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ABSTRACT

Semiconductor nanocrystals have become a significant class of materials with large potential for
application varying from medicine to electronic and optoelectronic devices. Quantum dots are a
class of semiconductors, which are composed of periodic groups of II-VI, III-V, or IV-VI
materials (like CdSe, CdS, CdTe & ZnSe) with size below 10 nm showing size-dependent
chemical, optical and electronic properties. Modification of nanocrystal surfaces, doping and
deposition of other semiconductor materials alters the optical and structural properties; the key
focus of work in the present thesis. The present thesis is primarily focused on the synthesis of
new types of semiconductor nanocrystals and controlling their optical and electronic properties
by modifying their surfaces. The detail of the research work is as follows:

Chapter I of the thesis is focused on the literature survey of past and present research work on
semiconductor nanocrystals. It summarizes in general on the variety of protocols used in the
synthesis of nanomaterials, doped nanomaterials and diverse techniques for surface modification

of these nanomaterials.

In Chapter II, protocols used for the synthesis of nanocrystals and their further modifications
are discussed. Brief accounts of the absorption spectroscopy, fluorescence spectroscopy, Time
resolved fluorescence spectroscopy, X-ray diffraction and Transmission electron microscopy

used to characterize the synthesized nanomaterials are discussed.

In Chapter III, the control of optical properties of CdS nanocrystals by altering the capping

ligands during their synthesis was studied. It was found that addition of a little amount of



CdCla2:Phosphonic Acid (PA) at the end stages of the synthesis, results in complete elimination
of the surface state emission from these nanocrystals and also increases the quantum yield of

band edge emission.

In Chapter IV, the growth of Cu2ZnSnS4 semiconductor nanocrystals via a colloidal route at
lower temperatures by the introduction of cationic surfactant cetyltrimethylammonium bromide
(CTAB) was monitored. The synthesized nanocrystals were uniform and single crystalline and
their size can be tuned by heating them at various temperatures thereby making them suitable

candidates in future for application in photovoltaic devices.

Chapter V discusses a new approach by involving the introduction of manganese in (CZTS)
semiconductor nanocrystals via a colloidal route and also the synthesis of CMTS nanocrystals.
These nanocrystals show optical absorbance in the visible region thereby making them suitable
candidates for application in photovoltaic devices. The mechanism of charge transfer in these
nanocrystals was further confirmed by dye-degradation studies, showing the possibility of

ambient day light photocatalysis.

In Chapter VI, the electron-transfer process from CdSe/3ZnS/nCdSe (where n=2, 3, 4, 5)
quantum dots to the Au tips as a function of the shell thickness was monitored. Studies show that
as the shell thickness increase, the process of charge transfer decreases due to the variation in
energy gap between the conduction band of the CdSe shell of dual emitter nanocrystals and gold
particles. A combination of steady state and time-resolved photoluminescence studies establish
the mechanism of charge transfer in these nanocrystals which can further be used as

photocatalysts.

Vi



HHTHSHET AA(oheee ATHYT & U Heed [0 a¥ a 0 & ST = (el § AT Sae i+ Y AEsaaei =
STHTOI o [oIT SAT-3TRT AR o (o7 TET HATAAT0 &1 Fied Sied qHHSFed &1 UF a7 g, (1 2-VI, 111V, 31
IV-VI FTeft (S HETues, Hiiug, fEET i SuauEs) & datas g § a9 T 2, S % g 9w 10
TAUH 1= SR o AT U, A(Cadhed AT Toraei 7 0T A Theae qagl & e, d7T AIATAH TaTAT 6
ST &7 aaT ATeaher ST FTAATHS U HT T & TAATT ST H FH F1 GT RFE FaA 8 ge

T H T THT F AGATAT Ao 6 FLT7 T2 H3q § ST 36! qaal Hf LT Fh 3% Al (ehed AT
et ont &7 R e € srEaT w7 a6 fHEer = g 2

T T AT | SALTATAT AT T2 AATT ST ATHTT SATHLATT FH1A % HATgcd AT T2 hiad gl T
AT & T2 § Yo At Terwidl a2 qrred 9 § GIid FdT 8, T7 A rHe< s & qdg G9ree

% fore e AR e ofw fafare qedtet #1 geawrer fr s 21

AT || |, AR A % LU0 % oI STh TR 3T 3 SR H9TeA1T TT F=7 il ST g1 SATFLqTIT
TRl F wier e, afadifa S ey, e F7 qaTeT Tiaaity S enrdy, TH-¥ f&ade i g+
TAFZI ATZAIEATT 2T nanomaterials F1 iR e % form SwarnT o s & == &7 2 2

AT ||| H, 3o HE[WOT o 31T 00 oRISH FT aaah? HISIUH AAIHeeee 6 Afeeher U0 T (FFA7T FTLaaT
T T =g wrT T 3R "SEr F s =vor § MU 2: wivewiaE utte (fu) £ ST /e F s, =1
AAITETed 8 qag & 15T & IcasT a1 T ITHAT ST 380H TOTHEAET 98 6 (HeAT 6 Sasia 6l ATAT 98
ST B

FATT IV H, CU2ZNSNS4 STEHTAT AR FA T [FTE FTF ThaaFe HIAUASTHIAAATT sraTe (FETE)
T AT | FH ATTHTT 9T UF FIATSSTT AR 6 GIeAH & 6T TA7 AT HY 0T A1 THaaTd siT Uahe
oREeatT o ST Ik SreTe 1 Ao qIOwTl 92 I0g TH Fi2eh &I (647 ST F6aT ¢ S Svg, hleraioes
STHRIIN | SATAET F [0 AT § I SHHIEATE a4 2

HLATT AT TF FIATSSAT AR F AIAH & FHHSFL w0 e (HISETTE) F HIAATS hf LFATT T HuASTuE

AITREEe & H[UOT % GIT U T FTORIT o0l F=1 FHIdTl gl T AATheeeed gOTATT &7 § aAffeaahel aTua fe@rd



2 O 378 wIEdifees ITHFLUT | SARH 6 (o0 ITIH IFH(GATT T 2| T A Eeed § =TS a2
ST AT STe-RUS e steg=t 4 off gf® v w12, 5 f3 afvarshy faq 3 werrer wrersarfee £ samemr faam 2
T FAT H, HISwas / 3ZnS / nCdSe (&F n =2, 3, 4, 5) | TAFE(T EATALIT 2l SHAT &I U IRAAT § @l
HIETS & UF ARG & ®F § (AT & T2 2| STeqa=i & Iq1 Fav g o g qlers # gig F €9 4, AT
e ATfreeew Y THT FOT1 o TS GIe % TATgeh<d 9 6 19 SHoll d¥ § ¥ o FHI0T TATY FeqTaor
T ITRaT 7 BT AT g1 I 7757 3T F9-a974Te 30 0 Free (A 6e Aeqa=i F1 UH G309 =7

AR H ATS SALT 6 A Al TATIAT FAT 2, O 01 wiern{cReee & &9 § 3edarer Fhar S a6t 1



TABLE OF CONTENTS

L0 3 I 0 L N i
ACKNOWLEDGEMENTS.......ccciieiittieiietnesse s s sas cneaessas sessnssassssses s ssssessas asssessns ssssssnns iii
Y - 3 I 1Y v
TABLE OF CONTENTS......ccoiiititeie ettt se st se s e sae s nes sas s e sas s snasas ssasssns ssasasns sunanes vii
LIST OF FIGURES.......cocoteiiiieinen sttt s snassas ssan s s sas es s sasass s sasass st sas aessns sasassses sas s mnssns xi
LIST OF SCHEIMES...........eoiiitiiiiittaiis sttt et e s sessas sea e ssasasas sasaessessas sessnssas assses sassasasns XV
GLOSSARY OF SYMBOLS AND ABBREVIATIONS........cccoovtiiinieennnesieensesseeses e essesssessassnes Xvii
Chapter 1 INtroduction.............cccooiiiiiiiiiiiterte s ettt 1
1.1 Evolution of science of semiconductor nanocrystals.............cccueevvierieenieenieeiieennenns 2
1.2 Quantum size effects in semiconductors: Quantum confinement.................ccceecnn. 4
1.3 COre/ShEll SINCS......eiuiiiiiiiieieeeee ettt sttt naeen 7
1.3.1 Type I (Shell materials having higher band gaps) ..... ..c.cccceevevvierieeniienieriereee e, 8
1.3.2 Reverse Type I (Shell materials with lower band gaps) .........cccceevvercverciincieerieeieennen, 9
1.3.3 Type I (Staggered LY Pe) .. . euveretietieteete et e et e ettt e e eerrrresseeseens 9
1.3.4 Core/multi-shell SNCS. ..ot 10
1.4 HYDTIA INCS .ttt ettt ettt ettt e e bt e e eenseeenseeaeeenne A1
1.5 SYNthEtiC PrOtOCOIS. ...ccuviieciieeciie ettt e et e e eaaeeenreeennaees 11
1.6 Synthesis of core/Shell SINCS .......c.cooiiiiiiiiieeee e 12
1.7 SUTTACE PASSIVALION ..e.evveeeiiieeeiiieeciieeieeeite e et eesaeeeeaeeeeeeessaaeesesaeessseeessseeenseeennnes 13
1.8 Doped NanoCTyStalS. .. .....iue ittt ettt et aea 14
Chapter 2 Materials and Methods...............ccooooiiiiiiiii e 16
2.1 SYNthetiC PrOtOCOLS. ... eetieiiriieiieieetee ettt e s 17
2.1.1 Hot injection colloidal SYNthesis ..........ccceeeuiiviieriienieriiesiesis e sve v ens 17
2.1.2 Core/Shell SYNENESIS .......eccvieiieiieriieriesieeteere e ee e e seesaesebeesbeesseesseesseessnesssessseans 19
2.1.3 Hybrid nanocrystals SYNtheSiS.........cccveicvriiiieiiierieesiiesiesreereereereesseesieesseesenessnessneens 21
2.2 Characterization TEChNIQUES..........ccocuieriiiriiieiieiiiee e 22
2.2.1 UV-Visible abSorption SPECIIOSCOPY ..evvervrrrreerreerreeriiereesreeseeseesseesseesseessesssesssenns 22
2.2.2 FIUOTESCENCE SPECLIOSCOPY ..uvveerrierrrerrrerererreaseeseesseesseesssesssesnseessessseesseessessssesssesssenns 24
2.2.3 Time Resolved Fluorescence Spectroscopy (TRES)....ccccoocvveciiiieiieniienievieeieeiens 26
2.2.4 Powder X-ray diffraction (PXRD)........coviiiiiiiiiiiiee e 27
2.2.5 Transmission Electron Microscopy (TEM).........ccovviiiiiiiiiiiiiiiiiiiiieeeane 28

vii



Chapter 3 Synthesis of tap emission free CdS quantum dots: Role of Phosphonic acids and halide ions

................................................................................................................................................... 30
3.1 IEEOAUCTION ..ot e e e et e e e e e e e e e e e eeeeeeeeeeaaaaaeaaaaeaes 31
3.2 MEthOAOIOZY ..c.vveeiiieiiiece ettt ettt e e be et e e sbeenseeenseas 32
3.2.1 Synthesis of CdS NaNOCTYSLAlS ........ccvvevvieriieriieiieeie ettt ere e ere e e seeeseaeesneens 32
3.2.2 Synthesis of CdS NCs with CACI2:PA .......cooviiiieieeeeeeeceeeeee e 33
3.2.3 Solutions fOr INJECLION ......ueeruierieeireriesteerieeseesteereeteesteeseaeseressbeesseesaesseessaessnessseans 33
3.3 RESUILS QNA AISCUSSION «.nneeeeeieeteee e et e e e e e e e e e e e e e e e e e e eeeeaaaeaeaaeaes 33
3.3.1 Characterization of CdS NCs and CACl2:PA NCS c.ccooviiiiiiiiiiii, 33
3.3.1.1 Role 0f the COUNTET=ANI0M ......oouvieiieieeeee et 37
3.3.1.2 Role of Crystal SIIUCTUIE ........coruiimiiieriiiieierieeteeet ettt 40
3.3.1.3 Role of optimized concentration of CdCl,:PA in passivation...........c..cceeceervennnnns 43
34 CONCIUSIONS - ettt e e e e e e e e et e e e e e e e e e e e e e eaeeeeeeeeanaaaaaaaaaaes 46
Chapter 4 Size Control synthesis of Cu2ZnSnS4 (CZTS) nanocrystals .............c.c.coceeenene 48
o 0 15 (0 Yo L0 Lot 5 (o) o DUUURRRURRO PO OPOPRPOPPPPPPPRPPRPPR 49
4.2 MEthOAOIOZY ...envieiiieiie ettt ettt ettt et sttt e st sate e bt e enseenes 50
4.2.1 Synthesis of CZTS NCs at Different Temperatures............cccceceevererrieneneenienennenn 50
4.3 Results and DISCUSSIONS ........ccuiiiiiiiiiiiiiiiiiieiieeeeeeeeeeeeeeeeeeeeeeeeee e et e eeeeeeeeeeeeeeeeeseeeeeeeeees 51
4.3.1 Characterization Of CZTS NECS ...oouiiiiiiiiiiiiiiiiiiiieeieeeeeeeeeeeeee ettt eeee et e eeseseeesseesaees 51
.4 CONCIUSIONS ....uviiiieee ettt ettt e e ettt e e e e e e ee s e e eaeeeeeeesssesestaaeeeeeessssannnes 58

AS PROTOCALALYSE ..ottt e et e e b e e e ta e e nbeeennee s 59
oI 15 (0T L To7 1o ) s WSS URRRSR 60
5.2 MEthOAOIOZY ..c.vveeiiieiiieee ettt et e et e esteeenseensaeenseas 61
5.2.1 Synthesis of CZTS NanoCrystals .........ccceevverieeriireiiieiieriesiesre et ereesseesseeseeesenessneens 61
5.2.2 Synthesis of Mn doped CZTS nanocrystals..........cceeeverierierienriecieeniereeseesveeveens 62
5.2.3 Synthesis 0f CMTS Nanocrystals .........cceecviiriiieieiieeriie e esree e eree e 62
5.3 Results and DISCUSSION .....cueeruiieiieniieeiierie ettt ettt be et eesbeesseeenseas 63
5.3.1 Characterization of CZTS and Mn Doped CZTS nanocrystals NCs ..........c..ccueeuuenn. 63
5.3.2 Effect of Mn doping on CZTS Nanocrystals .........ccoecvveveerierienieeciieneeneesee e eneens 66
5.3.3 Synthesis and Characterization of CMTS (Replacement of Zn by Mn) ................... 69
5.4 Photocatalytic StUAIES .....ccviieiiieeiieeiee ettt et sree e e e e s 73
5.5 CONCIUSION ...ttt ettt ettt e st e et e s teeeabeessaeenbeeseesnseenseesnseas 78

viii



Chapter 6 Fluorescence-quenching of shell emission from CdSe/3ZnS/nCdSe to gold tipped

nanoheterostructures: A shell dependent study ...............ccccoeviiiiiiiiiniiiiiiiiiee e 79
6.1 INETOAUCTION ..ottt ettt st e b et 80
6.2 MEthOAOIOZY ....veeeeiiieiie ettt e e e e st e et eesnseeesaaeeenseeennes 81
6.2.1 Synthesis of CdSe (core) nanocrystals (NCS) .....cceeerveerieieiieeriee e eree e 81
6.2.2 Synthesis of CdSe/3ZnS/nCdSe nanocrystals.........ccccevereeverenienieneeneneeieneneee, 82
6.2.3 Synthesis of gold tipped CdSe3ZnSnCdSe nanocrystals .........coccevereevenenieneneenne. 82
6.3 Results and diSCUSSION .....cc.eeiuiiiiiiiiiiiieeieeeee ettt 83
6.3.1 Characterization of CdSe/3ZnS/nCdSe and Au-tip CdSe/3ZnS/nCdSe nanocrystals83
6.4 CONCIUSIONS ... ..ottt ettt st st sa et 91
Ref@renCes. ... .o e 92
BHo-data.......oooiiii ettt et e et e st s e e 106



LIST OF FIGURES

1.1  Splitting of energy levels in quantum dots due to the quantum confinement 5
effect, semiconductor band gap increases with decrease in size of the
nanocrystals.

2.1 Schematic diagram of hot injection method 18

2.2 Jablonski diagram showing different transitions after absorption of light by a 24
fluorophore

3.1 UV-Vis absorbance, and PL spectra of CdS NCs (orange and black 35
respectively). PL spectra for CdS/CdCL:ODPA, CdS/CdCl.:TDPA and
CdS/CdCl2:HPA in red, green and cyan respectively. In inset ratio of PL
intensities of CdS NCs after and before addition of CdCl2:ODPA, CdCl2:TDPA
and CdCL2:HPA.

3.2 (a), (c), (e) and (g) UV-Vis absorbance, (b), (d), (f) and (g) PL spectra of CdS 36
NCs (black) and CdS/CdCl2: ODPA (red) (after 5 s, 20 s, 40 s amd 1 min of S
injections respectively)

3.3 (a), (c) and (e) UV-Vis absorbance, (b), (d) and (f) PL spectra of CdS (black) 37
and CdS/L (red) (L = CdCl2:0A, CdO:0A and CdO:ODPA respectively).

3.4 (a) Powder XRD Patterns of CdS and CdS/CdCl2:ODPA NCs along with the 39
JCPDS patterns for WZ (bottom) and ZB (Top) CdS NCs and b) TEM image of
as synthesized CdS (left) and CdS/CdCl2:ODPA (right) NCs and the inset show
HRTEM image.

3.5 UV-Vis absorbance in black color and PL spectra in red color of CdS:ODPA 42
small size NCs (a) and CdS:ODPA large size NCs (b) XRD of small size (c)
and large size (d) CdS:ODPA NCs.

Xi



3.6

UV-Vis absorbance and PL spectra of CdS NCs (black) and CdS/CdCl.:ODPA
NCs (red) for 0.08 mmol (a) & (b) and for 0.04mmol (¢) & (d) of CdCl2:ODPA
solution taken during synthesis.

44

3.7

Powder XRD of CdS NCs with 0.08 mmol (left) and 0.04 mmol of
CdCl2:ODPA solution (right).

45

3.8

UV-Vis absorbance (left) and PL spectra of CdS NCs (black) and CdS NCs
after ligand exchange with ODPA (red).

46

4.1

Powder XRD pattern of CZTS nanocrystals synthesized at different
temperatures viz. 160 °C, 200 °C, 220 °C, 250 °C, 280 °C corresponding to the
particle size of 8.5 nm, 19 nm, 24 nm, 26.5 nm and 30 nm, respectively. Lines
show the broadened pattern.

53

4.2

UV-Vis absorption spectrum of CZTS nanocrystals synthesized at different
temperatures.

54

4.3

Room temperature Raman Spectrum of the as prepared CZTS nanocrystals at
160 °C, 200 °C, 220 °C and 280 °C.

55

4.4

Figure 4.4) TEM image of as synthesized CZTS nanocrystals at 160 °C (left)
and 280 °C (centre) and HR-TEM image of CZTS nanocrystals at 280 °C

(right).

56

4.5

FE-SEM image of CZTS nanocrystals synthesized at 160 °C, 200 °C and 280
°C.

56

Xii




4.6 EDAX of as synthesized CZTS NCs. 57
4.7 Band edge diagram of CZTS and CTAB. 57
5.1 X- ray diffraction (XRD) pattern of CZTS NCs. 63
5.2  Structure of kesterite CZTS. Blue, yellow, red and grey sphere represents Zn, S, 64
Cu and Sn atoms respectively.
5.3 UV-Vis absorption spectrum of as synthesized CZTS NCs. 65
5.4 TEM image and statistical distribution of as synthesized CZTS NCs. 66
5.5 X-ray diffraction (XRD) patterns of (1) CZTS (JCPDS-26-0575), (2) CZTS 66
NCs and (3) 10 % Mn doped CZTS NCs.
5.6 UV-Vis absorption spectra of as synthesized 10% Mn doped CZTS NCs. 68
5.7 Transmission electron microscopy (TEM) image of the as synthesized Mn 69
doped CZTS nanocrystals with an average size of 10 nm + 4 nm.
5.8 X- ray diffraction (XRD) pattern of CMTS NCs. 69
5.9 UV-Vis absorption spectrum of as synthesized CMTS NCs. 70
5.10 TEM image of as synthesized CMTS NCs 71
5.11 VSM of CZTS, Mn doped CZTS and CMTS NCs at 300 K. 72
5.12 Set of absorption spectra for photocatalytic degradation of Rhodamine B in 75
ambient light using (a) RhB, (b) CZTS, (c) Mn-doped CZTS and (d) CMTS
nanocrystals.
Time dependent absorbance changes of RhB and (b) plot of In(A/Ao) as a 76
5.13 function of time in the degradation process using CZTS, Mn-doped CZTS and

CMTS nanocrystals.

xiii




6.1 Absorption and photoluminescence spectra of CdSe core NCs. 83

6.2  Absorption and Fluorescence spectra of a) CdSe/3ZnS/2CdSe (black lines) and 84
CdSe/3ZnS/2CdSe-Au (red lines), b) CdSe/3ZnS/3CdSe (black lines) and
CdSe/3ZnS/3CdSe-Au (red lines), ¢) CdSe/3ZnS/4CdSe (black lines) and
CdSe/3ZnS/4CdSe-Au (red lines), d) CdSe/3ZnS/5CdSe (black lines) and
CdSe/3ZnS/5CdSe-Au (red lines).

6.3 PL Intensities of shell emission before (Io) and after addition (I) of gold for g5
various shells.

6.4 Lifetime values and percentage contribution for core and shell. Dark sphere 8¢
represents before addition of gold and hollow spheres represent after addition of
gold.

6.5 (a) Radial probability distribution functions for (a) electrons, (b) holes and (c) 88
electron-hole overlap for 2 ML, 3 ML, 4 ML and5 ML of CdSe. Red and blue
color coding denotes wavefunctions for first excited state and second excited
state,respectively.

6.6 XRD pattern of CdSe3ZnS4CdSe and CdSe3ZnS4CdSe-Au (left) and 90

CdSe3ZnS5CdSe and CdSe3ZnS5CdSe-Au (right).

Xiv




LIST OF SCHEMES

1.1 Schematic diagram showing the concept of system dimensionality: (a) 6
bulk semiconductors (3D),(b) quantum well (2D), (c) quantum wire
(1D), (d)quantum dot (0D). In the bottom, the corresponding density
of states (AE) vs energy (E) diagram.

1.2 Band alignment of CdSe/CdS (Type 1) system. 9

3.1 Binding of Cd-OA (left) and Cd-ODPA and CI (right) on the surface 43
of CdS NCs. Blue and yellow spheres represent Cd and S atoms
respectively.

5.1 Schematic illustration for degradation of RhB using CZTS/Mn-doped 77
CZTS/CMTS nanocrystals.

XV



GLOSSARY OF SYMBOLS AND ABBREVIATIONS

%

Abs

a.u.

ca.

°C
EDX
FWHM

Hz
1.€.

eV

mmol
mol
mL
m.p.
nm

SNCs

percent
frequency
angstrom
absorption
arbitrary unit
microlitre
calculated

degree centigrade
energy dispersive X-ray analysis
full width at half maximum
gram

hour

hertz

that is

electron volts
molar

millimole

mole

milliliter

melting point
nanometer

semiconductor nanocrystals

XVii



TEM transmission electron microscopy
HR high resolution

PXRD powder X-ray diffraction

XViii



	Thesis  Vikash Arora.pdf



