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ABSTRACT

INVESTIGATION OF ZnO-BASED NANOSTRUCTURED
DYE-SENSITIZED SOLAR CELL ELECTRODES

BY

AHMAD IRANNEJAD PARIZI

With increasing consumption of energy, non-fossil energy sources such as solar
energy are being considered intensely. In this study several different morphologies
of nanostructured ZnO arrays were produced as photo-anode electrodes of dye-
sensitized solar cells. Fluorine-doped tin oxide (FTO) substrate was pre-modified
with a ZnO thin film as a seed layer by Sol-Gel coating. Then, well-aligned ZnO
nanorod arrays with high aspect ratio have been grown on the substrate by
hydrothermal process. TiO; thin shells with different thickness were grown on the
Zn0O nanorods by chemical vapor deposition (CVD) method, which improved the
cell efficiency. Also flower like ZnO nanosheets, and globular ZnO, which it was
a novel structure, were grown on FTO substrates by chemical bath deposition
(CBD). Dendritic structures were produced by growing the ZnO nanorods on
flower like ZnO nanosheets which it was different from others. Sample
characterization was performed by X-ray diffraction (XRD), electron microscopy
(SEM, FESEM, TEM, and SAD), X-ray photoelectron spectroscopy (XPS), and
UV-vis Spectroscopy. The nanorod diameter distribution was obtained from SEM
and FESEM images. The diameter of the ZnO nanorods ranged from about 30nm
to more than 100nm and their lengths were about 6um for 12 hours hydrothermal
process. XRD and TEM analysis indicated a wurtzite structure with high
crystallinity and confirmed that each individual ZnO nanorod was a single crystal.
XPS and TEM results confirmed the formation of a TiO, film on the ZnO
nanorods. UV-vis Spectroscopy showed that the transmittance of ZnO nanosheets
layers was more than ZnO nanorods sample with the same thickness in the visible
range. The photoelectrochemical experiments were performed in a sandwich type

vV



two-electrode cell and J-V curves were obtained. Results of the test of ZnO
nanorods based solar cells, showed that by increasing the thickness of ZnO
nanorods layer, efficiency improved slightly and then decreased for higher
thickness values. The results of solar cell testing showed that coating of TiO,
shells on ZnO nanorod significantly increased the short circuit current (Jsc), open
circuit voltage (Voc), fill factor and efficiency relative to devices without TiO;
shells. Overall cell efficiency jumped from 0.45% for bare ZnO nanorode array to
0.92% for 14 nm thick TiO; shells on ZnO which showed a two fold increase. The
fill factor increased from 0.37 to 0.60, showing a 62% improvement. For a TiO,
shell 21 nm thick, Voc increased from 0.53V, to 0.68 V. The results showed that it
Is possible to fabricate core-shell cells of higher efficiency by using nanorod
arrays. Using ZnO nanosheets and globular ZnO electrodes instead of ZnO
nanorods, improved the Jsc, Voc, fill factor and solar cell efficiency. Using ZnO
nanosheets electrodes instead of ZnO nanorods, increased the cell efficiency from
0.45% to 2.9%, which showed a several fold increase. Overall conversion
efficiency about 3.8% was obtained for globular ZnO electrodes. Also by using
dendritic structures of ZnO the cell efficiency and other parameters were
improved, which was due to the high surface area. Increased thickness of ZnO
nanosheets and globular structures layers improved the efficiency several times,
which was not possible for ZnO nanorod. Design of experiments via Taguchi
methods was done and the optimum condition was obtained. The results of solar
cell tests showed that sensitization time was an important parameter in the ZnO
based dye-sensitized solar cell efficiency and the highest efficiency was obtained
for 30 minutes sensitization time.



Table of contents

1T o] 101 SN page
LISt OF FIQUIES ..o XI
LISt OF tADIES ..o XX
Chapter one: INtrodUCTION ........ccvveiviiiieiie e 2
Chapter two: LIterature reVIEW .........cccovvueereereesee e e seeeseesee e 5
2.1, INrOAUCTION.......oiiieiieee e 5
2.2. The principles of photovoltaiC ..........ccccoveviiiinieii e, 5
2.3. Physical basis of the solar cell ..., 6
2.4. History of photovoltaiC ...........cccevieiii e, 8
2.5. Development of solar cell ............coooeveiiiiici e, 10
2.6. Dye-sensitized solar cells..........cccoovvviiiiiiiii e, 11
2.6.1. History of the development of DSSCs .........cccccveneee. 12

2.6.2. Operational principle of the DSSCs .......ccccccovevieeenenn 12

2.7. General properties 0f ZNO .......ccccovveviiiin i 15
2.7.1. Background for ZnO........cccccovevievicvic e, 15

2.7.2. Crystal structures of ZnO..........cceeveviiiiieiiecie e, 15

2.7.3. Physical properties of ZNO .........ccccevvveviiiieiie e, 17

2.8. Sol-Gel synthesis of ZnO thin film........c..cccovieiiniiiiiiee, 18
2.9. Hydrothermal method of ZnO nanorod synthesis .................. 19
2.10.Chemical bath deposition of ZnO nanostructures .................. 21
2.11.Zinc oxide based DSSCS.........ccvvvreiiereiiee e 23
2.12.Nanostructure ZnO for DSSCS........ccccvviiienienie e 26
2.12.1. ZnO nanoparticulate film.........cccooevviieiiiiiiiee 27

2.12.2. Nanoporous structure ZnO film..........ccoooveiinnnnn. 29

Vi



1T o] 101 SN page

2.12.3. Nanostructures with direct pathways for electron

EFANSPOIT ... 32
2.12.3.1. ZNO NaANOWIIES.....ccvveiivieeiie et 32
2.12.3.2.  ZnO Nanotubes..........cccceveevii i, 34
2.12.3.3.  ZnO Nanoflowers ..........ccccceevveevieeiiiee e, 35
2.12.3.4. Dendritic ZnO NanOWIres ..........cccccvvvevivveeiveenne 36

2.12.4. Other nanostructure ZnO films...........ccoocevvviiiiinnnnn. 38
2.12.4.1. NaNOSNEELS.......cccveviiiiirieie e 38
2.12.4.2. NaNODEIS .......cocveiiieece e 39
2.12.4.3. Tetrapods ......ccceccvereerierieeie e see e 39

2.13.Design of experiments via Taguchi methods..............ccc........ 41

2.13.1. Introduction to Taguchi methods.............ccceevevvennnnne. 41

2.13.2. Summary of Taguchi method .............ccccoeveiviiieennne, 43

2.13.3. Taguchi 10ss function..........c.ccceevvevieiie i, 44

2.13.4. Determining parameter design orthogonal array ........ 45

2.13.5. Analyzing experimental data.............cccccoevevvveiveennn, 48

2.13.6. Advantages and disadvantages of Taguchi method ...51

2.13.7. Using Taguchi method in current study ..................... 52

Chapter three: Experimental procedure .........cccoocvevveveeieniesie e 54
3.1. Materials SYNtheSiS.......coccviiiiiiiieiee e 54

3.1.1. Primary materialS..........ccccoveiveiieiic e 54

3.1.2. Sol-Gel synthesis of ZnO thin film............c..ccceeeennee 54

3.1.3. Growth of ZnO nNanorods array .........ccceeeeveereereeneeenn 55

3.1.4. Deposition of TiO; shells on ZnO nanorods ................ 56
3.1.4.1.S0l-Gel synthesis of TiO, shell ............c...cceen 56
3.1.4.2.Chemical vapor deposition of TiO; shell ............... 57

3.1.5. Growth of flower like ZnO nanosheets ............cc.c.c...... 58

3.1.6. Globular ZnO grown by chemical bath deposition ...... 59

3.1.7. Dendritic structure obtained by growing ZnO

nanorods on the ZnO Nanosheets.........ccccecvevvevie e e e, 59

3.2. Materials charaCterization.............ccccoevevieeiieeciie e 60



1T o] 101 SN page

3.2.1. Thermal analysis testS.........ccccceviveviieiiiiiie e, 60
3.2.2. Electrical and optical properties measurement............. 61
3.2.3. MICrostructure StUdIES ........ccocvereereriienir e 63
3.2.4. Solar cell fabrication...........ccccevvevieiieiii e, 63

3.2.4.1.Preparation of nanostructured ZnO photo-anode
CIECIIOUES ...t 63
3.2.4.2.Fabrication of TiO, light-scattering layer............... 63
3.2.4.3. Thickness measurement........c.ccevvvvvereeseerieseenennns 64
3.2.4.4.Synthesis of ruthenium sensitizer.............ccccoeeuee..e. 65

3.2.4.5.Immersing the nanostructured photo-anode
electrode into the dye solution..........cccceecveve e, 65
3.2.4.6.Preparation of counter Pt-electrodes ...................... 66
3.2.4.7.Preparation of electrolyte...........ccocooevieiieeinennenn, 66
3.2.4.8.DSSC assemblage.........cccceevvveiveiieiieie e 66
3.2.4.9.Photovoltaic measurements.........cccocvevvrivereseenennn, 66

3.3. Optimization of experimental parameters based on the
Taguchi robuUSt deSIgN ......ceviiiereee e 68
Chapter four: Results and diSCUSSION..........c.cccceeviieeiiieesiee e 70
4.1. Sol-Gel synthesis of ZnO thin film........c.ccccoovveiieiiiiie, 70
4.1.1. Hall effect measurement..........ccoccveveereienneniiniesiennenn, 70
4.1.2. TGA-DTAESES ..ooveeieiieiieeie et 71
4.1.3. Scanning electron MICrOSCOPY ......ccvvevveevveereeseeiieannn 71
4.1.4. UV-vis spectrometer measurement .........cccccevvevnnnnnnns 73
4.2. Growth of ZnO Nanorods array........ccceeeeervereeseesineereesenenens 75
4.2.1. Scanning electron MICrOSCOPY .....cevvvrrvrerieeriverersenaneens 75
4.2.2. Field emission scanning electron microscopy.............. 80
4.2.3. Transmission electron MiCroSCOPY .......cccevvveeervererrennn 85
4.2.4. UV-vis spectrometer measurement ...........ccocceevevernnnn 86
4.2.5. X-ray diffraction analysis ........cccccceeerviienivniniiesniennnnn, 87
4.2.6. X-ray photoelectron spectroscopy (XPS).....c.ccceeuenee. 88
4.2.7. Solar cell fabrication and testing ...........cccocvveereriennnnn, 89

VIl



1T o] 1<) SN page

4.2.7.1.Effect of ZnO nanorods film thickness on the

solar cell effiCIENCY .......ccovvviiiiiii e, 89
4.3. Deposition of TiO, shells on ZnO nanorods...........c..ccceenee. 91
4.3.1. Transmission electron MIiCroSCOPY .......cevververeerersnnens 91
4.3.2. X-ray photoelectron spectroscopy (XPS).......ccceevrnnenn 92
4.3.3. Solar cell fabrication and testing ..........ccccevevvvvicnnnnnnn 95
4.3.3.1.Effect of TiO, shells grown by Sol-Gel synthesis
on the cell effiCienCY ..., 95
4.3.3.2.Effect of TiO, shells grown by chemical vapor
deposition on the cell efficiency .........ccccoovvvvviiiieiiieciene, 98
4.4. Growth of flower like ZnO nanosheets ..........ccccccvevevvvnnnnnnn 102
O N YA B NG (1] S 102
4.4.2. Scanning electron MICroSCOPY......cccvevvveieeiiesireeiveenne. 103
4.4.3. Field emission scanning electron microscopy............ 105
4.4.4. X-ray diffraction analysis..........cccccoevvvevieiiecieesinene, 108
4.4.5. X-ray photoelectron spectroscopy (XPS)........ccccue..... 109
4.4.6. Solar cell fabrication and testing ..........ccccoeevvevveiveenee. 109
4.4.7. UV-vis spectrometer measurement ..........c.cceeeverveenne. 111
4.5. Globular ZnO grown by chemical bath deposition .............. 112
4.5.1. Field emission scanning electron microscopy............ 112
4.5.2. X-ray diffraction analysis..........cccccoevvvevieiieiceeninenne, 115
4.5.3. Solar cell fabrication and testing ............ccccceevvvevenee. 115
4.6. Dendritic structure obtained by growing ZnO nanorods on
the ZNO NANOSNEELS........c.ee e 117
4.6.1. Scanning electron MICroSCOPY......cccvvvvereervrerieerieenens 117
4.6.2. Solar cell fabrication and testing ........cc.cccoevevveivernnne. 120
4.7. Design of experiments via Taguchi methods..............c......... 124
4.7.1. Selection of factors and their levels...........c.cccccovennne. 125
4.7.2. Analyzing experimental data............c.ccoocvvivereiiiennnnne. 126
4.7.3. Prediction and confirmation of properties.................. 128
Chapter five: Conclusions and future WOrkS...........cccoceveviveviveiinninnnnn 131

IX



Subject ...........

5.1. Conclusions

5.2. Future works

References..............



List of figures

1T o] 101 SN page

Fig. 2-1. A schematic of a simple conventional solar cell. Creation

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.

of electron-hole pairs, e and h*, respectively, is depicted. .........

2-2. Schematic of a typical TiO, nanoparticle-based DSSC.
Dye molecules attach the surface of the nanoparticle film and
the electrolyte penetrates between the semiconductor pores
forming a semiconductor-dye-electrolyte interface of high

T

SUITACE AIBA. ivvveeieeee e e ettt et e e e e e e e e et reeeeeeeeeeeeeee e raraeeeeeeees 13

2-3. Energy band diagram of a TiO, nanoparticle-based
DSSC. A dye molecule absorbs a photon and promotes an
electron to an excited state. The excited electron is injected
into the TiO, nanoparticle and diffuses to the TCO anode.
The hole left on the dye is transferred to the electrolyte and
diffuses to the cathode where it recombines with an electron.
The maximum DSSC photovoltage is given by the difference
between the conduction band energy level of the
semiconductor and the redox potential level of the electrolyte ..
2-4. Stick and ball models of three crystalline structures of
ZnO. Atoms with the same color of the corner ones are O
atoms and those of the other kind are Zn atoms. ...........cccccueeneen.
2-5. A unit cell of wurtzite ZnO. .......cccovoveveiiee e,
2-6. A chemical bath for the deposition of layered hydroxide....
2-7. A collection of nanostructures of ZnO synthesized under ...
2-8. SEM image of a ZnO-nanoparticle electrode prepared
with a compression Method .........ccocvveieeiiiien e

14

16
17
22
26



1T o] 101 SN page

Fig. 2-9. Schematic diagram of the nanowire-based DSSC.
Nanowires may provide electrons with a direct path and may
improve the collection effiCiency........cccocvevveviivieiie e, 32

Fig. 2-10. Cross-sectional SEM image of the ZnO-nanowire array. .. 34

Fig. 2-11. SEM images of a ZnO-nanoflower film............c.ccccoeeenns 35

Fig. 2-12. Cross-sectional SEM images of dendritic ZnO
nanowires after two generations of growth.............cccceevevvvennn, 37

Fig. 2-13. SEM images of nanostructured ZnO films: a) Dispersed
nanosheets, b) Nanosheet-assembled spheres, ¢) Nanobelt
array, d) Networked film with interconnected ZnO tetrapods.... 39

Fig. 3-1. Atmospheric pressure chemical vapor deposition

(APCVD) system which was used for TiO, shell coating.......... 58
Fig. 3-2. TGA-DTA measurement system (DTG-60H). .................... 60
Fig. 3-3. Software view of TGA-DTA measurement system. ............ 60
Fig. 3-4. Hall Effect measurement system (HL5500)............c.cccoe.nu... 61
Fig. 3-5. Software view of Hall Effect measurement system. ............ 61
Fig. 3-6. UV-vis Spectrometer (Shimadzu UV-2450)...........cccccueeneen. 62
Fig. 3-7. Software view UV-vis Spectrometer system. .........c.c.cco...... 62
Fig. 3-8. Surface profiler system (DEKTAKS). .....ccoeviveviveiiniininns 64
Fig. 3-9. Software view of surface profiler system............c.ccccevvvennnn 64
Fig. 3-10. Dye-sensitized electrode which was prepared for solar

Cell TabriCatioN.........cccveviii e 65
Fig. 3-11. Configuration of the dye sensitized solar cells .................. 67
Fig. 3-12. Solar simulator system, (a) before, and (b) during the

solar Cell teStING. ....ovveiiiecee e 67

Fig. 3-13. Software view of the photovoltaic measurement system... 68
Fig. 4-1. TGA-DTA diagram of dried gel of ZnO Sol-Gel coating. .. 71
Fig. 4-2. Uniform ZnO thin film on FTO substrate produced by
Sol-Gel coating. (ZnO Sol-Gel solution concentration:
0.05M). (a) Typical SEM image, (b) EDX analysis spectrum,
(c) and (d) EDX map of Zinc and OXygen. ........cccevvevveriverennne 72

Xl



1T o] 101 SN page

Fig

Fig

Fig.

Fig.

Fig.

Fig.

Fig.

. 4-3. FESEM image of ZnO thin film on FTO substrate at
different magnification, produced by Sol-Gel coating

(solution concentration: 0.05M). ......cccccevieiininiii e 73
. 4-4. UV-visible transmittance spectrum of the FTO glass.......... 74
Fig.

4-5. UV-visible absorption spectrum of the FTO glass and
ZnO thin film coated FTO glass (ZnO Sol-Gel solution

concentration: 0.05M). ... 74

4-6. SEM image of non-uniform ZnO nanorod, because of
technical problem of hydrothermal process. The
concentrations of both Zn(NOs), and methenamine in

hydrothermal solution are 0.05M. Growth time: 4 h................... 75

4-7. SEM image of non-uniform ZnO nanorod, because of
non-uniform seed layer. The concentrations of both Zn(NO;),
and methenamine in hydrothermal solution are 0.05M.

GrOWEN TIMIE: 4 N e 76

4-8. SEM image of non-uniform ZnO nanorod which growth
on different kind of seed layer. The concentrations of zinc
acetate for Sol-Gel solution are (a) 0.005 M, (b) 0.010 M, (c)
0.020M and (d) 0.040M. The concentrations of both
Zn(NO3), and methenamine in hydrothermal solution are

0.025M for all samples. Growth time: 4 h........c.ccccovvveiiiiennn, 77

4-9. SEM image of well-aligned ZnO nanorod arrays grown
on FTO substrate at 95°C. The concentrations of both
Zn(NO3), and methenamine in mixed solution are 0.025M.
Growth time: 4 h. (a), (b), (c), and (d) top view. (e) and (f)

45° tilt view. (g) and (h) side VIEW. ........ccccevveiveecie e 78

4-10. SEM image of well-aligned ZnO nanorod arrays grown
on FTO substrate at 95°C. The concentrations of both
Zn(NO3), and methenamine in mixed solution are 0.05M.
Growth time: 4 h. (a), (b), (c), and (d) top view. (e) and (f)

45° tilt view. (g) and (h) side VIEW. ......ccccccv v 79

X1



1T o] 101 SN page

Fig

Fig

Fig.

Fig.

Fig.

Fig.

Fig.

Fig
Fig

. 4-11. SEM image ZnO nanorod arrays grown on FTO
substrate at 95°C, (top view). The concentrations of both
Zn(NO3), and methenamine in mixed solution are 0.075M.

GroOWEN tIME: 4 N. et

. 4-12. FESEM image of non-uniform ZnO nanorod because of
non-continues seed layer due to dilute Sol-Gel solution. ZnO
Sol-Gel solution concentration for the seed layer: 0.005M.
The concentrations of both Zn(NO3), and methenamine in
hydrothermal solution are 0.025M. Hydrothermal growth

TIMIC: 4 N ettt

4-13. FESEM image of non-uniform ZnO nanorod because of
non-uniform seed layer. The concentrations of both Zn(NOs),
and methenamine in hydrothermal solution are 0.025M.

Hydrothermal growth time: 4 h.........ccooiiiiiii e,

4-14. FESEM image of uniform ZnO nanorod on FTO
substrate at 95°C. The concentrations of both Zn(NO3), and

methenamine in mixed solution are 0.01M. Growth time: 4 h. ..

4-15. FESEM image of uniform ZnO nanorod on FTO
substrate at 95°C. The concentrations of both Zn(NO3), and

methenamine in mixed solution are 0.025M. Growth time: 4h..

4-16. FESEM image of uniform ZnO nanorod on FTO
substrate at 95°C. The concentrations of both Zn(NO3), and

methenamine in mixed solution are 0.05M. Growth time: 4 h. ..

4-17. FESEM image of uniform ZnO nanorod on FTO
substrate at 95°C with different concentrations of Zn(NOs),
and methenamine in mixed solution (a) 0.01M, (b) 0.025M,

and (c) 0.05M. Growth time: 4 N. ...ooveeiiiii e,
. 4-18. EM image of ZnO nanorods at different magnification....

. 4-19. TEM images of ZnO nanorod (a) (b) low-magnification
image, (c¢) High-resolution TEM image, (d) corresponding

selected area electron diffraction pattern (SAED).....................

XV

80

.81

83

83

83

.84

.86



1T o] 101 SN page

Fig. 4-20. Typical UV-vis spectrum of as-grown ZnO nanorods. .....87

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4-21. XRD pattern of ZnO nanorod arrays on FTO substrate
(*), (@) 0.005 M, (b) 0.010 M, (c) 0.025M, (d) 0.050M, and
Standard ZnO (JCPDS No0.36-1451). (concentrations are for
both Zn(NO3), and methenamine in hydrothermal solution).
Growth time: 4 . oo
4-22. XPS Survey scan spectrum of ZnO nanorods with
different dye sensitization time. (a) without sensitization, (b)
1h, () 12h, and (d) 18hN.....cccviiiiiiiiiee e
4-23. Current-voltage characteristics of the DSSCs
constructed using the different thickness of ZnO nanorod
AITAYS. 1.veeuveeteetesseesteeseesteeseesse e aesseesteaseesaeaseesteensesseeseeneenreaneenreans
4-24. TEM images of ZnO-TiO, Core-Shell structure, (a) and
(b) low-magnification image, (c) high-magnification image,
and (d) corresponding selected area electron diffraction
Pattern (SAED). ....ccoii e
4-25. TEM images of ZnO-TiO, Core-Shell structure with
TiO, NAN0 PAILICIES.....ccvveiiecie e
4-26. Wide scan survey XPS spectrum of (a) ZnO nanorod,
(b) TiO, coated ZNO NANOIOM. ......cccvveivieiieiiece e
4-27. (a) XPS spectrum in the O 1s region for ZnO nanorod
and TiO, coated ZnO nanorod, and (b) narow scan of Ti 2p. ...
4-28. J-V curves of primary solar cells from ZnO nanorod
electrode with and without TiO, Sol-Gel coating. (a) 0.050M,
ZnO nanorods, (b) 0.025M, ZnO nanorods, (c) 0.050M, ZnO
nanorods with TiO, Sol-Gel coating, and (d) 0.025M, ZnO
nanorods with TiO, Sol-Gel coating, (concentrations are for
both Zn(NO3), and methenamine in hydrothermal solution,
spin coater rotation speed: 2500 rpm, TiO, Sol-Gel solution
concentration: 0.1M ). ...cooiiiiiiiii e

XV

88

90

91

93

94

95



1T o] 101 SN page

Fig. 4-29. Current-voltage characteristics of the DSSCs
constructed using the ZnO nanorod arrays and ZnO nanorods
with TiO, Shell produced by Sol-Gel coating (concentrations
of hydrothermal solution: 0.05M, Sol-Gel solution

concentration: 0.1M, spin coater rotation speed: 4500 rpm).....

Fig. 4-30. Current-voltage characteristics of the DSSCs
constructed using the ZnO nanorod arrays, and the TiO,

coated ZnO nanorods with different shell thickness..................

Fig. 4-31. (a)Dependence of Vo and fill factor on the thickness of
the TiO, shell, and (b) Dependence of Jsc and cell efficiency
on the thickness of the TiO, shell for ZnO-TiO, core-shell

.97

NANOTOA CRIIS. ...ttt e e e 100

Fig. 4-32. Dependence of cell efficiency on the thickness of the

1O ) 1= TR 102
Fig. 4-33. TGA-DTA diagram of flower like ZnO nanosheets. ....... 103

Fig. 4-34. SEM photos of flower like nanosheets at different
magnification, before sintering process. Zinc acetate
concentration: 0.15 M, solution temperature: 60 °C,
deposition process time: 40 h. (a), (b), (c), and (d) Top view.

(€), (F), (g), and (h) Side VIEW. .......ccveiieiieceeeesiee e 104

Fig. 4-35. SEM photos of flower like ZnO nanosheets at different
magnification, after sintering process. Zinc acetate
concentration: 0.15 M, solution temperature: 60 °C,
deposition time: 40 h, sintering temperature: 450 °C,
sintering time: 1 h. (a), (b), (c), and (d) Top view. (e) and (f)

SO VWV, ettt et nens 105

Fig. 4-36. FESEM Photos of flower like ZnO nanosheets, after
heating at different magnification, (Zinc acetate
concentration: 0.15 M, solution temperature: 60 °C,
deposition process time: 40 h, sintering temperature: 450 °C,

SINtering time: L N). ..ooviiiiieee s 106

XVI



1T o] 101 SN page

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig

4-37. FESEM Photos of flower like ZnO nanosheets, after
heating at different magnification, (Zinc acetate
concentration: 0.15 M, solution temperature: 60 °C,
deposition process time: 48 h, sintering temperature: 450 °C,
sintering time: 1 N). .o 106
4-38. FESEM Photos of flower like ZnO nanosheets, after
heating at different magnification, (Zinc acetate
concentration: 0.15 M, solution temperature: 60 °C,
deposition process time: 52 h, sintering temperature: 450 °C,
sintering time: L N). .o 106
4-39. FESEM Photos of flower like ZnO nanosheets, after
heating for different deposition process time. Zinc acetate
concentration: 0.15 M, solution temperature: 60 °C, and the
deposition time of (a) 40 h, (b) 48 h, and (c) 52 h................... 107
4-40. XRD pattern of typical ZnO nanosheets structure on
FTO SUBSLIAtE (*). c.vveveeiieeiie e 108
4-41. XPS spectrum of ZnO nanosheets (a) before, and (b)
after NEatiNg.......ccovv v 109
4-42. Current-voltage characteristics of the DSSCs
constructed using the ZnO nanorod arrays and the ZnO

nanosheets with different thickness. .........ccoccvvvvieiiiiiiienennn, 110
4-43. Results of testing different kind of solar cells.................. 111
4-44. UV-vis spectrum of ZnO nanorods and ZnO nanosheets

samples with the same thickness. ........cccccoovivviviieccc v, 112

4-45. FESEM Photos of globular ZnO grown by chemical
bath deposition at different magnification. Zinc acetate
concentration: 0.15 M, solution temperature: 60 °C,
(Deposition time: 36 N). ... 113

XVII



1T o] 101 SN page

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4-46. FESEM Photos of globular ZnO grown by chemical
bath deposition at different magnification. Zinc acetate
concentration: 0.15 M, solution temperature: 60 °C,
(Deposition time: 40 N). ...ooovveieeiecie e 113
4-47. FESEM Photos of globular ZnO grown by chemical
bath deposition at different magnification. Zinc acetate
concentration: 0.15 M, solution temperature: 60 °C,
(Deposition time: 48 N). ....ccovvvveiieiie e 113
4-48. FESEM Photos of globular ZnO grown by chemical
bath deposition, for different deposition process time. Zinc
acetate concentration: 0.15 M, solution temperature: 60 °C,
and the deposition time of (a) 36 h, (b) 40 h, and (c) 48 h. ...... 114
4-49. XRD pattern of globular ZnO structure on FTO
SUDSEIALE (*)..viivieiiee e 115
4-50. Current-voltage characteristics of the DSSCs
constructed using the globular ZnO structure with different
dePOSITION tIME. .....ocviiiiece s 116
4-51. SEM Photos of ZnO dendritic nanostructure grown by
chemical bath deposition and hydrothermal process
(hydrothermal process time: 4h). (a), (b), (c), and (d) Top
view. (e), (f), (g), and (h) Side VIEW. ........ccceevveieeiiciieiiec, 118
4-52. SEM Photos of ZnO dendritic nanostructure grown by
chemical bath deposition and hydrothermal process
(hydrothermal process time: 12h). (a), (b), (c), and (d) Top
view. (e), (f), (g), and (h) Side VIEW. ......c.cceviveiieiieiie e 119
4-53. Current-voltage characteristics of the DSSCs
constructed using the ZnO nanosheets and dendritic structure
OF ZNO . .o 120
4-54. Schematic diagram of the possible electron transport
mechanism in the DSSC photoanode consisting of the
hierarchical ZnO nanowire-nanosheet architectures. ............... 123

XVIII



1T o] 101 SN page

Fig. 4-55. Results of testing different kind of solar cells.................. 124
Fig. 4-56. SN ratio graph for solar cells efficiency and standard
EVIALION. ... 128

XIX



