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ABSTRACT

Colloidal semiconductor nanocrystals (NCs) or quantum dots (QDs) have been
widely investigated nanomaterials for possible application in solution processed
optoelectronic devices. The unique size and shape dependent optical properties of quantum
dots and high carrier mobility make it an ideal candidate for light harvesting component in
photovoltaic devices. Despite the above mentioned advantages, the use of QDs in
optoelectronic applications has been limited by poor transport properties arising due to
insulating ligands, interparticle hops and absence of interconnected percolation network
for charge transport. In order to improve the charge separation and electron transport,
semiconductor QDs can be conjugated with high mobility network of 1D nanostructure
such as single-walled carbon nanotube (SWCNT) or with 2D nanostructure of graphene
and transition metal dichalcogenide (TMDSs). Thus, a hybrid combination (0D—1D) of the
type QDs/SWCNT and (0D-2D) can provide the advantage of increased photon
absorption/exciton generation obtained by the QDs and high charge mobility by the 1D
SWCNT and 2D TMD, two properties which are very useful in the development of QDs
based optoelectronic devices.

The present thesis is mainly focused on the synthesis of photoactive QDs and its
hybrid nanostructures (OD QDs, 0D-1D hybrid of QDs decorated SWCNT and 0D-2D
hybrids of QDs decorated MoS, nanosheet) to promote charge separation and enhanced
charge transport for efficient optoelectronic devices. The detailed plan of work is as
follows:

Chapter | of the thesis is devoted towards the extensive literature survey on past

and present research work of quantum dots and its hybrid nanostructures based

Vi



optoelectronic devices. It summarizes the general review on various methods for the
enhancement in the performance of optoelectronic devices by improved charge separation
and transport. This chapter introduces the reader about the rationale and objectives of the
present research work.

Methods used for the syntheses of quantum dots and their hybrid nanostructures are
described in Chapter Il. The detailed process for the fabrication of solution processed
optoelectronic devices such as solar cells and photoconductive devices are discussed. Brief
accounts of the techniques used to characterize the newly synthesized materials are
provided.

In Chapter 111, we present the effective enhancement of exciton dissociation and
electron transport in the active layer of organic solar cells, by incorporation of tetrapod
CdSe nanocrystals. We observed that the open circuit voltage (V) of ternary blends based
hybrid devices depend upon concentration of CdSe TPs. The V. gradually increases with
the increasing concentration of CdSe TPs in ternary blends. The increase in Voc with CdSe
TPs may be due to enhanced carrier life time due to creation of new interfacial energy level
induced by CdSe TPs

In Chapter 1V, we have synthesized a series of different size and nearly
monodisperse Ag.S quantum dots by using thioacetamide as a sulfur source at a relatively
lower temperature (< 100 °C). A hybrid solar cell based on blends of poly (3-
hexylthiophene) and Ag.S QDs were fabricated and tested for photovoltaic application.

In Chapter V, a photoactive hybrid nanostructure based on zero dimension (0D)
light harvesting components of CulnS, quantum dots (QDs) and one-dimensional (1-D)

transporting channel of single-walled carbon nanotube (SWCNT) was synthesized by

vii



hydrophobic interaction. The photophysical studies and electrical characteristics of hybrid
with hole transporting polymer demonstrated enhanced charge separation and transfer will
occur from QDs to CNT.

In Chapter VI, we present ligand assisted exfoliation of MoS; nanosheet in non-

polar organic solvent 1,2 dichlorobenzene (DCB) which enable high concentration stable
dispersion of free standing mono or few layer nanosheet. The functionalized MoS:
nanosheet was further utilized for the fabrication of solution processed 0D-2D hybrid of
CulnS, and MoS; nanosheet. The photophysical and photoconductive studies confirm
efficient charge separation and transfer occurs from CIS QDs to MoSz NS.

In Chapter V11, we demonstrated the enhancement in power conversion efficiency
(PCE) of organic solar cells by incorporation of functionalized 2D-MoS, NS as an
additional charge transporting material. The enhancement in PCE of ternary solar cells
arises due to the synergic enhancement in exciton dissociation and improvement in both
electrons and holes transport through the active layer of the solar cells.

Chapter VIII summarizes the results presented in the thesis highlighting the role
of elongated shape nanocrystals and hybrid nanostructure on the exciton dissociation,
charge transport in optoelectronic devices In the future, hybrid nanomaterials composed of
light-harvesting components of QDs and transporting channel of 1D or 2D network can be

explored for enhanced performance of optoelectronics devices.
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FIEEdl UTHHIFCN oAellfsheced X FAICH SIcH gd dlel A3l Sod[ecIIcs
SAR-SBAAA (03)) ANHAARIH BR IlTe HCaHhyd 37 HegAqd TS
Aol Basfay 39 ¢ 3ecu A9 Us Ay f3ude sifftewra gradiar| ar
Telleh Sl TS AU f3UST Yiadiel 3% FaicH SicH T Tl g5 3fiTccehel Tealiove
HIF-TFAA, 37 BT e IS il $iA AT T TA.315. 3. 3rhdael
15 R gifehar A TS g8 SRR A A% 3¢ U TSI Hfsse BR
dATSe FITEETT Hidlic S Bleralecides BASiad| STASE & 3ad Aevg Hgdicad,
a1 gt 3% FaicH Sich 31 Jeoagieie Jftashesyd gof di faffAes a8 g’
CHUIE UTaeleT 3RS 3 T Segaifear foeigd, gedriéand gicq US 3eded 31
SHFHAFES TP Acasd BR dlol gHUIE| Bleldleedeh JhlH-d 3 gBieg
N TeIeh-geT311e foTeh T8ECHH 84S 314lel T 15T Tl del UST & A9 3% Asilfsheced
US gc g U8 oAallfshicd QT deX f3a8d Uhid-d & FdicHd Scd U3
AARISH| 3o X T YT & ITe IRAA US Foldgl gradie, AfAemsaey FaicH
sicl &el & Figfees Ay g8 ANTAE scad 3w 13 AeegaR ¥ U fHara-
dies @Iee Asdlcgd (SWCNT) 3R faer 287 aaiegeay 3% i us difeorere
Aol SEUTTRISAESH| &H, T giias SigenT (027-12) 3% & sy adicH
SICH/SWCNT TS (081-281) el WSS & 33dlecol 3% 3Iolshles  Hicid
eV /TfFaCs STk 3ecs 18 ¢ FdicH 3icH U3 g5 Aol Alfafolel a8 af
137 SWCNT U3 231 SIfeo1elel Aol SSHIehlogsd, & Wiacler e 3N &t Joel
3o &I SdolUHc 3Th FdicH SicH 98 ATcidelddieidh Sasfadl|
T Uoic AfAT 597 Aeoll Bihes 31T o7 AT 3% wictidead FaicH sicq TS
scq gsfag AdEcaad (037 Faied sied, 03)-137 g3fas 3% FaicH sflcq IHS
SWCNT Us 051-23) grsfagd 3t adicA sicH saies MoS; adrRfie) ¢ Al aret
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TATT 3% dh Sof Usl BIdIg:
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Yoic REd a& 3% FaicH 3icH US 3¢ BIB9S aAdgFal d9¥8 AT deldgi e
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TRIHH 36 3iccidelacliae 3asfaa a8 $yes aref JRAA TS graure. &d
Yo $TISIEA & {IST 37a13¢ & WWeTdl TS Jifeoifeed 3% ar Jeic Rad a&|
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gargss|

3 dueX 4, d Usic &7 Uhided UdageHc 3% UiFaca BEIfAAeq Us soaee
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g 39 Hihe diecat AU CdSe egMISH A & 3 T Telgets NI ol5h TSH
5Y T oA 3% =g SIPRITA Tesll oael §3gFs a8 CdSe M|
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substrates. The typical mechanism of laser ablation process is also
shown on the left where ITO molecules evaporate when a high power
laser strikes the ITO coated glass surface. The drawing window of
software is also shown on right with the ITO stripes pattern used in the
study.

Mbraun glove box system equipped with thermal evaporation coating
unit.

Schematic illustration of PL process in semiconductors.

Photograph of atomic force microscopy (NT-MDT solver pro) with a
typical topographic image. The right inset also shows the tip-surface
interaction of an atomic force microscope.

TEM image of CdSe tetrapods.
XRD pattern of CdSe tetrapod.

UV-Vis absorbance (curve a) and fluorescence (curve b) spectra of as
prepared CdSe tetrapods dispersed in toluene.

Device structure of tetrapods incorporated ternary solar cell.
Energy level diagram of tetrapods incorporated ternary solar cell.

Current density-voltage (J-V) characteristics of the ternary solar cell
with a different concentration of CdSe tetrapods under AM 1.5 G
condition with an illumination intensity of 100 mW/cm2.

Variations of current density, power conversion efficiency, open circuit
voltage and fill factor for P3HT:PC71BM based hybrid OPVs as a
function of weight % of CdSe TPs.

The tapping mode AFM images of active layer film of P3HT:PC71BM
containing various CdSe TPs at (A) 0 (B) 0.5 (C) 1.0 (D) 1.5 and (E)
2.0, wt % respectively.

TEM micrograph of different sized Ag.S QDs with size distribution
histogram synthesized at injection/growth temperature (50/80 °C). (a)
2+0.3,(b) 27 £ 0.5, (c) 3.2 £ 0.6 and (d) 3.6 £ 0.6 nm (e) HRTEM
image of 3.6 £ 0.6 nm Ag>S QDs and (f) selected area electron
diffraction (SAED) pattern of 3.6 nm Ag>S QDs.
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4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

411

4.12

TEM images of Ag.S QDs synthesized at injection/growth temperature
(100/100 °C). (a) 5 £ 0.6 nm, (b) 5.2 £ 0.7 nm, (c) 14.2 = 1.4 nm and
(d) HRTEM image of Ag.S QDs having average size 14.2 nm.

XRD patterns of different sized AgzS QDs synthesized under different
reaction condition. Diffraction pattern of bulk Ag.S (JCPDS-14-0072)
is also shown.

(a) XPS survey spectrum of Ag>S QD showing the presence of Ag and
S, (b) core level of Ag 3d, (c) core level of S 2p and (d) EDAX spectrum
of Ag2S QDs.

The UV-Vis absorption spectra of AgzS QDs (a) synthesized at lower
injection/ growth temperature (50/80 °C) with different growth time (b)
PL spectra of different size Ag>S QDs synthesized under similar
condition (c) UV-Vis and PL spectra of Ag»S QDs synthesized at higher
injection / growth temperature (100/100 °C).

FTIR spectra of purified (black curve) and butylamine exchanged Ag.S
QDs film (red curve). Inset shows the closer look of —CHj stretching
region.

(a) Ultraviolet photoemission spectrum of butylamine exchanged 5 nm
sized Ag2S QDs film. The left and right inset display closer look of the
high binding energy cut off (Fermi level) and low binding cut off
(valence band edge), respectively. (b) Energy band diagram of 5 nm
sized Ag2S QDs.

UV-Vis absorption spectra of pure P3HT film (black curve),
P3HT:Ag2S blend film (red curve) and butylamine treated Ag.S QDs in
toluene solution.

(@) PL spectra of pure P3HT film (red curve), P3HT:Ag2S blend film
(green curve) and absorption spectra of butylamine treated Ag>S QDs
in toluene solution. (b) Time resolved PL spectra of pure P3HT film
(black curve) and P3HT:Ag>S blend film (red curve).

AFM tapping mode morphology of pure P3HT (a) and P3HT:Ag.S QDs
hybrid films (c) and their corresponding phase images (b, d),
respectively. Inset of (c) and (d) shows closer look of morphology and
corresponding phase images of P3HT:Ag2S hybrid.

SEM morphology of P3HT:Ag>S blends film and EDS elemental
mapping of (b) carbon, (c) sulfur and (d) Ag.

(a) Device structure ITO/PEDOT: PSS/P3HT:Ag.S/Al (b) Energy level
diagram relative to vacuum level and (c) current density-voltage (J-V)
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5.1

5.2

5.3

5.4

5.5

6.1

6.2

6.3

characteristics of P3HT:Ag2S based hybrid solar cell in the dark (black
curve) and under illumination intensity of 100 mwW/cm?.

TEM micrograph with size distribution histogram of as synthesized CIS
QDs (a) average size 3.5 + 0.6 nm (b) average size 5 = 0.9 nm (c) High
magnification TEM image of 5 + 0.9 nm CIS QDs (d) SWCNT (e) side
wall attachment of QDs on SWCNT (f) complete coverage of SWCNT
by CIS QDs (g) highly dense coverage and (h) HRTEM image of
CIS/SWCNT hybrid nanostructure. The inset of (c) and (h) shows the
lattice space of CIS QDs in the absence and presence of SWCNT.

(a) UV-Vis absorption spectra of different sized CulnS; QDs in toluene.
Photoluminescence quenching of different sized CIS QDs with
increasing concentration of SWCNT (b) 3.5 + 0.6 nm (PL peak at 694
nm) and (c) 5+ 0.9 nm (PL peak at 750 nm) diameter. The samples are
excited at wavelength of 450 nm.

The time resolved fluorescence decay spectra of (a) 3.5 £ 0.6 nm (PL
peak at 694 nm) and (b) 5 £ 0.9 nm (PL peak at 750 nm) diameter CIS
QDs with increasing concentration of SWCNT.

(a) Schematic device structure and (b) Energy level diagram of hybrid
photoconducting device. (c) Photocurrent density as a function of
applied bias of P3HT: CIS based hybrid photoconducting devices with
different concentration of SWCNT and (d) I-V characteristics of hybrid
devices in semi logarithmic plot under dark and illumination.

Current-Voltage  (I-V) characteristics of P3HT:CIS and
P3HT:CIS/SWCNT (2.5 wt %) with 3.5 nm QDs in the dark and under
illumination.

Schematic illustration for the OLA or DDT assisted exfoliation of MoS;
nanosheets under sonication.

(a) Optical images of exfoliated nanosheets centrifuged at 3000 rpm (b)
highly concentrated dispersion of purified sample and (c) after dilution
by 40 times.

UV-Vis absorption spectra of exfoliated P-MoS,, DDT-MoSz and OLA-
MoS». All samples were sonicated for 6h and centrifuged at (a) 3000
rpm (b) absorbance of exfoliated nanosheets at a wavelength of 665 nm
under identical experimental conditions. (c) 10,000 rpm. The as-
synthesized sample was diluted fifteen times for recording the
absorption spectra (d) optical image of as-synthesized nanosheets and
centrifuged at 10,000 rpm.

xviii

101

103

104

109

111

119

119

121



6.4
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6.6

6.7

6.8
6.9

6.10

6.11

6.12

6.13

6.14

(a) Solution phase photoluminescence spectra of OLA-MoS, and DDT-
MoSz. (b) Time-resolved PL decays of OLA and DDT functionalized
nanosheets.

The low and high magnification TEM images of (a, b) MoS: (c, d) OLA-
MoS; and (e, f) DDT-MoS;.

(a) TEM images of DDT-MoS: centrifuged at 10000 rpm (b) HRTEM
image of single layer nanosheet (c) Corresponding selected area
electron diffraction pattern.

AFM images and corresponding height profiles along the line drawn
on nanosheets for (a) DDT-MoS; and (b) OLA-MoS:.

Raman spectra of pristine MoSz, OLA-MoS; and DDT-MoS:.

Fitted XPS spectra of Mo 3d (left panel) and S 2p (right panel). The
suppression of oxidation peak of both Mo and S atom were observed
after surface functionalization by OLA and DDT ligand. In the S 2p
spectra of DDT-MoS; peak broadening at 164 to 166 eV and presence
of C-S bond at 164.5 eV suggested successful functionalization.

FTIR spectra of the (a) native oleylamine (black curve) and oleylamine
conjugate with MoS; (red curve) (b) native dodecanethiol (black curve)
and dodecanethiol functionalized MoS> nanosheets (red curve) and (c)
closer look of figure b in the range of 2700-2500 cm-1 showing absence
of —SH peak after conjugation.

High-resolution XPS spectra of S 2p region for pristine MoS, and DDT-
MoS.. The presence of C-S bond at 164.5 eV confirm successful binding
of nanosheet surface by a thiol group. The effect of different cleaning
steps also shows the removal of excess thiols from surface of
nanosheets.

XPS high-resolution spectra of Mo 3p region (left panel) for MoS; and
OLA-MoSz. The peak at 400 eV is attributed to the N 1s group present
at OLA-MoS;.

(@) Low and (b) high magnification TEM images of CulnS; QDs. The
inset of Figure 6.13b shows HRTEM image of single QDs in which
lattice planes are clearly observed.

Transmission electron microscopy images of O0D-2D hybrid
nanomaterial. (2) Low magnification TEM image of QDs decorated
surface of MoS, nanosheets (b) High magnification TEM image of
CIS/QDs hybrid showing uniform decoration of QDs on the surface of
monolayer MoS; nanosheets. (¢) HRTEM image of CIS QDs attached
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6.15

6.16

6.17

6.18

6.19

6.20

7.1

7.2

7.3

7.4

on monolayer MoS; nanosheets. Lattice planes of both QDs and MoS;
nanosheets are clearly observed and the lattice spacing of 3.2 A and
2.7 A are corresponding to (112) and (100) planes of CIS QDs and
MoSz nanosheets, respectively and (d) Corresponding SAED pattern of
CIS/MoS; hybrid.

Tauc plot (ahV)? with hV of 3 nm sized CIS ODs. The intercept at
energy axis gives band gap of 2.2 eV.

Ultraviolet photoelectron spectrum of 3 nm sized CIS QDs film. The left
and right panel display closer look of the high binding energy cut off
(Fermi level) and low binding cut off (valence band edge), respectively.

Ultraviolet photoelectron spectrum of MoS, nanosheets. The left and
right panel display closer look of the high binding energy cut off (Fermi
level) and low binding cut off (valence band edge), respectively.

(@) UV-Vis absorption spectra of CIS QDs, MoS2 nanosheets and
CIS/MoS: hybrid. (b) Steady-state photoluminescence spectra and (c)
Time-resolved PL decay profiles of CIS/MoS; hybrids with different
QDs to nanosheets ratio.

(a) Typical device structure (b) Energy level diagram of photoresponse
devices. The position of energy levels of each component used for their
fabrication are also shown. The typical I-V characteristics in the
absence and presence of light (c) CIS QDs (d) MoSz and (e) CIS/MoS;
hybrid.

(a) Steady-state photoluminescence spectra (b) Time-resolved PL
decay profiles and (c) I-V characteristics in the absence and presence
of light for blends of CIS QDs and pristine MoS2> NS at different
nanosheets loading.

Typical (a) low magnification (b) high magnification TEM image of
DDT-MoS2 NS. (c) High-resolution TEM image of single layer
nanosheet and (d) corresponding selected area electron diffraction
pattern.

UV-Vis absorption spectra of DDT functionalized MoS, NS dispersed
in 1, 2 dichlorobenzene.

UV-Vis absorption spectra of P3HT film incorporated with different
concentration of MoS2 NS.

(a) Schematic of the device structure (b) energy level diagram of each
component of the ternary solar cell. (c) current density-voltage (J-V)
characteristics of the ternary solar cell with a different concentration
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7.5

7.6

7.7

7.8

of nanosheets under AM 1.5 G condition with an illumination intensity
of 100 mW/cm?.

The photocurrent density (J,,,) versus effective voltage (V) curve of
pristine and MoS; incorporated ternary solar cell.

J-V characteristics of (a) P3HT based hole-only devices (b) PC71.BM
based electron-only devices with different content of MoSz NS. Energy
level diagram of (c) hole only and (d) electron-only devices.

Tapping mode AFM height and phase images of (a, b) pristine P3HT
(c,d) 1wt %, (e, f) 3wt % and (g, h) 5 wt % MoS2 NS.

The GIXRD pattern of pristine P3HT and P3HT:MoS; hybrid film with
a different concentration of MoS> NS.
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Glossary of Symbols and Abbreviations

OSCs Organic Solar Cells

BHJ Bulk-heterojunction

PCE Power conversion efficiency

EQE External quantum efficiency
HOMO Highest occupied molecular orbital
LUMO Lowest unoccupied molecular orbital
CB Conduction band

VB Valence band

MoOs3 Molybdenum oxide

TMDs Transition metal dichalcogenides
QDs Quantum dots

NS Nanosheets

NCs Nanocrystals

TPs Tetrapods

0D Zero-dimension

1D One-dimension

2D Two-dimension

ZnO Zinc oxide

CNTs Carbon nanotubes

NCNTSs Nitrogen doped carbon nanotubes
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GO

rGO

MoS:

Ag2S
CulnSz, CIS
ITO
PEDOT:PSS
P3HT

PTB7

PCDTBT

MDMO-PPV

PCPDTBT

PCe1BM, PCeoBM
PC1uBM

ICBA

EDAX

HRTEM

AFM

Graphene oxide

Reduced graphene oxide

Molybdenum disulfide

Silver sulfide

Copper indium sulfide

Indium tin oxide

Poly-(3,4-ethylenedioxythiophene): poly(styrenesulfonate)
Poly(3-hexylthiophene)

Poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-
b’]dithiophene-2,6-diyl}{3-fluoro-2-[(2-
ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl})
Poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-
thienyl-2’,1’,3'-benzothiadiazole)], Poly[[9-(1-octylnonyl)-9H-
carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothiadiazole-
4,7-diyl-2,5-thiophenediyl]
Poly[2-methoxy-5-(3',7'-dimethyloctyloxy)-1,4-
phenylenevinylene]
Poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta [2,1-b;3,4-
b']dithiophene)-alt-4,7(2,1,3-benzothiadiazole)]
[6,6]-phenyl-Ce1 butyric acid methyl ester

[6,6]-phenyl-C-1 butyric acid methyl ester
Indene-Ceo bisadduct

Energy dispersive x-ray analysis

High resolution transmission electron microscope

Atomic force microscopy
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XRD
SEM
XPS
UPS
UV-vis
PL
TRPL
TCSPC
AM
ITO
Ag

Al

Au

Jsc

Voc

FF

nm

cm

X-ray diffraction

Scanning electron microscope
X-ray photoelectron spectroscopy
Ultra violet photoelectron spectroscopy
Ultraviolet-visible
Photoluminescence

Time-resolved Photoluminescence
Time correlated single photon counts
Air mass

Indium tin oxide

Silver

Aluminum

Gold

Voltage

Current density-Voltage
Short-circuit current density
Open-circuit voltage

Fill factor

Mobility

nanometer

Molar

centimeter
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mw
eV
ML
nm
mL

Hz

°C

%

ns

milli-watt
Electron-volt
microliter
nanometer
milliliter

Hertz

angstrom

degree centigrade
frequency
percent

nanosecond
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