffusion coefficient 334,

337
thermal electromotive force (EMF)

coefficient 5
thermal energy 239
thermal equilibrium 33
thermal excitation frequency (2ω) 336
thermal penetration depth (λ) 336
thermal resistance method 326
thermal transport 32–33

electronic thermal conductivity 33
lattice thermal conductivity 33–37

thermodynamic equilibrium 353
thermoelectric atomic force microscopy

(ThAFM) 286
thermoelectric (TE) conversion 49

thermoelectric cooler 1
thermoelectric cooling 6, 10

device 12
efficiency 12

thermoelectric effect
Peltier effect 6
Seebeck effect 4–5
Thomson effect 6–7

thermoelectric generator 13
thermoelectric (TE) material 1, 237,

319
thermoelectric phenomena 19
thermoelectric power 5

conversion efficiency 10
generator 1

thermoelectric-transport theory 20
thermogalvanic cells 161
thermosensitive transient receptor

potential (thermo-TRP) ion
channels 184

thieno[3,4-c]pyrrole-4,6-dione (TPD)
dimer 96

Thomson effect 2
3ω method 334
tight-binding theory 38
time-domain thermoreflectance

(TDTR) 340
titanyl phthalocyanine (TiOPc)

molecules 359
transient methods 330
transient plane source (TPS) method

333
transparent electrodes 4
trans-polyacetylene 20
transport equation 31
transport function σE(E) 27
transport theory 20
transverse magnetothermoelectric

effect 8, 9
triaminomethane-type dopants (TAMs)

42
trisaminomethane derivative (TAM)

94
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2D thermovoltage mapping 293
typical p-doped OTE materials 51

u
ultrasonication 62
ultraviolet photoelectron spectroscopy

351
Umklapp scattering 36

v
valence band (VB) 20
vanadyl-phthalocyanine (VOPc) oxide

77
van der Pauw electrode structure 344
van der Pauw structure 322–324
van der Waals forces 25
vapor co-deposition 210

vapor-deposited nanoparticles 113
variable range hopping (VRH) model

22, 26
variation tendency 330
vertical magnetic field 9
vibration spectrum 34

w
wave angular frequency 332
weak intermolecular interactions 3
wearable electronics 269
wearable sensors 246
Wiedemann-Franz law 33

x
X-ray photoelectron spectroscopy 351
X-ray photoemission spectroscopy 207


















