
 

i 

Photophysical and Optoelectronic 

Properties of Pristine, Doped and Surface-

Functionalized Two-Dimensional Zinc 

Oxide Nanostructures 

 

 

 

by 

 

 

Jung-Soo Kang 

 

 

A thesis 

presented to the University of Waterloo 

in fulfillment of the 

thesis requirement for the degree of 

Doctor of Philosophy 

in 

Chemistry 

 

 

 

Waterloo, Ontario, Canada, 2016 

 

 

© Jung-Soo Kang 2016 

 



 

 ii  

AUTHOR'S DECLARATION 

I hereby declare that I am the sole author of this thesis. This is a true copy of the thesis, including any 

required final revisions, as accepted by my examiners. 

I understand that my thesis may be made electronically available to the public.  



 

 iii  

Abstract 

As one of the most studied transparent conducting oxides, zinc oxide (ZnO) has received a lot of 

attention due to its physical, chemical, optical and optoelectronic properties. The present study 

focusses on the photophysical and optoelectronic properties of ZnO nanostructures, specifically two-

dimensional nanostructures. Three types of experiments that involve (a) controlling the size of ZnO 

nanostructures, (b) inducing impurities into ZnO nanostructures, and (c) surface functionalization by 

lanthanoid/organic complexes were performed. 

It is well known that the thickness has a great influence on the properties of nanostructures. Single-

unit-cell thick (0.52 nm), n-type ZnO quantum sheets have been deposited on a p-type Si(100) 

substrate in an aqueous solution at low temperature (near 0 °C) by a facile electrochemical method 

without any pre- and post-treatment. Due to the extremely small thickness of ZnO quantum sheets, 

the quantum confinement effect was found to increase the energy band gap to 4.51 eV, more than 1.1 

eV higher than its bulk value. These ZnO quantum sheets were found to produce deep UV (276 nm) 

and blue photoluminescence emission bands, which enabled qualitative description of the electronic 

band structure under the influence of quantum confinement effect. Increasing the deposition time 

caused individual quantum sheets grown in the [100] direction to stack onto one another rather than 

becoming thicker. This ZnO stacked quantum sheets provided a tunable band gap for this new type of 

ultrathin two-dimensional nanomaterials that promise new nanoelectronic applications. 

With the goal to obtain better optical and optoelectronic properties for light emitting diodes and 

photodetectors, rare earth transition metal ions, specifically trivalent europium and terbium cations, 

were embedded into ZnO nanostructures. Europium-doped ZnO nanowall structures have also been 

achieved by a simple electrochemical deposition method. Upon Eu(III)  embedment, the nanowalls 

were found to become thicker and stacked. X-ray photoelectron spectroscopic study revealed that 

Zn(OH)2 was more dominant than ZnO near the surface and the depth-profiling data confirmed that 

Eu(III) was uniformly distributed in the ZnO-Zn(OH)2 core-shell structure. We also measured and 

compared the photoluminescence spectra of as-grown, post-annealed, and 1,10-phenanthroline 

surface-functionalized europium-doped ZnO nanowalls. Thermal treatment and surface 

functionalization of europium-doped ZnO generated hypersensitive 620 nm emission (
5
D0 Ÿ 

7
F2), 

which led us to propose a unique cascade energy transfer mechanism between ZnO, 1,10-

phenanthroline and Eu(III)  ion. Hypersensitive green emission at 545 nm (
5
D4 Ÿ 

7
F5) was also 
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observed in ZnO nanowalls embedded with the trivalent terbium cations without any post-growth 

treatment. Photoluminescence emission of terbium was further found to increase up to 10 times by 

plasmonic effect introduced by surface functionalization with noble-metal nanoparticles. The Tb 

emission was examined for potential chemosensor application for Rhodamine B by a plausible 

cascade energy transfer mechanism from ZnO to Rhodamine B via trivalent terbium cations. 

In order to modify photophysical properties of ZnO, europium and terbium complexes based on 

oxydiacetic acid and 1,10-phenanthroline were synthesized and used to surface-functionalize ZnO 

nanowalls. Excitation spectra showed energy transfer between the rare-earth transitional metal 

organic complexes and ZnO. These two different types of hybrid complexes exhibited maximum 

energy transfer efficiency of up to 90%. X-ray photoelectron spectroscopy revealed the chemisorption 

nature between lanthanoid complexes and ZnO. These data also confirmed that the coordination 

nature of lanthanoid cations remained unchanged from that in pristine powders. This study provides 

unique opportunities to understand the interactions between metal oxides and chelating organic 

molecules. 

In this thesis, two-dimensional ZnO nanostructures, particularly nanowalls and quantum sheets, 

were synthesized by adopting an aqueous solution based electrochemical deposition technique. 

Single-unit-cell thick ZnO quantum sheets were successfully grown on a Si wafer, and they exhibited 

properties under quantum-confinement effects, including strong blue-shift of luminescence bands and 

dramatically widening of the energy band gap. Extensive photophysical investigation of trivalent 

europium cation embedment led to the development of new cascade energy transfer mechanism 

between europium cations and ZnO. Terbium-doped ZnO nanowalls produced characteristic 

emissions without any pre- or post-growth treatment, and they demonstrated chemosensing capability. 

Surface functionalization of ZnO nanowalls with lanthanoid complexes suggested a convenient way 

to modify the emission properties of ZnO, which provided insight into interactions between ZnO 

nanostructures and organic molecules. The present thesis therefore offered better understanding of not 

only optoelectronic and photophysical properties of transparent conducting semiconductors under 

quantum confinement in one direction, but also the effect of the dopant and surface functionalization 

on modifying the photophysical properties. These results could provide a new approach to design 

appropriate photophysical properties of other metal oxides for chemosensing and light emitting 

electronics. 
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Chapter 1 

Introduction 

1.1 Transparent Conducting Oxides 

Since the discovery of transparent conducting oxides (TCOs) in 1907 by Badeker,
1
 they have received 

a lot of attention for their potential applications as active components in solar cells, light emitting 

diodes and photodetectors. This was mainly because of  high optical transparency in the visible range 

of the electromagnetic spectrum and relatively low electrical resistivity (<10
-3
 ɋÅcm) upon 

appropriate modification of TCOs by introducing impurities or defects.
2
 The low electrical resistivity 

is caused by the electrons from extrinsic dopants or intrinsic defects which occupy the conduction 

band of TCOs and yield the high carrier concentration. Furthermore, since the electrons from defects 

and dopants already populate the lowest unoccupied energy levels in the conduction band, electrons 

in the valence band are excited to the higher energy level in unoccupied conduction band levels than 

the lowest unoccupied conduction band and resulted in placing the higher conduction band minimum 

in energy than pristine TCOs.
3,4

 The resulting blue-shift of the conduction band minimum is called the 

Moss-Burnstein shift and leads to widening the energy band gap of modified TCOs. TCOs are 

primarily binary or ternary oxide materials often synthesized with various dopants and the properties 

of some common TCOs with their dopant configurations are summarized in Table 1.1. 

Due to the toxicity of cadmium, present as the main component in the first discovered TCO 

materials (CdO, CdS and CdSe), intense effort has been made to uncover other more environmentally 

safe semiconducting TCO materials such as indium oxide, tin oxide and zinc oxide.
1
 One of the most 

popular doped indium oxide, tin-doped indium oxide or commonly known as indium tin oxide (ITO) 

was developed while investigating heat problems of sodium lamps by Groth et al.
5,6

 Tin, zinc, 

titanium, fluorine and molybdenum have been used as dopants and the resulting doped TCO materials 

demonstrate good optical (80~85% transmittance) and electrical properties (with low resistivity of 

0.77-4.4 × 10
-4
 ɋĿcm).

7ï12
 For tin oxide, fluorine was used as one of the most common dopants to 

give fluorine-doped tin oxide (FTO). By depositing FTO on an ITO substrate, the resulting FTO/ITO 

hybrid architecture showed even better electrical and photovoltaic properties than ITO.
13

 In the case 

of zinc oxide, several elements such as aluminum, gallium, zirconium, boron and titanium were used 

as dopants and the electrical and optical properties of both aluminum-doped and gallium-doped zinc 

oxides appear to be similar to those of ITO, as shown in Table 1.1.
14ï20

 



 

 2 

Among these doped TCOs, ITO has been one of the most widely used materials for a wide range of 

applications. However, according to United States Geological Survey, the cost of indium metal 

remains very high, at US$570/kg in 2013 and estimated US$695/kg in 2014.
21

 For FTO, the 

chemicals used for fluorine doping such as hydrofluoric acid, carbon tetrafluoride and ammonium 

fluoride have high toxicity and significant adverse environmental impact. Furthermore, although FTO 

has major low-cost advantage over ITO, ITO outperforms FTO in electrical and optical applications. 

On the other hand, zinc oxide is considerably less costly (at US$1.5/kg, based on the cost of zinc 

metal in 201) and about 10 times less expensive than metallic tin
*
.  It is also non-toxic, and there is an 

affluent abundancy (~1.9 billion tons) worldwide. Since zinc oxide has similar electrical and optical 

properties as pristine indium oxide and tin oxide (Table 1.1), the aforementioned additional 

advantages have made ZnO a low-cost, environment-friendly alternative to ITO and FTO and is 

therefore the focus of the present work.
21,22

 

 

Table 1.1 Properties of common TCOs. 

Materials Dopant 
Resistivity 

(10
-3
 ɋ·cm) 

Transmittance 

(%) 

Energy bandgap 

(eV) 

Indium Oxide 

None
23,24

 0.85-6.7 80 3.75 

Sn
11,12

 (ITO) 0.077-0.129 >85 3.64 

Zn
8
 0.24 80 3.88 

Ti
10

 0.411 >83 3.4~3.8 

F
7
 0.44 >80 3.72 

Mo
9
 0.17 >80 4 

Tin Oxide 

None
24,25

 3.57 ~80 3.6 

F
26

 (FTO) 0.22-0.47 85 4.11 

Sb
27

 0.9 70~85 4.13-4.22 

Zinc Oxide 

None
24,28

 1.7 ~90 3.15-3.37 

Zr
18

 2.07 ~90 3.28-3.35 

B
19

 0.79 ~88 3.24~3.35 

Ti
20

 9.02 >85 3.33 

Al
14,16

 0.0854-0.191 75-90 3.51-3.86 

Ga
15,17

 0.0812-0.53 ~90 3.37-3.51 

 

                                                      
*
 Based on the official price of metallic tin and zinc traded at the London metal exchange in the fourth week of 

September, 2015. 
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1.2 Zinc Oxide 

1.2.1 Properties of Zinc Oxide 

Zinc oxide is a IIb-VI binary compound and it shows three differnet crystal structures (shown in 

Figure 1.1): rocksalt, zinc blende and hexagonal wurtzite. The most stable structure is hexagonal 

wurtzite, while zinc blende and rocksalt structures can be observed only under certain conditions, 

such as high pressure or epitaxial growth on a cubic structured substrate.
29

 As shown in Figure 1.1, 

the hexagonal wurtzite structure of ZnO consists of tetrahedrally coordinated oxygen and zinc atoms 

with lattice parameters a = b = 3.2498 and c= 5.2066 Å, and sp
3
 ionic bonding between a Zn

2+
 cation 

and an O
2Ƅ

 anion. ZnO shows direct transition between the conduction band and valence band with an 

energy band gap of 3.37 eV at 300 K. 

 

Figure 1.1 Stick-and-ball representation of ZnO crystal structures: (a) cubic rocksalt, (b) cubic zinc 

blende, and (c) hexagonal wurtzite. The shaded gray and black spheres denote Zn and O atoms, 

respectively.
À
 

 

It has been found that almost all of the ZnO nanostructured materials are n-type and they have high 

electrical conductivity. Recent studies showed that native defects, specifically zinc and oxygen 

vacancies, have relatively low formation energies than other defects such as zinc and oxygen 

interstitials.
30

 Depending on the conditions, oxygen vacancies can act as electron donor sites by 

                                                      
À
 Reprinted with permission from Özgür, Ü .; Alivov, Y. I.; Liu, C.; Teke,  A.; Reshchikov, M. A.; DoỲan, S.; 

Avrutin, V.; Cho, S. J.; Morko­, H.; Morko┌, H. A Comprehensive Review of ZnO Materials and Devices. J. 

Appl. Phys. 2005, 98 (4), 1ï103. Copyright 2005, AIP Publishing LLC. 
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releasing trapped electrons, thereby causing high conductivity and n-type semiconducting behavior. 

These defects also have strong influence on the optical properties, especially luminescence emission 

of ZnO. Figure 1.2 shows typical photoluminescence spectra of as-grown and thermally treated ZnO 

nanorods.
31

 A deep ultraviolet (UV) emission generated by the large energy band gap and several 

visible emissions were observed upon excitation by 325 nm light. Visible emissions could be caused 

by defects such as interstitials and Zn and O vacancies. A green emission was found even after 

thermal annealing and this was attributed to formation of defect complexes related to Zn vacancies.
31

 

The energy level diagrams of ZnO with different types of defects that could give rise to various 

visible-range emissions are shown in Figure 1.3. 

 

Figure 1.2 Room-temperature photoluminescence spectra of as-grown ZnO nanorods and ZnO 

nanorods postannealed at 200, 400 and 600 °C  in (a) air and (b) forming gas (90% N2/10% H2), and 

of ZnO nanorods annealed in different atmospheres at (c) 200 °C and (d) 600 °C.
ÿ
 

                                                      
ÿ
 Reprinted with permission from Tam, K. H.; Cheung, C. K.; Leung, Y. H.; Djurisiĺ,  a B.; Ling, C. C.; Beling, 

C. D.; Fung, S.; Kwok, W. M.; Chan, W. K.; Phillips, D. L.; Ding, L.; Ge, W. K. Defects in ZnO Nanorods 

Prepared by a Hydrothermal Method. J. Phys. Chem. B 2006, 110 (42), 20865ï20871. Copyright 2006 

American Chemical Society. 
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Figure 1.3 Energy levels (in eV) of different defects between the conduction band minimum (EC) and 

valence band maximum (EV) in ZnO.  VZn, VO, Zni, Oi and Hi denote zinc and oxygen vacancies, and 

zinc, oxygen and hydrogen interstitials, respectively. VOZni indicates a complex of oxygen vacancy 

and zinc interstitial.
§
 

 

1.2.2 Deposition Methods 

ZnO has attracted great interest due to its prominent electrical and optical properties, chemical and 

thermal stability, as well as nontoxicity and biocompatibility. Fabrication of ZnO structures in the 

nanoscale regime has exploited several advantages, such as quantum confinement effect on 

optoelectronic and photophysical properties and enhancement of surface area to volume ratio. Various 

deposition methods have been developed to synthesize different types of ZnO nanostructures. Several 

physical vapor deposition (thermal evaporation, magnetron sputtering, and pulsed laser deposition) 

and chemical vapor deposition (including metal-organic chemical vapor deposition and plasma-

enhanced chemical vapor deposition) as well as wet-chemistry synthesis methods (hydrothermal, 

solvothermal and sol-gel methods) have been employed. Among these, both physical and vapour 

deposition techniques have produced a wide variety of one-dimensional nanostructures, including 

                                                      
§
 Reprinted with permission from Tam, K. H.; Cheung, C. K.; Leung, Y. H.; Djurisiĺ,  a B.; Ling, C. C.; Beling, 

C. D.; Fung, S.; Kwok, W. M.; Chan, W. K.; Phillips, D. L.; Ding, L.; Ge, W. K. Defects in ZnO Nanorods 

Prepared by a Hydrothermal Method. J. Phys. Chem. B 2006, 110 (42), 20865ï20871. Copyright 2006 

American Chemical Society. 
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nanowires and nanorods, and thin films.
32ï37

 On the other hand, wet-chemistry methods have been 

used to produce zero-dimensional nanostructures (nanoparticles), in addition to nanowires and thin 

films.
38ï41

 Although physical and chemical vapor deposition methods have the advantages of 

obtaining better-quality crystal structures and good control of morphologies, they usually require 

relatively high temperature and catalysts. In contrast, wet-chemistry methods generally employ 

relatively low temperature. However, their synthesis time could take up to several days and they are 

less environment-friendly due to the often need for the use of organic solvents. Unlike other wet-

chemistry methods, electrochemical deposition offers several advantages, including usage of simple 

aqueous solutions, lower deposition temperature, shorter growth time, relative ease of scale-up, and 

high cost-effectiveness for commercialization. In addition, electrodeposition provides a greater 

variety of nanostructures than physical and chemical vapor deposition methods. Figure 1.4 shows 

examples of several morphologies of one- and two-dimensional ZnO nanostructures obtained by 

electrochemical deposition.
42,43

  

1.2.3 Applications 

Since ZnO has a wide direct band gap of 3.37 eV and produces near band-edge emission in the UV to 

blue region, optoelectronic devices such as UV/blue-range light emitters and photodetectors represent 

two of the most popular applications of ZnO nanostructures. UV light emitting diodes (LEDs) and 

UV detectors with detection range of 325-375 nm have been fabricated based on various ZnO 

nanostructures including nanowires, quantum dots and nanorods, and their performance was found to 

be comparable to GaN-based devices.
44ï48

 Alvi et al. have also constructed LEDs using other ZnO 

nanostructures including nanowalls, nanoflowers, and nanotubes.
49

 In addition to the wide direct band 

gap, the high exciton binding energy (60 meV) of ZnO protects excitons from thermal dissociation, 

which enables the construction of ZnO-based dye-sensitized solar cells. Ko et al. have demonstrated 

the good performance of ZnO based solar cells by employing quasi-one-dimensional ZnO 

nanostructures such as nanotrees (Figure 1.5), the conversion efficiency of which could be improved 

by more than two times.
50,51

 ZnO has also been employed as photocatalysts in photoelectrochemical 

water-splitting and degradation of organic materials. By implementing hybrid structures with gallium 

nitride, stable water-splitting reaction using visible light was achieved.
52

 Photodegradation ability of 

organic pollutants by ZnO-based materials were also reported and showed higher photodegeneration 

rate than titanium oxide.
53ï55

 The present work explores the potential use of ZnO quantum sheets and 

nanowalls for optical and optoelectronic applications. 
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Figure 1.4 Scanning electron micrographs of (a, b) ZnO nanowalls, (c, d) nanodisks, (e, f) nanospikes, 

and (g, h) nanopillars electrochemically grown on ITO-glass at 70 °C with 0.1 M KCl solution and 

varying Zn(NO3)2·6H 2O concentrations of 0.1, 0.05, 0.01, and 0.001 M, respectively. Insets show the 

corresponding cross sectional images.
**

 

                                                      
**

 Reprinted with permission from Pradhan, D.; Leung, K. T. Controlled Growth of Two-Dimensional and One-

Dimensional ZnO Nanostructures on Indium Tin Oxide Coated Glass by Direct Electrodeposition. Langmuir 

2008, 24 (17), 9707ï9716. Copyright 2008 American Chemical Society. 
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Figure 1.5 Scanning electron micrographs of hydrothermally grown ZnO nanowires illustrating (a) 

length growth (to 1, 2, and 3 times of the original length), and seed effect with first-generation 

branched growth (b) without and (c) with seeds after polymer removal. Polyethylenimine removal 

effect is shown with first-generation branched growth (d) without and (e) with polymer removal after 

nanoparticle seed deposition. Polymers on ZnO nanowires are removed by heating at 350 °C for 10 

min.
ÀÀ

 

 

ZnO nanostructures have also been extensively studied for chemical and gas sensing applications 

because of its high specific surface areas, favorable electron conductivity, and excellent chemical and 

thermal stability. Once the target materials are adsorbed on the ZnO nanostructure surface, the 

concentration of electrons on the conduction band of ZnO could be affected by accepting or donating 

electrons and the resulting changes of conductivity can be quantified. Fan et al. fabricated oxygen 

sensing devices based on single-crystalline ZnO nanowires and showed significantly enhanced 

sensitivity compared to bulk or thin-film based sensors at room temperature.
56

 Other chemicals such 

                                                      
ÀÀ

 Reprinted with permission from Ko, S. H.; Lee, D.; Kang, H. W.; Nam, K. H.; Yeo, J. Y.; Hong, S. J.; 

Grigoropoulos, C. P.; Sung, H. J. Nanoforest of Hydrothermally Grown Hierarchical ZnO Nanowires for a High 

Efficiency Dye-Sensitized Solar Cell. Nano Lett. 2011, 11 (2), 666ï671. Copyright 2011 American Chemical 

Society. 
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as hydrogen sulfide, ethanol, chlorobenzene, carbon monoxide, ammonia and hydrogen gas were 

tested with several different ZnO nanostructures (nanorods, nanoplates and nanoparticles) and 

showed wide detection range and fast response time for hydrogen.
57ï59

 

Good biocompability with a high isoelectric point (8.7~10.3) is also a key factor for ZnO-based 

biosensor applications because materials with a high isoelectric point could facilitate adsorption of 

biomolecules with a lower isoelectric point by electrostatic interactions.
60

  By functionalizing ZnO 

nanostructures with enzymes capable of reduction-oxidation reactions, enzyme-based electrochemical 

biosensors can be developed. A glucose biosensor based on ZnO nanotubes functionalized with 

glucose oxidase has been found to perform over a wide detection range and with a fast response 

time.
61

 Several biosensors using chitosan to functionalize ZnO nanoparticles with cholesterol oxidase, 

flower-like ZnO nanostructures with horseradish peroxidase, and ZnO nanoparticles with tyrosinase 

were fabricated to detect hydrogen peroxide, cholesterol and phenol, respectively.
62ï64

 Cholesterol 

oxidase in ZnO/chitosan composite materials achieved a lifetime of 85 days, and both the H2O2 

detection capability and storage stability were improved.
62,63

 Li et al. developed a phenol bionsensor 

using ZnO and tyrosinase and showed enhanced stability and lower detection limit than TiO2 or Au/C 

based biosensors.
64

  

1.3 Properties of Rare-Earth Transition Metals and Its Applications 

1.3.1 Luminescence Properties of Rare-Earth Transition Metal Materials 

Rare-earth (RE) transition metals include 15 lanthanoids (
57

La to 
71

Lu), scandium (
21

Sc), and yttrium 

(
39

Y).
65

 In 1906, the observation of luminescence emission of Eu from Eu-doped Y2O3 triggered 

significant research activities in the field of lanthanoid luminescence. The discovery of Nd emission 

from Nd-doped yttrium aluminum garnet laser and of optical signal enhancement using Er-doped 

optical fiber cable became the cornerstones for optical and optoelectronic applications of RE 

materials.
66ï68

 

Lanthanoids form trivalent cations in nature and their electron configurations can be defined by 

numerical order of the 4f
N
 (N = 0 Ƅ 14) orbital. Except for lanthanum (La, Z=57) and lutetium (Lu, 

Z=71), which have completely empty and full 4f shells respectively, their 4f electron configurations 

yield optical emission ranging from the UV to near-infrared regions, upon excitation by UV radiation.  

The electron energy level diagrams, electron configurations and luminescent properties for trivalent 

lanthanoid cations are summarized in Figure 1.6.
69

 The excitation spectra of the lanthanoid 
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luminescence generated by crystalline structures or aqueous solutions of RE materials showed that 

these emissions are based on the f ź f transitions involving the 4f orbitals. However, the selection 

rule dictates that an electronic transition between energy levels with the same parity is forbidden. In a 

free lanthanoid atom, for the same total angular momentum quantum number (J), states with different 

spin (S) and orbital angular momenta (L) can be mixed by spin-orbit interaction, thus coupling S and 

L to form new energy states called the intermediate coupling states. The selection rules for the 

intermediate coupling states allow electric dipole transition when the differences of the spin quantum 

numbers (S) for the initial and final states is ȹS = Ñ1 and of the orbital angular momentum quantum 

numbers is ȹL = 0, Ñ1 and Ñ2. Nevertheless, electric dipole transition could still be forbidden for 

transitions between levels with the same parity. 

Since the f ź f transition caused by electric dipole interactions is theoretically forbidden, magnetic 

dipole and/or electric quadrupole interactions are considered.
70,71

 However, not all transitions could 

be accounted for by involving just magnetic dipole interactions.
72

 By employing electric quadrupole 

interactions, it is possible to identify all the transitions despite accurate estimate of the spectral 

intensities has remained a big challenge.
71

 A plausible solution involving electric dipole interactions 

induced by crystal-field potential was therefore developed. This novel approach has attracted great 

interest.
73

 In 1962, Judd and Ofelt independently reported theoretical developments for what is known 

as the Judd-Ofelt Theory.
74,75
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1
1 

 

 

Figure 1.6 Partial energy level diagrams for the lanthanide aquo ions. The main excited-state energy levels are drawn in red while the (lower-state) 

final levels and ground-state energy levels are indicated in pale blue and navy blue, respectively.
76ï80

  The Eu and Tb diagrams are highlighted for 

future references to our studies presented in Chapters 4, 5 and 6. 
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1
2 

1.3.2 Judd-Ofelt Theory 

The intensity of emission generated by the electric dipole interaction, PED, can be defined as 

follows:
74

 

ὖ  ʔ Ὃ╓ Ὁ        (1.1) 

where m = mass of electron, h = Planckôs constant, c = speed of light, ’Ӷ = wavenumber of the 

transition energy (cm
-1
), ɢ = Lorenz local field correction constant and ╓  is an electric dipole 

operator (tensor operator of rank 1). Considering only the 4f orbitals, the ground-state wavefunction 

|G> and excited-state wavefunction |E> can be expressed as |f
n
;ŬSLJ> and |f

n
;Ŭ´Ś L´J́ >, respectively, 

where f indicates 4f orbital, n is the number of electrons in the 4f orbital and Ŭ corresponds to 

quantum numbers other than S, L and J.  The strong spin-orbit interaction in the lanthanoid elements 

leads to linear combination of LS-coupled states that give rise to the intermediate coupling states. 

Equation (1.1) can be rewritten as: 

ὖ  ʔ ‪ ὖ‪        (1.2) 

where P is an electric dipole operator, ‪  is the ground-state wavefunction |f
n
;Ŭ[SL]J> and ‪  is the 

excited-state wavefunction |f
n
;ŬË[SËLË]JË> (in which the square brackets for [SL] refer to the coupled 

states). However, the f ź f transition remains forbidden because the excited state and the ground state 

have the same parity. 

In order to circumvent this problem, Judd and Ofelt assumed perturbation of orbitals with different 

parities induced by the crystal-field potential.
74,75

 The crystal field theory was introduced by Bethe 

and Van Vleck, and the crystal field potential was generated by the attractive and repulsive 

interactions of a lanthanoid cation with the neighboring atoms of a host crystal and/or with the 

attaching organic ligand molecules.
81,82

 The crystal field of a non-central symmetric crystal structure 

causes perturbation to the electronic states with different parities. Since the 4f orbital has an odd 

parity, mixing it with an even-parity orbital (5d) would produce mixed-parity states that would allow 

electric dipole transitions. Incorporating parity perturbation by the crystal-field potential to the 

Equation 1.2 yields: 

ὖ ʔ ȿἂ‪ȿὖȿ‪ἃȿ        (1.3) 
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where 

ȿ‪ἃ  ȿ‪ἃ В ‪        (1.4) 

ȿ‪ἃ  ȿ‪ В ‪        (1.5) 

ȿ‪ > is the wavefunction for the mixed-parity state and VCF is the crystal field potential 

operator.
74,75,83,84

 To simplify the equations, several mathematical techniques involving the Wigner-

Eckart theorem, the 3-j symbol and the 6-j symbol were implemented and more details were given in 

Refs. 74-80. The final equation proposed by Judd and Ofelt to account for the intensity of the electric 

dipole transition is given as:
73ï75,84

 

ὖ  ʔ ςὐ ρ В ɱȟȟ ‪ 5᷆ ‪᷆   

where the reduced tensor unit resulted from the Wigner-Eckart theorem, U
(ɚ)

, is determined by the 

electron energy level and orbital wavefunctions and it has minimal influence on the emission intensity. 

The intensity parameter ɋɚ consists of the mixing effect of the f and d orbitals, and it is derived from 

the electric dipole moment and the crystal field. It is also directly related to the emission intensity and 

its value can be determined by optimization of experimental results.
73ï75,84

 

Fundamentally, the intensity of emission produced by the f ź f transition is not affected by the 

nature of coordination and chemical bonding because electrons in the 4f orbitals of a lanthanoid 

cation are well protected by 5s and 5p orbitals. However, while existing as a free cation in an aqueous 

solution, some transitions have showed significant intensity enhancement of tens or hundreds times 

due to subtle changes in the chemical environment.
85,86

  These transitions are known as hypersensitive 

transitions.
87

 Since the standard Judd-Ofelt theory was not able to account for the large intensity 

increase of hypersensitive transitions, an additional mechanism, originally known as inhomogeneous-

dielectric mechanism and later as dynamic coupling, was introduced. In the standard Judd-Ofelt 

theory, the nature of chemical bonding and crystal structures of lanthanoid cations had been treated as 

a source of parity perturbation by introducing the crystal field potential and the latnanoid cations were 

considered as free ions.
73,74

 The dynamic coupling mechanism proposed that the environment of 

lanthanoid cations, specifically the elements belonging to the ligand molecules and/or the host lattice 

could directly interact with the lanthanoid cations and could also perturb the wavefunctions of the 
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lanthanoid cations and thereby enhance the amplitude of transition. These enhancements produced the 

remarkable increases observed in the intensities of the hypersensitive transitions.
73,87ï89

 

Another supplemental improvement to the standard Judd-Ofelt theory was J-mixing, which was 

used to explain a few forbidden electronic transitions. In the J-mixing formalism, the role of the 

crystal-field potential was expanded further and the potential was used to induce combination of 

wavefunctions of different J states into those of nearby J states with the same azimuthal total angular 

quantum number (MJ).
90ï92

 In certain crystal structures, the emission from the forbidden transitions, 

such as the 
5
D0 ź 

7
F0 transition in trivalent europium cations, has been observed.

90,92
 In this case, 

depending on the site-symmetry of trivalent europium cation, mixing between MJ=0 states of the 
7
F0 

and 
7
F2 states by the crystal-field potential has enabled this forbidden transitions.

90
 

1.3.3 Characteristics of Europium and Terbium Emissions 

The emissions from the trivalent lanthanoid cations are generally found to occur in the UV to near-IR 

range. Among them, europium and terbium have received the most attention because of the strong 

emission intensities, the hypersensitive emissions and the long lifetimes found for the observed 

emissions.
93

 Since electrons in the 4f orbitals are well shielded by the 5s and 5p orbitals, the 

environment of lanthanoid cations should have minimal influence on the position of the emission 

(originating from the 4f orbitals). However, the occurrence of transitions and their spectral intensities 

are found to depend on the host crystal structure and chemical bonding nature of surrounding 

environment.  

In the case of trivalent europium complexes, most of the emissions are originated from the 
5
D0 

excited state (Figure 1.6).
94

 The emission intensities of 
5
D0 Ÿ 

7
F1 and 

5
D0 Ÿ 

7
F2 are dramatically 

higher.  The higher intensity for the latter emission is due to the hypersensitive transition of 
7
F2 

triggered by the nature of the complexes.
93

 For the 
5
D0 Ÿ 

7
F1 transition, it is magnetic dipole allowed 

and is generally less affected by the surrounding environment than the electric dipole transition 
5
D0 

Ÿ 
7
F2 tranisiton.

84,95
  

For the trivalent terbium complexes, the 
5
D4 energy level becomes the primary excited level of the 

transitions (Figure 1.6).
94

 The 
5
D4 Ÿ 

7
F5 transition shows the strongest and hypersensitive emission 

intensity among the observed transitions.
96

 The intensities for the 
5
D4 Ÿ 

7
F6, 

5
D4 Ÿ 

7
F4 and 

5
D4 Ÿ 

7
F2 

emission transitions are moderately affected by the chemical environment and coordination nature of 
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the complexes.
95

 Details of the relevant trivalent europium and terbium emissions are summarized in 

Table 1.2. 

 

Table 1.2 Characteristics of the emission transitions of trivalent europium and terbium cations.
94ï98

 

Excited State Final State Wavelength (nm) Emission Intensity 

Europium 
5
D0 

7
F0 580 Weak 

7
F1 590 Strong 

7
F2 615 Strong, Hypersensitive 

7
F3 645 Weak 

7
F4 700 Medium 

Terbium 
5
D4 

7
F6 490 Medium 

7
F5 545 Strong, Hypersensitive 

7
F4 585 Medium 

7
F3 520 Medium 

7
F2 650 Weak 

 

1.3.4 Energy Transfer and Sensitization Mechanism 

Although lanthanoid luminescence has unique characteristics, such as hypersensitive transitions that 

are sensitive to the surrounding environment and well-defined multiple emission bands, the 

luminescence yield are usually very small in comparison to the organic based fluorophores.
93

 Because 

the f ź f transition could occur due to the induced electric dipole moment generated by the crystal 

field perturbation of the electronic states, the absorption coefficients of the transitions are very small, 

which lead to weak emissions. However, the solution to this problem appeared to be uncovered, when 

Weissman observed characteristic europium emission from trivalent europium organic complexes. 

Upon irradiation of the europium complexes using excitation wavelength of the ligand, the complex 

produced intense luminescence.
99

 Since the absorption bands of the ligand have a wider range and 

higher intensity than those of the trivalent lanthanoid cations, the ligand is able to absorb more energy. 

Under certain conditions, the absorbed energy by the ligand could be transferred to the lanthanoid 

cations, which then generate stronger emission than that caused by direct excitation of the cations. 

This phenomenon is known as sensitization by energy transfer from the ligand donor to the lanthanoid 

cation acceptor.
93,94,97

 A schematic diagram of the sensitization and energy-transfer process is shown 

in Figure 1.7. 
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The energy transfer process starts with the excitation of the organic ligands (the donor) of the 

lanthanoid complexes. Upon excitation (S0 Ÿ S1) of the donor to the excited singlet state (S1), the 

organic ligand undergoes vibrational relaxation and proceeds to the lowest vibronic level of S1.
100

 

Two competitive de-excitation processes involving radiative and nonradiative transitions could occur. 

The radiative, fluorescence process is generated by S1 Ÿ S0 emission of the ligands. The nonradiative 

process involves an intersystem crossing (ISC) transition from the singlet S1 state to the triplet T1 

state.
101

 After the ISC process, if the donor then undergoes a radiative relaxation, the emission is 

called phosphorescence. Since the T1 Ÿ S0 transition is spin-forbidden by the Pauli exclusion 

principle, the intensity of the phosphorescence is significantly lower than fluorescence and its lifetime 

is longer than fluorescence.
101

 Alternatively, a nonradiative energy transfer transition from T1 to the 

excited states of lanthanoid cations (an acceptor) can take place.
101

 The excited acceptor state then 

undergoes nonradiative relaxation to the resonance level of lanthanoids, which subsequently leads to 

the characteristic lanthanoid emissions to the ground level. 

The efficiency of the energy transfer in lanthanoid complexes depends on the separation between 

the ligand and the lanthanoid ions. Taking the phase and bonding nature of the complex under 

consideration, the Dexter theory has incorporated the concept of the energy transfer mechanism 

occurring in the lanthanoid complexes.
102

 In the Dexter theory, the energy transfer mechanism is 

based on the exchange of electrons between the ligand and the lanthanoid cation via overlapping 

orbital wavefunctions, and the energy transfer rate depends exponentially on the separation between 

the ligands and the lanthanoid cations.
100,102

 Figure 1.8 shows a simplified schematic diagram of the 

energy transfer mechanism between the ligand (L) and the metal cation (M). Once the ligand of the 

lanthanoid complex is excited (Figure 1.8b), the lanthanoid cation receives energy by exchange of 

electrons between an electron in the excited state of the ligand molecule and an electron in the ground 

state of the lanthanoid cation (Figure 1.8c). Since there is chemical bonding between the ligand and 

the lanthanoid cation in most complexes, the separation is sufficiently short that such energy transfer 

could occur. The Dexter theory could therefore be used to easily account for the emission features 

found in lanthanoid complexes. 
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Figure 1.7 Schematic diagram of sensitization of lanthanoid complexes. Nonradiative transition and 

nonradiative relaxation are represented by zigzag and dotted lines, respectively. The ligand must 

undergo intersystem crossing (ISC) between the S1 and T1 states in order to enable the energy transfer 

(ET) between the ligand and the lanthanoid. The latter step leads to the observed characteristic 

lanthanoid emission. 

 

Figure 1.8 A schematic diagram of Dexter energy transfer mechanism between the ligand (L) and the 

metal cation (M). 
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1.3.5 Application of Rare-Earth Transition Metals and Its Complexes 

Due to the unique luminescence properties, lanthanoid based materials have been widely studied to 

explore their optical and optoelectronic applications. The first fluorophore based on europium-doped 

yttrium orthovanadate is still in use for cathode-ray tubes and fluorescent lamps.
103

 Yttrium 

orthovanadate with neodymium as a dopant showed near-infrared laser emission (809 nm).
104

 Several 

kinds of complexes based on single and multiple lanthanoid elements, including europium, terbium, 

samarium, dysprosium and cerium, incorporated with conducting polymers were synthesized and 

used as active components for a monochromatic LED and a white LED, respectively.
105ï112

 Other 

lanthanoids such as erbium and neodymium were used as dopants for fabricating plastic optical fiber 

cables in order to intensify optical signals for telecommunication with their near-infrared emission.
113

  

Due to their large spin-orbit coupling and induced crystal-field potential from the ligands, 

lanthanoids and their complexes had strong magnetic properties, which enables them to be used for 

related applications.
114

 For example, gadolinium and its complexes are one of the favorite materials 

for use as an imaging contrast enhancer for magnetic resonance imaging technology.
115

 Single 

molecular spintronic devices based on gadolinium and dysprosium were also tested and showed 

promising performance.
116,117

 Other lanthanoids used as a dopant also exhibited room-temperature 

ferromagnetism with a magnetic field of 0.2 Telsa.
118

 

1.4 Scope of the Present Work 

Zinc oxide is one of the most important TCO semiconducting materials and it has attracted great 

interests because of its optical and optoelectronic properties. In order to modify its energy band gap 

and luminescence properties, the use of a dopant introduced into the ZnO host material has been 

widely studied.
119ï130

 Various studies on doping several 3d transition elements, such as copper, nickel, 

and cobalt, showed minimal changes in the energy band gap and only produced stronger defect-

related emissions of ZnO.
119ï122

 Among the lanthanoid elements, europium is a preferred dopant 

because of its hypersensitive transition and strong characteristic red emission.  However, the 

mechanism of energy transfer from ZnO to trivalent europium cations remains unclear.
123ï126

 In the 

case of terbium doping, only a few studies have successfully generated characteristic terbium 

emissions from terbium-doped ZnO. 
127ï130

 Other elements that produce visible emission upon 

excitation, such as cerium, dysprosium and samarium, have also been used as dopants, and they 

showed very weak to none of lanthanoid characteristic transitions.
131ï135
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As nanostructured materials are expected to have different properties than their bulk state because 

of quantum confinement (or nanoscale size) effect, the optical, optoelectronic and photophysical 

properties of ZnO low-dimensional nanostructures, especially quantum dots (0-D) and nanowires (1-

D), have been extensively investigated.
136ï140

 However, only minimal energy widening in the band 

gap was observed, and both the details of electronic energy levels and luminescence properties under 

the influence of quantum confinement effect remain unknown. 

In this work, we focus on exploiting the optical and optoelectronic properties of ultra-thin two-

dimensional ZnO nanostructured materials, particularly ZnO nanosheets and nanowalls, doped or 

surface-functionalized with appropriate lanthanoid elements or complexes. In Chapter 1, a general 

introduction to the properties of ZnO and theoretical background of characteristic luminescence of 

lanthanoid elements are given (above). Details about the synthesis of ZnO nanostructures and brief 

introduction to the principles of characterization techniques used in the present work are described in 

Chapter 2.  Chapters 3 to 6 present respective studies on pristine ZnO nanostructures, trivalent 

europium and terbium doped ZnO nanowalls, and surface-functionalized ZnO nanowalls by europium 

and terbium complexes. A summary of the present work is given in Chapter 7. 

In Chapter 3, a single-unit-cell thick ZnO quantum sheet (2-D nanostructure) is prepared on a Si 

substrate and its optoelectronic and photophysical properties are explored. Quantum confinement 

effect caused by the single-unit-cell thickness results in significant widening of energy band gap and 

interesting changes in the fluorescence spectra. Influence of quantum confinement effect on the 

electronic band structure is also investigated. 

Among the two dimensional nanostructures, ZnO nanowalls are selected due to their high loading 

capability for dopants or organic chelating agents and their high surface to volume ratio. ZnO 

nanowalls doped with europium (Chapter 4) and terbium (Chapter 5) are fabricated on ITO-coated 

glass substrates, and the energy-transfer mechanism and photophysical properties are studied. In case 

of europium doping (Chapter 4), the energy-transfer pathway from ZnO to trivalent europium cations 

is examined and the results lead us to propose a new energy-transfer mechanism involving cascade 

energy transfer from ZnO to trivalent europium cation via 1,10-phenanthroline. For terbium-doped 

ZnO nanowalls (Chapter 5), characteristic terbium emission is observed, remarkably without any 

post-growth treatment for the first time. Furthermore, the plasmonic effect of noble metal 

nanoparticles on the terbium-doped ZnO nanowalls has been investigated by examining the spectral 
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intensity of photoluminescence. The possibility of terbium emission for chemosensing application is 

also explored. 

In Chapter 6, we present a study on surface functionalization of ZnO nanowalls using europium 

and terbium complexes. Since the characteristic luminescence of europium and terbium can be 

enhanced by the attached ligand, two appropriately chosen organic molecules (chelating agents), 

1,10-phenanathroline (energy-mediator) and oxydiacetic acid (non-energy-mediator), are employed to 

synthesize lanthanoid complexes. The photophysical properties and chemical bonding nature of these 

lanthanoid complexes as synthesized and as surface-functionalized on ZnO are investigated. The 

energy-transfer mechanism from ZnO to lanthanoid complexes is constructed, and the surface 

interactions between ZnO and complexes are explored. 

The overall objective of this thesis is to investigate quantum confinement effect in two dimensional 

ZnO nanostructures and energy transfer mechanism between these ultrathin nanostructures and 

lanthanoid cations. The present study provides new understanding of optoelectronic and luminescence 

properties of pristine and lanthanoid-doped ZnO nanostructures. By taking advantage of the quantum 

confinement effect, single-unit-cell thick ZnO quantum sheets could open new door to optoelectronic 

applications for these ultrathin two-dimensional nanomaterials. Investigating the photophysical 

properties of europium-doped and terbium-doped ZnO nanowalls provides new insight to understand 

the energy transfer mechanism of lanthanoid cations and the host materials. Surface functionalization 

of ZnO nanowalls with europium and terbium complexes delivers another method to modify and 

enhance the photophysical properties of ZnO. The chemical nature of the complexes and the resulting 

hybrid structures upon adsorption on ZnO nanowalls are investigated in detail, which provides new 

understanding of the energy transfer mechanism and photophysical properties of the ZnO/lanthanoid 

complex hybrid structures.  
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Chapter 2 

Experimental Section 

2.1 Electrochemical Deposition for Sample Fabrication 

To fabricate ZnO nanostructures, conventional electrochemical deposition is carried out in an aqueous 

solution using a three-electrode electrochemical cell, consisting of a reference, a counter and a 

working electrode. An electrochemical cell is placed in the temperature-controlled water bath and is 

connected to an electrochemical station, CH Instruments CHI 660E. A typical setup of 

electrochemical deposition with a three-electrode electrochemical cell is shown in Figure 2.1. A 

potentiostatic amperometric method, which measures current flow as a function of deposition time at 

a constant potential, is adopted. An aqueous solution is used for electrochemical deposition and it 

usually contains the primary electrolyte that provides the major source of zinc cations, and a 

supporting electrolyte that increases the conductivity of the solution. A p-type Si wafer or an ITO-

coated glass is selected as the working electrode and a Pt wire is used as a counter electrode. An 

Ag/AgCl electrode filled with 1 M aqueous KCl solution is chosen as the reference electrode to 

provide a standard point of applied voltage because its potential difference to the standard hydrogen 

electrode (defined as the zero potential) remains unchanged due to its constant compositions.
141ï143

 

 

Figure 2.1(a) A standard three-electrode electrochemical deposition setup with (b) a Pt wire counter 

electrode, a substrate used as the working electrode, and a Ag/AgCl reference electrode. 
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2.2 Scanning Electron Microscopy, Transmission Electron Microscopy and 

Atomic Force Microscopy 

Scanning electron microscopy (SEM), transmission electron microscopy (TEM) and atomic force 

microscopy (AFM) are employed to explore the morphological, microstructural and topographical 

information of the sample, respectively. The SEM is based on a similar principle to that of optical 

microscopy except it uses an electron beam instead of light to obtain an image of detailed information 

about the surface in reflective mode.
144

 Irradiating a sample with an energetic electron beam generates 

several signals including secondary electrons, backscattered electrons, and characteristic X-rays. 

Secondary electrons (with kinetic energy < 50 eV) are used to build an image containing 

morphological information of the specimen.  On the other hand, backscattered electrons (with kinetic 

energy > 50 eV) could be used to provide different contrast based on the atomic number (the so-

called Z contrast) because backscattered electrons are generated by inelastic scattering between the 

incident electron and atoms in the specimen. Energy dispersive X-ray (EDX) analysis uses the 

emitted characteristic X-ray signals (as a result of the high-energy electron impact of the incident 

electron beam) to provide elemental composition information. In the present work, EDX is used to 

verify the presence of lanthanoid dopants in the sample before further chemical composition analysis 

by X-ray Photoelectron Spectroscopy or Auger Electron Spectroscopy. Figure 2.2a shows a 

photograph of a Zeiss Merlin microscope, a state-of-the-art field-emission SEM equipped with an in-

lens and an external secondary electron detectors, two backscattered electron detectors, an EDX 

spectrometer, a charge compensation system, and a plasma sample cleaner.  

Two different TEM systems, a FEI Tecnai F20 microscope from University of Calgary and a Zeiss 

Libra 200MC microscope on-campus (shown in Figure 2.2b), have been employed to obtain high-

resolution TEM images and the structural information of ZnO nanostructures at different stages of the 

present work. Since a TEM utilizes electrons that pass through the entire sample, not only atomic 

resolution images of columns of atoms but also information regarding crystal structures can be 

obtained. The latter is achieved by performing selected area electron diffraction and/or fast Fourier 

transform (FFT) of the high-resolution TEM images. Samples for TEM analysis were often prepared 

by physically removing the ZnO nanostructures from the substrate and dispersing them in the water. 

This was then followed by placing a droplet of the aqueous solution containing ZnO nanostructures 

onto TEM grids with holey or lacey carbon. The high-resolution TEM images were acquired by 
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operating the TEM at 200 kV and the crystallographical information of ZnO nanostructures was 

achieved by a FFT process. 

A Digital Instruments Dimension 3100 Scanning Probe Microscope (shown in Figure 2.3) was 

used to obtain topographical information. In atomic force microscopy (AFM), interactions between a 

probe tip and the sample surface generate repulsive and attractive forces. The sum of these forces is 

measured as a degree of cantilever deflection that is measured by the location of the laser beam on the 

photodiode detector.
144

 The cantilever holder is controlled by a piezoelectric tube and offers 

extremely fine vertical resolution. AFM has three different operational modes: contact, tapping and 

non-contact mode. In contact mode, the tip is in contact with the surface of the sample and the system 

monitors the change or degree of the force or the height of the tip. In contrast, a tip is oscillating in 

non-contact mode (where the tip is not in contact with the surface) and tapping mode (where the tip is 

in intermittent contact with the surface), and the system measures the change in the resonance 

frequency in order to detect the variation in the force. Tapping mode is most popular for AFM 

operation, because it is less destructive than contact mode and is also easier to operate and more 

sensitive than non-contact mode.
145

 In this study, sub-nanometer sized ZnO structures were explored 

by using tapping mode and the details are given in Chapter 3. 
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Figure 2.2 Photographs of (a) a Zeiss Merlin field-emission scanning electron microscope, and (b) a 

Zeiss Libra 200MC transmission electron microscope. 
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Figure 2.3 Photograph of a Digital Instruments Dimension 3100 Scanning Probe Microscope used for 

atomic force microscopy. 

 

2.3 X-ray Photoelectron Spectroscopy and Auger Electron Spectroscopy 

The chemical composition and bonding nature of pristine, doped and surface-functionalized ZnO 

nanostructures were analyzed by X-ray photoelectron spectroscopy (XPS) and Auger electron 

spectroscopy (AES). Figure 2.4 shows a schematic diagram of the photoelectron and Auger electron 

emission processes. Upon absorption of an X-ray photon with known photon energy (hɡ), 

photoelectrons with kinetic energy (EK) are emitted from the sample and their kinetic energy is 

determined. For a known spectrometer work function (◖), the binding energy of the electron (EB) in 

the sample before photoejection can be obtained from the Einstein equation: EB = hɡ ï EK ï ◖. Core-

level binding energy shifts have been found to depend on the chemical environment of the atom 

within the molecule, and they can be used to provide chemical identification of the local bonding 

characters.
146

 As only photoelectrons escaped without further collision are detected to generate the 

photopeaks at the characteristic energy (as defined by the Einstein equation), the XPS technique is 

therefore extremely surface sensitive. The generally short inelastic mean free path of an electron is 

0.5 nm to 10 nm, depending on the kinetic energy of the photoelectrons (2-2000 eV). In the present 
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work, a Thermo-VG Scientific ESCALab 250 Microprobe, shown in Figure 2.5a, was employed for 

XPS analysis. By employing Ar
+
 sputtering, XPS spectra can be collected as a function of sputtering 

depth, thus providing depth profiling composition analysis of the chemical states of the sample.  

In AES, Auger electrons generated by the Auger electron emission process are detected. In the 

Auger electron emission process (Figure 2.4), an electron vacancy in an electron energy level is 

created by photoionization or high-energy electron impact ionization. In a radiation-less decay 

process, this vacancy is filled by an electron from the upper energy level. Any surplus energy from 

the energy difference between the vacancy level and the upper level can be transferred to another 

electron and results in its ejection from the atom. This deported electron is called the Auger electron. 

Auger electron emission is extremely surface sensitive due to the same restriction of inelastic mean 

free path as photoelectrons.
144,147

 For the Auger electron depicted in Figure 2.4, the Auger process is 

designated as the KL2L3 transition (in the order of vacancy level, origin of the electron filling the 

vacancy, and the origin of the ejected electron).
144,146

 In addition, by using a high-energy electron gun 

as the excitation source, a probe area of a few tenth of nanometers can be obtained, which provides a 

high spatial resolution for measuring the elemental composition of individual nanostructures. Figure 

2.5b shows a Thermo MicroLab 350 AES system utilized for the present study. 

 

Figure 2.4 Schematic diagram of photoelectron and Auger electron emission processes. 
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Figure 2.5 Photographs of (a) a Thermo-VG Scientific ESCALab 250 Microprobe used for 

photoelectron spectroscopy and (b) a Thermo Microlab 350 used for Auger electron spectroscopy. 
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2.4 UV-Vis Spectroscopy 

To investigate the optoelectronic properties of ZnO nanostructures, UV-Vis diffuse reflectance 

spectroscopy was conducted by using a Perkin Elmer Lambda 1050 UV/Vis/NIR spectrophotometer 

equipped with a 150 mm integrating sphere module, shown in Figure 2.6. A sample was placed on the 

sample holder located at the outer shell of the integrating sphere and the diffuse reflectance of the 

sample was measured.  The absorption spectra were obtained by converting the reflectance (R) to the 

absorption coefficient (Ŭ) by using the Kubelka-Munk equation: Ŭ/S = (1- R)
2
/(2R), where S is the 

scattering factor of the sample.
148

 The Kubelka-Munk equation was developed for the diffuse 

reflectance measurement of the thin films such as paper, textile and paints,
149

 often by making, for 

simplicity, several assumptions such as uniform thickness, diffusive and homogeneous 

illumination.
150

 In the present work, diffuse reflectance spectra of ZnO quantum sheets were obtained 

and converted to absorption spectra to calculate the energy band gap of ZnO quantum sheets (Chapter 

3).  

 

 

Figure 2.6 Photograph of (a) Perkin Elmer Lambda 1050 UV-Vis spectrophotometer and (b) the 

integrating sphere module used for diffuse reflectance measurement. 
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2.5 Luminescence Spectroscopy 

When an excited molecule undergoes a radiative relaxation process to a lower energy level, the 

emission of light is called luminescence. There are two types of luminescence: fluorescence and 

phosphorescence. The former corresponds to a de-excitation transition between singlet states while 

the latter corresponds to a transition between a triplet excited state and a singlet ground state. In 

addition, luminescence can be further classified according to its excitation source. If the excitation 

source is provided by an electron beam, an electric current, chemical reactions or photons, the 

emission of light is referred to as cathodoluminescence, electroluminescence, chemiluminescence and 

photoluminescence, respectively. In the present work, the samples are excited by light irradiation, the 

emission process therefore corresponds to the photoluminescence process. 

2.5.1 Photoluminescence and Excitation Measurement 

The experimental setup was one of the few unique custom-built photoluminescence systems in the 

world. It was located at the Department of Chemistry, Chungnam National University (Daejeon, 

South Korea) and the luminescence studies reported in the present work were conducted in 

collaboration with Professor Jun-Gill Kang and his group at Chungnam National University. A 

photograph of the experimental setup is shown in Figure 2.7, with its schematic optics layout shown 

in Figure 2.8. In the present work, both a high-pressure 1000-W Xe arc lamp (Oriel) and a 30-mW 

325 nm helium-cadmium laser (Kimmon Koha, IK3301R-G) were used as the excitation sources to 

generate the photoluminescence spectra. For photoluminescence measurement, the incident light 

wavelength was pre-selected while any light emitting from the sample was collected as a function of 

the (emitting light) wavelength. Depending on the excitation light sources, the resulting spectrum is 

referred as the PL (laser excitation) or emission (Xe arc lamp excitation) spectrum in the present work. 

With the sample placed in the sample holder, the sample was irradiated with incident light from the 

325 nm He-Cd laser or the Xe arc lamp (operated with a working power of 600 W) passing through a 

Czerny-Turner monochromator with a focal length of 0.3 m (Acton SpectraPro SP-2300i, Princeton 

Instruments). For the light from the Xe arc lamp, two quartz lenses were used to control the focus of 

the incident light. The luminescence was then observed at 90° from the excitation light beam 

direction. The emitted radiation was focused by using two quartz lenses onto the entrance slit of a 

second 0.5 m Czerny-Turner monochromator (Acton Research Cooperation, VM-505) equipped with 

a cooled Hamamatsu R-933-14 photomultiplier tube powered by a high voltage power supply (Oriel). 

On the other hand, the excitation measurements were performed by fixing the wavelength of the 
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emitting light constant at an appropriately chosen value, while the wavelength of the incident light to 

the sample was varied over a pre-set range. The photomultiplier tube connected to the emission 

monochromator was used to measure the intensity change as a function of excitation wavelength. The 

resulting spectrum is referred as the excitation spectrum in the present work. For this type of 

experiments, a UV cut-off filter was placed before the emission monochromator (M2) to eliminate 

unwanted stray light and any second-order light from the excitation source. For experiments carried 

out with the sample held at different temperature ranging from 10 K to 300 K, the sample was 

mounted on the cold finger of a closed cycle liquid helium refrigerator (CCS-120, Janis Research 

Company) and the air was evacuated to prevent water and ice condensation on the surface of the 

sample. 

 

Figure 2.7 Photograph of the experimental setup depicting the light path (dotted lines) from the 

incident beam optics (right) to the sample chamber (center) to the exit beam optics (left). 
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Figure 2.8 A schematic diagram of measurement setup for photoluminescence (emission) and 

excitation spectra. 

 

2.5.2 Lifetime and Absolute Quantum Yield Measurement 

Lifetime is defined as the average time that the molecules spent in the excited energy level before 

going through the photonic transitions. A schematic diagram of the experimental arrangement for 

photoluminescence lifetime measurement is shown in Figure 2.9. The sample was excited by light 

coming from a 56-mW 337.1 nm N2 pulsed laser (GL-3300, Photon Technology International). The 

emitted light from the sample was detected at 90° from the excitation source and passed through the 

M2 monochromator coupled with a cooled Hamamatsu R-933-14 photomultiplier tube. The signal 

was fed to an oscilloscope (Agilent 54832B) triggered by the synchronized trigger source of the N2 

laser. The final result was obtained from averaging 300 individual measurements in order to improve 

the signal-to-noise ratio. 

The quantum yield is determined by the ratio between the amount of the emitted photons from the 

sample and the amount of the photons absorbed by the sample. To eliminate the emission contribution 
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of the scattered and/or reflected light by the sample and/or the integrating sphere and to increase the 

accuracy of absolute quantum yield, three separate measurements were performed for each sample. 

Emission signals were  measured from the following: (a) incident laser light with the empty 

integrating sphere (to obtain the background contribution), (b) incident laser light directed to the wall 

of integrating sphere such that there was no direct interaction with the laser (to obtain indirect 

excitation contribution), and (c) incident laser light directed at the sample (to obtain total emission). 

The final emission could then be computed from signal (c) ï signal (a) ï signal (b).  More details are 

given in the work of de Mello et al.
151

 The experimental setup of measuring absolute quantum yield is 

similar to those of photoluminescence measurement (using the laser source). Instead of the sample 

holder, a 10 inch integrating sphere was used to house the sample. 

 

Figure 2.9 A schematic diagram of the photoluminescence lifetime measurement setup. 
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Chapter 3 

Optoelectronic and Photophysical Properties of Zinc Oxide 

Quantum Sheets 

3.1 Introduction 

The size of nanostructures intimately affects their properties, especially their electronic and 

optoelectronic properties, because of the quantum confinement effect.
152

 The minimum thickness for 

elemental materials is the size of a single atom. For binary and multi-component systems, the 

dimension of a unit cell represents the lowest limit. To date, the single-unit-cell thick nanostructures 

have been discovered only for very few binary materials. Their potential applications, however, 

remain largely unexplored and are limited to ferromagnetism and catalysis.
153ï155

 On the other hand, 

transparent conducting oxides (TCOs) are one of the most fascinating (binary) materials because of 

their optical transparency and metal-like conductivity. 

As a TCO semiconducting material, Zinc Oxide (ZnO) has attracted great interest because of its 

wide direct band gap (~3.37 eV), large exciton energy (60 meV), good thermal and chemical stability, 

low toxicity and high biocompatibility.
156ï158

 A broad range of potential applications of ZnO have 

been demonstrated for solar cells, light emitting diodes, sensors and nanogenerators.
157,158

 ZnO 

nanostructures can be deposited on various substrates by a variety of methods, including physical 

vapour, chemical vapour and wet-chemistry deposition. However, the parameters of many such 

deposition techniques could be quite demanding due to the needs of high deposition temperature, 

catalysts, expensive substrates, high post-growth annealing temperature, seed layer, environmentally 

hostile organic solvents or relatively longer deposition time.
159ï165

 In contrast, electrochemical 

deposition offers a more facile alternative because ZnO deposition could be performed in a single step 

in an aqueous solution with a deposition time of less than 2 hours.
43,166 

Since quantum confinement effect has unique influence on the optical, optoelectronic and 

electronic properties, various ZnO nanostructures were studied. However, acquiring nanostructures 

with size less than the small Bohr radius (2.34 nm) of ZnO has become a major obstacle to observe 

quantum confinement effect. Differences between energy band gaps of the bulk and ZnO quantum 

dots (~0.4 eV), nanowires and nanosheets (~0.2 eV) have thus far been found to be rather small 

because of larger size of these synthesized nanostructures..
136,140,167ï170

 Here, we report the fabrication 

of single-unit-cell thick ZnO quantum structures on a Si substrate without using any pre- and post-



 

 34 

growth treatments such as seeding, annealing or exfoliation. We further show that the energy band 

gap of these single-unit-cell thick ZnO quantum sheet stacks can be varied over a wide range, from 

4.51 to 3.35 eV, by manipulating the stack thickness as a function of deposition time. 

3.2 Experimental Details 

3.2.1 Fabrication of ZnO Quantum Sheets 

ZnO quantum sheets were prepared by electrochemical deposition using a conventional three-

electrode electrochemical system in a water bath. The deposition temperature was fixed at 10 °C and 

kept stable by controlling the temperature of the water bath using a recirculator. A 15 mL solution of 

0.1 M Zn(NO3)2Å6H2O (98%, Sigma-Aldrich) mixed with 0.1 M KCl (Ó99.0%, Sigma-Aldrich) 

serving as a supporting electrolyte was used as the electrolyte. Si(100) wafer was prepared by using 

the RCA cleaning method and was used as the working electrode. Electrochemical depositions were 

carried out at an applied potential of ï1.1 V with respect to a Ag/AgCl reference electrode and with a 

Pt wire serving as the counter electrode. The deposition time was varied to control growth of the ZnO 

quantum sheets. 

3.2.2 Characterization Methods 

The surface morphology was examined by using field-emission scanning electron microscopy (SEM) 

in a Zeiss Merlin microscope. Atomic force microscopy (AFM) was used to investigate the 

topography and thickness of ZnO quantum sheets in a Digital Instruments Dimension 3100 

Nanoscope IV. Transmission electron microscopy (TEM) was performed on a few layers of the ZnO 

quantum sheets on a holey carbon grid in a FEI Tecnai F20 microscope operated at 200 kV. Diffuse 

reflectance spectra were collected by using an UV-Vis spectrometer (Perkin Elmer Lambda 1050) 

equipped with a 150 mm integrating sphere module (Labsphere). X-ray photoelectron spectroscopy 

(XPS) was used to investigate the chemical composition of ZnO quantum sheets as a function of 

sputtering depth in a Thermo-VG Scientific ESCALab 250 Microprobe equipped with a 

monochromatic Al KŬ source (1486.6 eV). For photoluminescence (PL) and excitation spectroscopic 

measurements, the sample was irradiated by a 1000-W Xe arc lamp (Oriel, operating power 600 W) 

with an excitation monochormator (Acton SP-2300i). The emission from ZnO quantum sheets was 

monitored by a 0.5-m Czerny-Turner monochromator (ARC) equipped with a cooled Hamamatsu R-

933-14 photomultiplier tube. 
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3.3 Results and Discussion 

3.3.1 Morphology and Topography of ZnO Quantum Sheets 

Figure 3.1 shows the scanning electron microscopy (SEM) images of single-unit-cell thick ZnO 

quantum sheets electrodeposited on Si(100) substrates at 10 °C for different deposition times. For 1 

min and 5 min depositions, the quantum sheets appear fan-shaped and with the dimensions of 500 nm 

× 500 nm (Figures 3.1a and 3.1b). As we increase the deposition time, the size and density of the 

quantum sheets gradually increase, expanding the coverage of the quantum sheets over the entire 

substrate uniformly. Wrinkling of quantum sheets is also observed, which is likely due to the large 

surface energy. The quantum sheets could grow to micron size with longer deposition times (Figures 

3.1c and 3.1d). 

 

Figure 3.1 SEM images of electrochemically deposited ZnO quantum sheets at 10 
o
C for (a) 1 min, (b) 

5 min, (c) 30 min, and (d) 60 min. 
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Atomic force microscopy (AFM) studies are employed to investigate the thickness of ZnO 

quantum sheets. The AFM image of ZnO quantum sheets obtained with a 30 min deposition time, 

shown in Figure 3.2a, clearly illustrates two steps, while the corresponding height profile along the 

linescan across the steps, shown in Figure 3.2b, can be used to determine the thickness of the 

quantum sheet. The height from the Si substrate to the lowest lying quantum sheet (first step) and that 

from this quantum sheet to a second higher lying quantum sheet (second step) are 0.84 nm and 0.56 

nm, respectively. As the first step corresponds to the thickness of a quantum sheet plus a small gap 

between this sheet and Si substrate, the second step therefore better represents the thickness of the 

ZnO quantum sheet. The height of the second step, 0.56 nm, is an excellent match to the inter-planar 

spacing along the c-axis of the ZnO unit cell (0.52 nm, JCPDS 00-036-1451). This provides strong 

evidence that the growth mechanism of ZnO quantum sheets is layer-by-layer growth, which 

indicates that individual quantum sheets maintain single-unit-cell thickness regardless of the 

deposition time and that the layer-by-layer growth of ZnO quantum sheets occurs along the a- or b- 

axis direction. This is in good accord with the growth direction of ZnO quantum sheets revealed by 

high resolution TEM (HRTEM) shown in Figures 3.2c and 3.2d. Acquiring a HRTEM image of a 

single quantum sheet (retrieved onto a holey carbon TEM grid) is particularly challenging because of 

its fragility and its sensitivity to the 200 kV electron beam. Instead of a single ZnO quantum sheet, we 

collected HRTEM images of a few layers of ZnO quantum sheets.  Figure 3.2d shows a HRTEM 

image with a lattice spacing of 2.7 Å , corresponding to the [100] direction of ZnO. Figure 3.2e shows 

a schematic model of the growth of double layers of single-unit-cell thick ZnO quantum sheets on a 

Si substrate based on the AFM and HRTEM results. 
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Figure 3.2 (a) AFM image of single-unit-cell thick ZnO quantum sheets deposited directly on a Si 

substrate and (b) its sectional analysis along the linescan marked by the white line in (a). (c) TEM and 

(d) HRTEM images of ZnO quantum sheet stacks. (e) Schematic molecular model of two layers of 

single-unit-cell thick ZnO quantum sheets. 
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3.3.2 Chemical Analysis of ZnO Quantum Sheets 

Chemical composition analysis of as-grown ZnO quantum sheet is performed by using X-ray 

photoelectron spectroscopy (XPS). Figure 3.3 shows the XPS spectra of Zn 2p, O 1s and Cl 2p 

regions of ZnO quantum sheets as a function of sputtering time. For the as-prepared sample, XPS 

peaks are found at higher binding energies than their respective reference positions, and they 

gradually shift to lower binding energies with increasing sputtering time. This change in the peak 

positions is due to minor sample charging effect caused by the presence of non-conducting Zn(OH)2 

on the sample surfaces (in accord with the formation mechanism of ZnO).
171,172

 The Zn 2p3/2 (2p1/2) 

feature located at 1022.3 eV (1045.4 eV), with a spin-orbit splitting of 23.0 eV (±0.1 eV), is well 

matched with the literature value for the Zn
2+

 state.
173

 This result is in good accord with the presence 

of a single Zn(II) divalent state corresponding to both ZnO and Zn(OH)2. Upon 180 s sputtering, the 

O 1s spectra (Figure 3.3b) clearly show two peaks at 532.9 eV and 531.2 eV, attributed to Zn(OH)2 

and ZnO, respectively, in excellent agreement with the O 1s spectrum of ZnO powder (Figure 3.3d). 

Upon further sputtering, the Zn(OH)2 component decreases significantly, confirming that its existence 

is limited to the near-surface region of the sample.  

It is well known that the growth of ZnO nanostructures is greatly affected by the electrolyte 

concentration. The Cl
ï
 ion plays an important role in the growth of two-dimensional ZnO 

nanostructures, in which the adsorption of Cl
ï
 ions on the (0001) crystal plane obstructs the growth in 

the [0001] direction, thereby limiting the growth to two-dimensional structures.
174

 The presence of Cl
ï
 

ion as shown in Figure 3.3c therefore confirms this two-dimensional growth mechanism for our ZnO 

quantum sheets. 
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Figure 3.3 XPS spectra of (a) Zn 2p, (b) O 1s, and (c) Cl 2p as a function of sputtering time from 0 s 

(i.e. as-deposited), to 60 s, 180 s, 600 s and 1800 s for electrochemically deposited ZnO quantum 

sheets obtained with 60 min deposition time. (d) O 1s XPS spectrum of a ZnO powder sample. 

 

3.3.3 Optoelectronic and Photophysical Properties of ZnO Quantum Sheets 

Since the reported Bohr radius of ZnO (2.34 nm) is larger than the thickness of quantum sheet stack, 

quantum confinement effect is expected for the ZnO quantum sheets.
170

 Optical properties of ZnO 

quantum sheets and bulk (pellet) are examined by UV diffuse reflectance spectroscopy, and the 

resulted spectra are shown in Figure 3.4. The absorption coefficient Ŭ can be obtained from the 

reflectance R by the Kubelka-Munk equation: Ŭ/S = (1- R)
2
/(2R), where S is the scattering 

coefficient. Due to its limited amount of material, the quantum sheets obtained with the shortest 

deposition time (1 min) do not provide sufficiently detectable signal in the UV absorption curve. For 

ZnO quantum sheets obtained with 5 min, 30 min and 60 min deposition time, absorption cut-offs 
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located, respectively, at 225 nm, 275 nm and 370 nm are observed and marked with black lines in 

Figure 3.4.  

To further investigate the photophysical properties, emission and excitation spectra of ZnO 

quantum sheets are measured and shown in Figure 3.5. ZnO quantum sheets are excited at the higher-

energy wavelengths of the three aforementioned absorption cut-offs (Figure 3.4). For excitation at 

350 nm, the first absorption cut-off does not produce any PL emission, as is similarly found for the 

absorption cut-off of ZnO bulk powder. On the other hand, ZnO quantum sheets excited at 240 nm 

shows a strong blue-shifted emission spectrum, specifically with a ZnO band-edge emission shift by 

91 nm and a ZnO defect emission shift by 124 nm, and the overall spectral shape resembling that of 

the emission of ZnO nanowalls. Instead of the bulk state (provided by ZnO powder), nanowall 

structure is used to compare with quantum sheets due to the strong defect emission (at 561 nm) 

generated by ZnO nanowalls and essentially the same band-edge emission position (at 376 nm) found 

for both the bulk and the nanowalls. The spectral envelopes of ZnO quantum sheets and nanowalls are 

remarkably similar. Evidently, ZnO quantum sheets exhibit relatively stronger defect emission than 

nanowalls, likely due to the physical wrinkles found in the quantum sheets. The blue emission from 

ZnO quantum sheets excited by a standard 254 nm UV lamp is shown in a photograph in Figure 3.4 

inset. In addition, this emission is sufficiently powerful to be easily seen with naked eye. The 

corresponding excitation spectrum (for emission wavelength set at ɚems = 450 nm) shows a well 

resolved peak between 235 nm and 300 nm (Figure 3.5, inset), which suggests that the energy band 

gap of ZnO quantum sheets is 4.51 eV. 
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Figure 3.4 UV absorption spectra of ZnO quantum sheets electrodeposited on Si for various 

deposition times (absorption cut-offs are marked with black vertical markers) and of ZnO bulk 

powder (left inset). Right inset shows the photograph of ZnO quantum sheets on Si exposed to UV 

light (at 254 nm). 

 

Figure 3.5 Emission spectra (ɚexn = 240 nm) and excitation spectrum (inset, ɚems = 450 nm) of ZnO 

quantum sheets (lower) and nanowalls (upper). Blue shifts for the band edge and defect emissions 

between the ZnO quantum sheets and nanowalls are marked. 



 

 42 

The PL spectra and UV diffuse reflectance spectra therefore demonstrate the quantum confinement 

effect on the energy band gap of ZnO quantum sheets. Several studies have reported quantum 

confinement effect on 0-D structures (quantum dots) and 1-D structures (nanorods), but influence on 

2-D structures has yet to be presented. To discover the details of quantum confinement effect on 

electronic band structure, XPS spectra of the valence band region of ZnO bulk powder and quantum 

sheets are collected and shown in Figure 3.6a. The energy scale of the spectra has been calibrated by 

the position of Zn 2p3/2 (at 1022.5 eV). The valence band maxima of the bulk powder and quantum 

sheets are determined by the intersection of the linear fit of the photoemission edge with the 

background, and they are found to be 3.17 eV and 3.45 eV below the Fermi level, respectively. Based 

on these results, the corresponding conduction band minima of the bulk and quantum sheets are 

calculated and the resulting valence band structures are shown schematically in Figure 3.6b. 

Comparison between the bulk and quantum sheets reveals that the valence band maximum and 

conduction band minimum of the quantum sheets are respectively, 0.28 eV lower and 0.98 eV higher 

than those of the bulk, respectively. 

 

 

Figure 3.6 (a) XPS valence band spectra of ZnO bulk powder (black) and quantum sheets (red) and 

(b) schematic diagram of the valence band maxima and conduction band minima of ZnO bulk and 

quantum sheets. 
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The quantum confinement effect depends on the smallest dimension of the nanostructure. In 2D 

nanostructures, the thickness of the quantum sheet plays a vital role in the observed increase in the 

band gap (given the large length and width of a quantum sheet relative to its thickness).
12

 The 

observed increase in the energy band gap of the quantum sheet by over 1.1 eV from the bulk value is 

therefore significant and can be attributed to the quantum confinement effect. From Figure 3.4, the 

absorption cut-off profiles of ZnO quantum sheet samples generally increase in intensity with 

increasing area and thickness of the quantum sheets. The corresponding profile for the 60-min sample 

shows that the intensity of absorption cut-off at 370 nm matches that of the bulk sample. Consistent 

with the growth mechanism of quantum sheets, height profile analysis of a large number of AFM 

images, however, indicates that the thickness of individual quantum sheets is the same regardless of 

the amount of deposition time. These results therefore suggest that electrostatic interactions between 

the quantum sheets lead to quantum sheet stacks with the overall thickness that governs the observed 

changes in the intensity of the absorption cut-offs and in the energy band gaps. 

As the quantum sheets start to stack on top of one another during the layer-by-layer growth, orbital 

reconstruction occurs between the interfacial ZnO hybridized orbitals of individual quantum sheets, 

thus making up the quantum sheet stacks. In particular, orbital reconstruction induces band dispersion 

of the quantum sheet stacks such that the highest occupied molecular orbital (HOMO) in the valence 

band is raised while the lowest unoccupied molecular orbital (LUMO) in the conduction band is 

lowered. As a result, the energy gap between the resulting HOMO and LUMO becomes smaller than 

that before orbital reconstruction. As ZnO quantum sheets are accumulated by the layer-by-layer 

stacking, they behave more like the bulk, even though individual constituent quantum sheets remain 

quantum confined. For the 30-min deposited sample, the absorption peak demonstrates the presence 

of stacks of single-unit-cell thick quantum sheets with increasing overall thickness that leads to a 

smaller band gap. Comparing the 60-min sample with the 30-min sample, some of the quantum sheet 

stacks obtained from the 60-min deposition are sufficiently thick to behave like the bulk. This 

produces the biggest intensity increase in the bulk-like absorption cut-off among three absorption 

peaks. Our UV absorption results therefore demonstrate that modification of band gap energy of 

single-unit-cell thick ZnO quantum sheet stacks can be achieved by controlling the overall stack 

thickness through the deposition time. 
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3.4 Summary 

The single-unit-cell thick ZnO quantum sheets are successfully deposited on a Si wafer by 

electrochemical deposition. By lowering deposition temperature near 0 °C, ZnO quantum sheets are 

obtained without any pre- and post-growth treatment. HRTEM and AFM studies reveal that individual 

ZnO quantum sheet have a similar growth mechanism as other 2-D ZnO nanostructures. Instead of 

thickness increment of a single quantum sheet, layer-by-lay stacking is observed with increasing 

deposition time. Due to its thickness, the electronic structure of ZnO quantum sheets is affected by 

the quantum confinement effect. PL measurement shows that ZnO quantum sheets have very deep 

UV and blue emissions. The energy band gap of ZnO quantum sheets is found to expand by more 

than 1.1 eV, with the valence band maximum and conduction band minimum, respectively, 0.28 eV 

lower and 0.98 eV higher than those of the bulk.  
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Chapter 4 

Observation of Mediated Cascade Energy Transfer in Europium-

doped ZnO Nanowalls by 1,10-Phenanthrolineÿÿ 

4.1 Introduction 

Rare earth transition metal doped ZnO nanomaterials are recognized as promising candidates for 

applications in optoelectronics, light-emitting devices, spintronics and photocatalysis.
175ï184

 Among 

rare earth ions, the trivalent Eu(III)  ion has attracted great interest because of its unique optical 

properties, arisen from the hypersensitive 
5
D0 Ÿ 

7
F2  red emission (~620 nm) from Eu(III).

185ï187
 

Recently, nanostructured Eu-doped ZnO has been prepared by various methods, including 

hydrothermal synthesis, thermal evaporation, electrochemical deposition, sol-gel, and laser 

ablation.
123,124,188ï198

 These techniques produced Eu-doped ZnO nanostructures with various 

morphologies including nanospheres, nanoparticles, nanoneedles, nanorods, nanowires and 

nanoflowers.
192ï197

 Upon excitation by UV irradiation, these Eu-doped ZnO (written here as 

ZnO:Eu(III) ) nanomaterials produced a band-edge emission at 369 nm and a broad defect-emission at 

500-750 nm from ZnO, and/or a red emission from Eu(III) . The appearance of the red emission was 

dependent on the excitation energy and on whether thermal annealing has been performed or not. The 

Eu(III) -related luminescence arisen from the band-gap excitation has been discussed in terms of the 

energy transfer from ZnO to Eu(III) .
182,196,198

 Alternatively, the red emission from ZnO:Eu(III)  

nanospheres and nanorods could also be attributed to the direct excitation of Eu(III)  to a charge-

transfer state, instead of the energy transfer pathway.
197

 

Detailed knowledge of the structural and optical properties of ZnO:Eu(III)  nanostructured materials 

grown on a selected substrate is important to industrial applications. Extensive research has been 

conducted to deposit ZnO films or nanostructures on a transparent substrate like indium tin oxide 

coated glass (ITO-glass), and to characterize their structural, optical and electrical properties.
199ï207

 

The deep-level emission from ZnO, appearing in the visible region, has been found to be highly 

dependent on its morphology, defects and doping.
31,207ï212

 Here, we fabricate ZnO nanowalls doped 

with various concentrations of Eu(III)  on ITO-glass by a simple electrochemical deposition method 

                                                      
ÿÿ

 This chapter is adapted with permission from Kang, J.-S.; Jeong, Y.-K.; Kang, J.-G.; Zhao, L.; Sohn, Y.; 

Pradhan, D.; Leung, K. T. Observation of Mediated Cascade Energy Transfer in Europium-Doped ZnO 

Nanowalls by 1,10-Phenanthroline. J. Phys. Chem. C 2015, 119 (4), 2142ï2147. Copyright 2015 American 

Chemical Society. 



 

 46 

and investigate the photophysical properties of the prepared nanowalls on ITO-glass. We also clarify 

the change in the chemical-state composition of Eu by depth-profiling X-ray photoelectron 

spectroscopy (XPS). Furthermore, by functionalizing the surface of ZnO:Eu(III)  nanowalls using an 

ultraviolet range energy donor such as 1,10-Phenanthroline (phen), we investigate its effect on the 

photoluminescence (PL) of the Eu-doped ZnO nanowalls. We propose a cascade energy transfer 

model from ZnO to Eu(III)  via phen, in order to provide new insight to the emission and energy 

transfer processes in surface-functionalized ZnO:Eu(III)  nanostructures. 

4.2 Experimental Section 

Europium-doped ZnO nanowall structures were prepared by electrochemical deposition at 70°C, 

described in detail elsewhere.
43,213

 Briefly, we employed a potentio/galvanostat electrochemical 

workstation (CH Instruments 660A) and a three-electrode glass cell, with a Ag/AgCl reference 

electrode and a Pt wire counter electrode. The working electrode was single-sided polished, SiO2-

passivated float glass coated with an ITO film (200-500 nm thick with a sheet resistance of 4-8 ohm) 

obtained from Delta Technologies Limited (Minnesota, USA). ZnO nanowall structures were 

deposited at -1.2 V vs Ag/AgCl by amperometry in a solution of 0.1 M Zn(NO3)2·6H 2O (Sigma-

Aldrich, Ó99.0% purity) with 0.1 M KCl used as the supporting electrolyte. To prepare Eu-doped 

ZnO nanowalls, we simply added Eu(NO3)3·5H 2O (Sigma-Aldrich, 99.9% purity) solutions of 

different concentrations (0.01, 0.05 and 0.10 M) to the electrolyte solution and follow the 

electrochemical deposition procedure. After the deposition, we rinsed the samples with Millipore 

water thoroughly and dried under nitrogen flow before analysis. Surface modification of Eu-doped 

ZnO nanowalls were performed by dipping the samples into 1,10-phenanthroline (Sigma-Aldrich, 

Ó99% purity) or ethylenediamine (Sigma-Aldrich, Ó99.5% purity) with various concentrations.  For 

both cases, CH2Cl2 (Sigma-Aldrich, Ó99.9% purity) was used as a solvent. 

Scanning electron microscopy (SEM) images were obtained using a field-emission Zeiss UltraPlus 

microscope. For depth-profiling X-ray photoelectron spectroscopy, we utilized a Thermo-VG 

Scientific ESCALab 250 Microprobe with a monochromatic Al KŬ source (1486.6 eV), and an 

energy resolution of 0.4-0.5 eV full width at half-maximum. For photoluminescence and excitation 

spectroscopic measurements, an excitation source of a He-Cd 325 nm laser line and an Oriel 1000 W 

lamp (operated at 600 W) with an Oriel MS257 monochromator were used, respectively. The spectra 

were taken by an ARC 0.5 m Czerny-Turner monochromator and a cooled Hamamatsu R-933-14 

photomultiplier tube. 
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4.3 Results and Discussion 

4.3.1 Morphologies of Eu-doped ZnO Nanowalls 

Figure 4.1 shows the SEM images of undoped and Eu-doped ZnO nanowalls. For the undoped ZnO 

sample, the ledge thickness of the pristine nanowalls is measured to be 50-100 nm (Figure 4.1a). On 

the other hand, Eu-embedded ZnO nanowalls are found to be stacked together, forming relatively 

thicker structures with the ledge thickness of 150-400 nm for 0.01 M Eu-doped nanowalls (Figure 

4.1b) and 300-700 nm for 0.05 M (Figure 4.1c) and 0.10 M Eu-doped nanowalls (Figure 4.1d). 

Although the stacking of individual nanowalls in Eu-embedded samples is quite apparent in the 

nanowalls with less dopant, heavier doped nanowalls appear merged together forming a thicker edge 

with smoother surface.

 

Figure 4.1 SEM images of ZnO nanowalls deposited at 70 °C on ITO-glass in (a) 0.10 M 

Zn(NO3)2·6H 2O mixed with 0.10 M KCl, and with additional (b) 0.01 M, (c) 0.05 M and (d) 0.10 M 

Eu(NO3)3·5H 2O. 
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4.3.2 Chemical Analysis of Eu-doped ZnO Nanowalls 

Figure 4.2 shows the XPS spectra, collected as a function of sputtering depth, of the Eu 3d, Zn 2p, 

and O 1s regions of Eu-doped ZnO nanowalls obtained in the 0.05:0.1 M Eu(III) :Zn
2+

 electrolyte. For 

the as-prepared sample, a single broad O 1s peak at 532.9 eV is observed. With increasing Ar
+
 ion 

sputtering time, a new peak emerges at 531.2 eV and becomes more dominant. The O 1s peaks at 

532.9 eV and 531.2 eV can be attributed to Zn(OH)2 and/or Eu hydroxides and to ZnO, respectively. 

The Zn 2p3/2 (Zn 2p1/2) peak, initially located at 1023.3 eV (1046.4 eV) before sputtering, is found to 

evolve into a considerably more intense peak at 1022.5 eV (1045.6 eV) upon sputtering for 500 s. We 

also observe a strong Eu(III) Eu 3d5/2 (Eu 3d3/2) peak at 1135.5 eV (1165.0 eV) and a considerably 

weaker Eu(II) Eu 3d5/2 (Eu 3d3/2) feature at 1126.5 eV (1156 eV).
214

 This indicates that both Eu(III) 

and Eu(II) coexist in the ZnO nanowall structure. The relative Eu(III)/Eu(II) composition ratio is 1.8 

and found to be nearly constant with increasing sputtering depth. Of special interest is the definite 

presence of Eu(II) even though only Eu(III) ions were used in our electrolytes. Because of the larger 

ionic radius of Eu(III) than that of Zn(II) and of the charge imbalance, it is less likely for Eu(III) than 

Eu(II) to be uniformly incorporated into ZnO matrix. It therefore appears that Eu(III) is first reduced 

to Eu(II) in order to alleviate the charge imbalance, thereby creating defects inside the nanowalls, 

during the electrodeposition. 

For pristine ZnO nanowalls, Pradhan et al. demonstrated their ZnO/Zn(OH)2 core/shell structure, 

along with details of the growth mechanism consistent with the XPS results of electrodeposited ZnO 

nanostructures.
43,213

  The observed O 1s and Zn 2p spectra for the Eu-doped ZnO nanowalls closely 

resemble those for undoped ZnO nanowalls reported by Pradhan et al., indicating a similar 

ZnO/Zn(OH)2 core/shell structure that is likely obtained by a similar growth mechanism. 
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Figure 4.2 XPS spectra of (a) Eu 3d, (b) Zn 2p and (c) O 1s regions of as-deposited Eu-embedded 

ZnO nanowalls before sputtering and with a total sputtering time of 1000 s, 2000 s and 3000 s. 
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4.3.3 Photoluminescence Measurement of Eu-doped ZnO Nanowalls 

The PL spectra of the ZnO nanowalls grown on ITO-glass from various concentrations of Eu(III)  

were also measured at room temperature. As shown in Figure 4.3, the spectral shape of the 

ZnO:Eu(III)  nanowalls is almost independent of the Eu(III)  concentration, i.e., there is virtually no 

difference in the spectral shapes between the undoped and the doped nanowall structures. Upon 

excitation by a He-Cd 325 nm line, both the undoped and doped nanowalls exhibit only one broad 

band in the 400ï700 nm region (Figure 4.3a). The visible emission from ZnO generally originates 

from various intrinsic defects.  For example, the green emission can be attributed to neutral and 

ionized oxygen vacancies, while the orange-red emission is associated with neutral and charged zinc 

interstitials or oxygen interstitial.
31,208

 Alternatively, the green and yellow emissions from ZnO could 

also correspond to the presence of OH
ï
 and Zn(OH)2 on the surface, respectively.

211,212
 The excitation 

spectrum of the deep-level emission illustrated in Figure 4.3a shows that the origin of the broad 

visible emission is the ZnO host and it confirms the electronic transitions from the valence band to the 

upper conduction band. The band-edge emission peak at 376 nm is therefore not likely to be produced 

by the as-prepared undoped and doped nanowalls upon excitation at 325 nm. These results indicate 

that for the nanowall structures on ITO-glass, the radiative transition from the conduction band is 

suppressed by the energy transfer to the upper states of the intrinsic defects. Furthermore, the sharp 

Eu(III)  lines at 620 nm are not observed from the ZnO:Eu(III)  nanowalls on ITO-glass. These results 

are very similar to those of ZnO:Eu(III)  films grown by solution chemistry.
198

 

The formation of ionized vacancies and OHȤ on the surface of the nanowalls from the aqueous 

solution is clearly seen from the XPS results (Figure 4.2). The red emission from Eu(III)  would 

eventually be quenched by these defects. To investigate the effects of reducing the defects, we 

annealed the as-prepared nanowalls with 0.1 M Eu(III)  concentration on ITO-glass at 300 °C for 1 h 

under oxygen flow. SEM study indicates that the morphology of the postannealed nanowalls on ITO-

glass was not changed by the heat treatment (not shown). As shown in Figure 4.3b, the 325 nm 

excitation produces not only the deep-level emission band but also a strong, sharp band-edge 

emission band at 378 nm. Annealing also reduces the intensity of the deep-level emission by more 

than half, with the green emission being quenched more than the orange-red emission, which shifts 

the band maximum to 600 nm.  This spectral change indicates that more OHȤ-related defects and the 

oxygen-related vacancies are removed than other intrinsic defects by thermal annealing. However, the 

sharp 620 nm line characteristic of Eu(III)  remains absent, which suggests that the energy transfer 

from the ZnO host to the doped Eu(III)  ion does not occur efficiently. 
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Figure 4.3 (a) PL (with ɚexn = 325 nm) and excitation (exn) spectra (with ɚems = 590 nm) of 

ZnO:Eu(III)  nanowalls obtained with various Eu(III)  concentrations, and (b) PL (with ɚexn = 325 nm) 

spectrum of thermally treated ZnO:Eu(III)  with 0.10 M Eu(III)  concentration. 
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4.3.4 Surface Modification of Eu-doped ZnO nanowalls by 1,10-phenanthroline 

As shown in XPS analysis, Eu(III)  ions are also present at the surface layer, we attempted to induce 

the red emission from Eu(III)  by modifying the ZnO:Eu(III)  nanowall surface with phen. For a Eu(III)  

complex with phen, the sensitized emission from Eu(III)  can be effectively generated by phen.
215,216

 

First, the surfaces of the as-grown and the postannealed ZnO:Eu(III)  nanowalls were modified by 

dipping them in phen with three different concentrations (0.010, 0.050 and 0.10 M) in CH2Cl2 for 30 s. 

then PL with excitation wavelength of 325 nm were then measured. Evidently, surface-

functionalization with 0.010 M solution of phen has no effect on the PL spectrum for the as-grown 

ZnO:Eu(III)  nanowalls (Figure 4.4a). In contrast, the same treatment for the postannealed ZnO:Eu(III)  

nanowalls results in a sharp red emission band from Eu(III)  at 620 nm, as shown in Figure 4.4c. 

Except for the emergence of this sharp 620 nm red emission and the slight intensity reduction for the 

band-edge emission at 376 nm, the spectral shape of the phen-treated nanowalls (Figure 4.4c) is 

almost the same as the postannealed nanowalls without the phen treatment (Figure 4.4b). The 

appearance of the 620 nm peak indicates that the Eu(III)  ions on the surface layer are coordinated to 

phen, and the coordinated phen molecules trigger an energy transfer process to Eu(III)  ions, which 

produces the red emission. When treated with a higher phen concentration of 0.050 M (Figure 4.4d), 

the blue-green emission becomes discernibly more intense.  For treatment with an even higher phen 

concentration of 0.10 M (Figure 4.4e), spectral  intensity above 480 nm has been significantly 

reduced relative to that functionalized with 0.05 M phen, with the blue-green emission becoming 

stronger than the 600 nm emission.  The band-edge emission at 376 nm has also been quenched 

significantly. For comparison, PL and excitation spectra of an Eu-phen complex, [Eu(phen)2]·(NO 3)3, 

were taken and are shown in Figure 4.5. Its excitation spectrum (Figure 4.5) clearly does not match 

with the excitation spectrum of the Eu-doped ZnO nanowalls (Figure 4.3). 
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Figure 4.4 PL spectra (ɚexn = 325 nm) of (a) as-grown ZnO:Eu(III)  nanowalls sample surface-

functionalized with 0.010 M phen, and annealed samples surface-functionalized (b) without and with 

(c) 0.010 M, (d) 0.050 M and (e) 0.10 M of phen. 
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Figure 4.5 PL (ɚexn = 325 nm) and excitation (exn) spectra (ɚems = 614 nm) of [Eu(phen)2]·(NO 3)3. 

 

To investigate the energy transfer pathway and the origin of the blue-green emission enhancement, 

we also modified the surface of the annealed nanowalls by ethylenediamine (en), which has two 

nitrogen atoms similar to phen. En acts as a bidentate ligand to form a complex with Eu(III) , but en is 

non-luminescent. Figure 4.6 shows the PL spectra of the postannealed ZnO:Eu(III)  nanowalls on 

ITO-glass without and with en surface-functionalization. Evidently, the nanowalls treated with 0.01 

M of en in CH2Cl2 do not exhibit the sharp feature at 620 nm, in marked contrast to the phen surface-

functionalization. The blue-green emission between 450 nm and 550 nm becomes more intense, as 

similarly found for the case with the phen treatment at a higher concentration. Together with Figure 

4.4, these results therefore suggest that the emission from Eu(III)  could be strongly related to the 

energy-transfer process from a coordinated molecule, such as phen. In addition, the enhancement of 

the blue and green emissions could be attributed to newly formed defects, such as Zn
2+

-N complex, 

on the surface of the nanowalls. 
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Figure 4.6 PL spectra (with ɚexn = 325 nm) of postannealed ZnO:Eu(III)  nanowalls (a) without and 

with surface-functionalization of (b) 0.01 M and (c) 0.1 M of enthylenediamine. 

 

4.3.5 Cascade Energy Transfer Mechanism 

These observations suggest that phen adsorbed on the surface of the ZnO:Eu(III)  nanowalls could 

play two important roles in the energy transfer mechanism from ZnO (as the energy donor) to Eu(III)  

(as the energy acceptor). Phen is potentially a good acceptor, because its absorption band overlaps 

well with the band-edge emission band. To account for our observation, we propose a model (shown 

schematically in Figure 4.7) for the red emission from Eu(III)  involving two consecutive energy-

transfer processes, i.e. from ZnO to Eu(III)  via phen. As shown in Figure 4.8, the cascade energy 

transfer begins with excitation of ZnO from the valence band (VB) to the upper levels in the 

conduction band, and this is followed by the subsequent relaxation from the upper levels to the lowest 

level in the conduction band (LCB). Without surface modification of the ZnO:Eu(III)  nanowalls by 

phen, the two possible processes originating from LCB are the radiative decay to VB and the energy 

transfer to upper levels of the intrinsic defects (such as OH
Ƅ
, oxygen vacancy VO, zinc vacancy VZn, 
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and oxygen interstitials Oi), which result in the band-edge and deep-level (defect-related) emissions, 

respectively (Figure 4.8a). When the surface of the nanowalls is treated with phen of a sufficiently 

low concentration (Figure 4.8b), a competitive process involving energy transfer from LCB to the 

excited singlet state of phen also occurs. Furthermore, following the subsequent intersystem crossing 

from the singlet excited state (
1
S*) to its triplet state (

3
T*) in phen, the energy of the excited triplet 

state of phen is transferred to the near resonant states of Eu(III)  (
5
D2, 

5
D1), because the energy transfer 

directly from the singlet state of phen to the Eu(III)  states is less efficient. 

 

Figure 4.7 A schematic model for the cascade energy transfer of phen-modified ZnO:Eu(III)  

nanowalls. 
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Figure 4.8 Energy level diagrams for (a) annealed ZnO:Eu(III)  nanowalls and (b) the cascade energy 

transfer mechanism in the phen-modified ZnO:Eu(III)  nanowalls. 

 

The energy transfer processes from an excited state of a ligand to a rare earth ion in the solid state 

have been described in the exchange interaction theory by Dexter.
102

 In Dexterôs model, the energy 

transfer rate is given by exp(ï2R), where R is the separation between a donor phen and an acceptor 

Eu(III) . When the proximate distance is very close to the Eu-to-N bond distance (2.60 Å ), energy 

transfer from phen to Eu(III)  could take place very effectively.
215

 If the Eu-to-N separation is 

increased by twice the proximate distance, the energy transfer probability would decrease by more 

than an order of magnitude. When ZnO:Eu(III)  nanowalls are treated with a sufficiently low 

concentration of phen (below 0.050 M, Figure 4.4c), the phen molecules located within the proximate 

range of Eu(III)  ions provide a preferred path in the optical de-excitation process of the nanowalls, 

and the cascade energy transfer process (from Eu(III)  to phen to ZnO) would take place efficiently. 

When the concentration of phen is increased to 0.050 M (Figure 4.4d), some phen molecules would 

bind to Zn
2+

 at long distance, which would contribute to additional blue-green emission.  However, 

the overall intensity except the blue-green region is greatly reduced for 0.1 M phen (Figure 4.4e). 

Since phen is saturated in the proximate distance range of Eu(III) , the additional phen molecules are 

anticipated to bind to Zn
2+

 and are not able to enhance the probability of cascade energy transfer from 
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ZnO to Eu(III) . Furthermore, the additional phen molecules appear to crunch the intensity of the 

overall spectrum. 

4.4 Summary 

We have successfully embedded Eu into ZnO nanowall structures by using a single-step 

electrochemical deposition method. Our SEM data show that ZnO nanowalls have become thicker 

and stacked upon doping with Eu. Our O 1s and Zn 2p XPS results further reveal a ZnO-Zn(OH)2 

core-shell structure for the Eu-embedded ZnO nanowalls, similar to that of the pristine ZnO nanowall 

structure. Eu is found to be uniformly embedded in the ZnO-Zn(OH)2 core-shell nanostructure, as 

supported by the nearly uniform Eu 3d intensity with increasing Ar
+
 sputtering depth. The PL spectral 

features of the as-grown Eu-embedded ZnO nanowalls are observed to be independent of the Eu(III)  

concentration. Annealing the ZnO:Eu(III)  nanowall samples yields band-edge emission, while surface 

modification of the samples by phen generates an additional sharp Eu(III)  emission at 620 nm. These 

results show that the energy transfer from ZnO to Eu(III) appears to be extremely weak without phen, 

and they provide strong support for our proposed cascade energy transfer model. Our findings and the 

cascade energy transfer model could be extended to provide further insight into rare earth transition 

metal-doped ZnO systems prepared by other embedment process. 
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Chapter 5 

Extraordinary Enhanced Emission of Terbium-doped ZnO 

Nanowalls and Rhodamine B Detection by Cascade Energy 

Transfer 

5.1 Introduction 

ZnO nanostructures have received great interest for applications in the fields of optoelectronics, 

piezotronics, spintronics and photocatalysis, because of its wide band gap (3.37 eV) and large exciton 

binding energy (~60 meV).
158,217ï221

 ZnO nanostructures exhibit two emission bands: a sharp deep UV 

emission associated with the excitonic band edge, and a broad visible emission attributable to various 

intrinsic defects.
31,208,210

 These unique optical properties have made ZnO nanostructures one of the 

most promising materials for the next-generation optoelectronic devices operating in the UV or 

visible region.
222,223

  

Doping of trivalent rare earth (RE) transition metal ions into ZnO nanostructures has been 

conducted with the goal to improve their intrinsic physical properties, such as optical, electronic, and 

magnetic properties.
224ï227

 They are particularly attractive for potential application in visible 

optoelectronics, because of their unique luminescence properties, such as hypersensitivity to the 

environment, narrow bandwidth, and long lifetime in the millisecond range.
226,227

 Among the RE(III)  

ions, europium and terbium are found to emit red and green luminescence, respectively.  To date, 

most studies have focused on Eu(III) -doped ZnO nanostructures.
177,227,228

 Because the advantage in 

the optical application of RE
3+

-doped ZnO nanostructures originates from the energy transfer from 

ZnO to RE(III) , Eu(III)  is less effective than Tb(III)  due to the larger difference between the 

conduction band minimum of ZnO and the emitting level for Eu(III)  (
5
D0) than that for Tb(III)  (

5
D4). 

Recently, nanostructured Tb(III) -doped ZnO (ZnO:Tb(III) ) materials such as nanorods, nanoparticles, 

nanocrystals, and microspheres have been prepared by various methods including electrochemical 

deposition, sol-gel and hydrothermal syntheses.
134,226,229,230

 The resulting ZnO:Tb(III)
 
nanostructures, 

however, produced very weak lines as no or only trace characteristic emission originated from Tb(III)  

was observed. The low emission intensities did not improve even with additional postannealing of the 

ZnO:Tb(III)  nanostructures.  
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In this study, ZnO:Tb(III)  nanowalls were electrochemically grown on indium-tin oxide (ITO) 

coated glass. Upon excited by UV light, the as-grown ZnO:Tb(III)  nanowalls were found to produce a 

series of sharp lines superpositioned on the green emission from the intrinsic defects. The 

photophysical properties of these ZnO:Tb(III)  nanowalls on an ITO-glass substrate were 

characterized in detail. We also investigated how the photoluminescence (PL) properties of these 

ZnO:Tb(III)  nanowalls were affected by surface modification with noble metal nanoparticles (NPs) 

and organic chromophores. To date, the PL enhancement of ZnO due to localized surface plasmon 

resonances (LSPRs) of metal nanoparticles has been realized only from ZnO films treated with metal 

NPs involving elaborate, complex fabrication methods, such as electron-beam lithography, ion 

implantation and atomic layer deposition.
231ï233

 In contrast, ZnO nanorods and nanocrystals treated 

with simple surface-modification by metal NPs have thus far not been found to exhibit LSPR in the 

UV and visible luminescence.
234ï236

 Here, we deposited NPs of noble metals (Ag, Pt and Au) of a few 

nanometers in size by a simple dip-casting method, and demonstrated the remarkable enhancement of 

the Tb(III)  green emission by Ag NPs. In addition, the feasibility of using the Tb-related green 

emission as a fluorescence probe was examined by surface modification using appropriate organic 

materials. Rhodamine B (RhB) was selected as a model chromophore that absorbs the green light. 

RhB produces moderate fluorescence intensity in ethanol or aqueous solutions, while its fluorescence 

intensity is very weak to none in the powder form or in thin film drop-casted on the substrate. In this 

work, the RhB/ZnO:Tb(III) -nanowall heterostructures exhibit substantial emission in the orange-red 

region, demonstrating its potential use as a fluorescence-based chemosensor for the first time.
237ï239

 

5.2 Experimental Details 

5.2.1 Chemicals 

Zinc nitrate hexahydrate (Ó98%), potassium chloride (Ó99.0%), terbium nitrate pentahydrate (99.9%), 

rhodamine B (Ó95%), and dichloromethane (Ó99.9%) were purchased from Sigma-Aldrich and used 

without further purification. 

5.2.2 Fabrication of Terbium-Doped ZnO Nanowalls 

Undoped and Tb-doped ZnO nanowalls were synthesized using a method described in detail 

elsewhere.
227

 In a three-electrode electrochemical cell, potentiostatic amperometry at ï1.4 V vs 

Ag/AgCl was used to deposit undoped and Tb-doped ZnO nanowalls on ITO-glass used as the 

working electrode, in an aqueous  solution of 0.1 M Zn(NO3)2Ā6H2O and 0.1 M KCl mixed with 1 



 

 61 

mM to 10 mM terbium nitrate pentahydrate. Deposition was maintained at a constant temperature of 

80 °C by using a water bath. 

5.2.3 Use of Noble Metal Nanoparticles for Localized Surface Plasmon Resonances 

Pt NPs (~3 nm dia.) dispersed in water and Au NPs (~5 nm dia.) stabilized by phosphate buffered 

solution (PBS) were purchased from Sigma-Aldrich. Ag NPs (~4.5 nm dia.) dispersed in cyclohexane 

were synthesized from a mixture of silver nitrate, hydrazine and 2-ethylhexyl hydrogen 2-ethylhexyl 

phosphonate (used as a stabilizer) according to a previous method.
240

 The final concentration of the 

dispersed NPs was adjusted to be 25 mM by diluting with an appropriate solvent: cyclohexane for Ag 

NPs, and water for Pt and Au NPs. The NPs were then deposited by immersing the ZnO nanowall 

samples in the NP-dispersed solution for 10 s. After drying in air, the dip-casting treatment of the 

nanowalls with the diluted NP-dispersed solution could be repeated as required. 

5.2.4 Surface Modification by Rhodamine B 

A 10 mM solution of RhB was prepared by using CH2Cl2. A small drop of the RhB solution was 

applied to the ZnO:Tb(III)  nanowalls on ITO-glass, followed by drying in air. After each PL 

measurement, additional application of RhB drops was made, as required. 

5.2.5 Sample Characterization and Spectroscopic Measurements 

The morphologies of Tb-doped ZnO nanowalls were examined by field-emission scanning electron 

microscopy (SEM) in a Zeiss Merlin microscope. Structural and chemical-state composition analyses 

of the sample were performed by transmission electron microscopy (TEM) in a Zeiss Libra 200MC 

microscope and X-ray photoelectron spectroscopy (XPS) in a Thermo-VG Scientific ESCALab 250 

microprobe, respectively. Scanning Auger microscopy (SAM) was conducted in a Thermo-VG 

Scientific Microlab 350 microprobe to provide surface elemental composition analysis. 

PL spectrum was measured at 90 ̄with an ARC 0.5 m CzernyïTurner monochromator equipped 

with a cooled Hamamatsu R-933-14 photomultiplier tube, using a 325 nm He-Cd laser as the 

excitation source. For low-temperature excitation spectral measurement, the sample was placed on the 

cold finger of a closed cycle liquid helium refrigerator (CCS-120). The sample was irradiated with the 

light from an Oriel 1000 W Xe lamp (with a working power of 600 W) passing through an Oriel 

MS257 monochromator to obtain the excitation spectrum. 
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5.3 Results and Discussion 

5.3.1 Morphologies, Chemical Composition and Structural Analysis of Terbium-doped 

ZnO Nanowalls 

The SEM images of pristine and Tb-doped ZnO nanowalls obtained with various Tb(III)  

concentrations are shown in Figure 5.1. Undoped ZnO nanowalls appear to be 100 to 200 nm thick 

(Figure 5.1a). Although the thickness of (Tb-doped) ZnO nanowalls has not changed upon 

introduction of Tb(III) , the surface of the nanowalls has evidently become smoother (Figures 5.1b, 

5.1c). As the concentration of Tb(III)  reaches 10 mM, the nanowalls tend to stack together to form 

thicker nanowalls (with average thickness of 700-800 nm) and nanowalls with different thicknesses 

are observed (Figure 5.1d). 

 

Figure 5.1 SEM image of (a) pristine ZnO nanowalls and Tb-doped ZnO nanowalls obtained with 

Tb(III)  concentrations of (b) 1 mM, (c) 5 mM and (d) 10 mM. 
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To confirm the uniformity of Tb(III)  ion distribution in the ZnO nanowalls, composition analysis 

by SAM and XPS as a function of Ar
+
 ion sputtering depth has been performed. Since the SAM 

system employs an electron beam with a small beam spot and is capable of a high spatial resolution of 

~20 nm, we collect Auger electron spectra at three well-separated locations of the nanowall sample as 

marked on the SEM image (Figure 5.2a). Due to the small amount of trivalent Tb cation dopants, we 

have removed the spectral background to better expose the Tb peaks. Evidently, the near identical Tb 

MNN Auger intensities found at three different sites confirm that the Tb(III)  dopant surface 

composition is independent of the size of the nanowalls and it appears uniform for the entire 

sample.
241

 Figures 5.2c and 5.2d show the XPS spectra of the Tb 3d and O 1s regions, respectively. 

Both position and intensity of the Tb 3d5/2 (3d3/2) peak found at 1242.4 eV (1277.5 eV) remain 

unchanged with Ar
+
 sputtering, which indicates excellent doping uniformity of Tb(III)  throughout the 

ZnO nanowalls. The broad O 1s peak at 532.9 eV can be attributed to Zn(OH)2 and/or Tb hydroxides 

on the surface of the nanowalls for the as-grown sample. Upon Ar
+
 sputtering, a new peak at 531.2 

eV corresponding to ZnO emerges and it becomes more prominent. The spectral evolution of the 

observed O 1s spectra confirms that the ZnO:Tb(III)  nanowalls follow the well-known growth 

mechanism of electrochemically deposited ZnO nanostructures.
43

 Figure 5.3 shows the TEM image of 

a ZnO:Tb(III)  nanowall sample obtained with Tb(III)  concentration of 10 mM. The corresponding 

high-resolution TEM image (Figure 5.3, inset) reveals a lattice spacing of 2.8 Å , in good accord with 

the interplanar spacing of ZnO (100) planes. 
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Figure 5.2 (a) SEM image and (b) background-subtracted Auger electron spectra of three different 

locations marked in (a) for as-deposited Tb-doped ZnO nanowalls obtained with Tb(III)  concentration 

of 10 mM. XPS spectra of (c) Tb 3d and (d) O 1s regions for as-grown Tb-doped ZnO nanowalls and 

upon sputtering for 1000 s, 2000 s, 3000 s, and 4000 s. 

 

Figure 5.3 TEM and HRTEM (inset) images of Tb-doped ZnO nanowalls obtained with Tb(III)  

concentration of 10 mM. 
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5.3.2 Photophysical Properties of Terbium-Doped ZnO Nanowalls 

Figure 5.4a shows the PL spectra of ZnO:Tb(III)  nanowalls on ITO-glass obtained in electrolytes with 

three different Tb(III)  molar concentrations. For nanowalls grown from the electrolyte with 1 mM 

Tb(III)  solution, excitation at 325 nm produces the characteristic emission from the as-grown ZnO 

nanostructures, with the near-band-gap emission peak at 375 nm and the broad defect-related 

emission band spanning over the visible region. No additional bands arisen from the Tb(III)  dopants 

are observed from these nanowalls. However, the PL spectrum for doped nanowalls grown with the 

electrolyte containing 5 mM Tb(III)  solution exhibits additional well-defined sharp peaks in the green 

region superpositioned on the defect-related broad band. When the Tb(III)  concentration reaches 10 

mM, the sharp characteristic emission lines from Tb(III)  evidently appear with the barycenters at 489, 

545, 582 and 621 nm. These bands correspond to the transitions from the 
5
D4 state to the 

7
F6,5,4,3 

states, respectively. 

Among these emission lines, the 
5
D4 Ÿ 

7
F5 transition at 545 nm corresponds to the most intense 

luminescence and it exhibits a series of sharp features, as evidenced from the splitting arising from 

the (2J+1) degeneracy. The excitation spectrum for the 545 nm emission has been measured at several 

temperatures. Figure 5.4b shows that, except for the intensity increasing inversely with the 

temperature, there is generally no significant difference in the band structure. The band maximum 

position for the room-temperature spectrum appears to be slightly red-shifted compared to those for 

the spectra measured at lower temperatures. The broad band with band maximum at 355 nm and no 

sharp feature spanning over the 300-380 nm region in these lower-temperature spectra is very similar 

to those of the near-band-gap emission from ZnO nanowalls (Figure 5.4a). In general, direct 

excitation for the 545 nm emission from Tb(III)  is expected to produce a series of sharp lines with 

moderate intensities in the 300-400 nm region, corresponding to the transitions from the 
5
F6 state to 

the 
5
G6,5, and the 

5
L10,9 states.

80
 As these lines are evidently not observed in the broad excitation band, 

this indicates that the emission from Tb(III)  can only be realized by energy transfer from ZnO. 
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Figure 5.4 (a) PL spectra (ɚexn = 325 nm) of Tb-doped ZnO nanowalls obtained in electrolyte of Zn
2+

 

concentration of 0.1 M and with 1 mM, 5 mM and 10 mM  Tb(III)  concentration, and (b) excitation 

spectra (ɚems = 545 nm) of the Tb-doped ZnO nanowalls obtained with 10 mM Tb(III)  concentration 

measured at 10, 70, 150 and 300 K. 
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The time profiles of the emission decay from ZnO:Tb(III)  nanowalls obtained with 10 mM Tb(III)  

concentration have been measured in order to examine details of the energy-transfer dynamics. The 

lifetime (t) of the ZnO band-edge emission has been found to be highly dependent on its morphology: 

t = 112 ps for the bulk single-crystal sample, t = 37 ps for the nanosphere, and t = 8 ps for the 

nanowire.
242

 The lifetime of the observed visible emission (t º 4.5 ps) is much shorter than any of the 

reported band-edge emissions of ZnO nanostructures. Figure 5.5a shows the time profiles of the PL 

intensities of the visible emission at lems = 535, 545, 560 and 600 nm from the ZnO:Tb(III)  nanowalls 

pumped by a 337 nm N2 laser with a 0.03 ms pulse-width.  The time profile of the 545 nm emission is 

discernibly different from those of the other emissions, with the decay of the 545 nm emission being 

notably slower (i.e. larger t) than those of the others. Assuming that the lifetime of the visible 

emission from the defects is in the picosecond range, the wavelength-independent time profiles (i.e. 

those obtained with lems = 535, 560 and 600 nm) should be originated from the scattered light of the 

excitation laser, the decay lifetime of which has been estimated to be tscatt = 67.4 ms. The observed 

time evolution intensity of the 545 nm emission can therefore be considered to consist of two decay 

components: one for the scattered light and one for the emission from Tb(III) . As shown in Figure 

5.5b, the time profile can indeed be fitted with two exponential components of tscatt = 67.4 ms (87%) 

and †  = 150 ms (11%), with excellent R
2
 > 0.999. The quantum yield of the sensitized luminescence 

of Tb(III)  can be estimated by using the relationship between the observed lifetime of Tb(III)  († ) 

and its natural lifetime (†).
243

 Using the reported value of † of 4.75 ms for Tb(III) , we obtain a 

quantum yield for the sensitized emission from Tb(III)  to be ɮ πȢπσς.243
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Figure 5.5 (a) Time profiles of the visible emissions (ɚexn = 337.1 nm) at 535, 545, 560, and 600 nm 

from Tb-doped ZnO nanowalls obtained with 10 mM Tb(III)  concentration, and (b) curve-fitting of 

the time profile measured with ɚems = 545 nm. 
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We also investigate LSPR on the luminescence of the ZnO:Tb(III)  nanowalls (supported on ITO-

glass) that are decorated with NPs of three different noble metals: Ag, Pt and Au. The deposition of 

the NPs has been performed by simple dip-casting. The amount of the deposited NPs could be 

increased by increasing the number of dip-casting cycles. The PL spectra so obtained are resolved 

into two emission parts: sharp Tb(III) -related emission features and broad ZnO-related emission 

bands. Figure 5.6 shows the plasmonic effects of Ag, Pt and Au NPs on the emission spectra of the 

ZnO:Tb(III)  nanowalls obtained with 10 mM Tb(III)  concentration. (The emission spectra are 

obtained with excitation wavelength set at 325 nm.) For Ag NPs, the relative  intensities of the broad 

ZnO near-band-edge emission band at 369 nm and the sharp Tb(III)  
5
D4 Ÿ 

7
F5 peak at 545 nm are not 

affected by the first three dip-casting cycles, after which the relative band intensities of the two 

emission features increase with increasing number of dip-casting cycles. After eight dip-casting 

cycles, the enhancement of the two emission features has reached a maximum. Relative to the 

undecorated ZnO:Tb(III)  nanowalls, the Tb(III)  
5
D4 Ÿ 

7
F5 emission peak and the ZnO band-edge 

emission band of the NP-decorated ZnO:Tb(III)  nanowalls are found to increase by approximately 

ten-fold and six-fold, respectively. Since the energy transfer from ZnO band-edge emission (donor) to 

intrinsic defects and that to Tb(III)  are competing with each other, this suggests that as acceptors in 

the energy-transfer processes the Tb(III)  dopants could be significantly more effective than the 

intrinsic defects of ZnO. The LSPR enhancement introduced by the Pt NPs is evidently less than that 

by the Ag NPs (Figure 5.6b). For the Pt NPs, five dip-casting cycles produce the maximum LSPR on 

both emission bands, with more than six-fold and three-fold enhancements for the respective Tb(III)  

and ZnO-related emission bands. Surprisingly, the Au NPs (Figure 5.6c) do not appear to enhance the 

emission from the Tb-doped ZnO nanowalls. Insets of Figure 5.6 compare the PL emission lines of 

the untreated sample and the NP-decorated ZnO:Tb(III)  nanowall sample that give the maximal 

intensities, after removing the underlying broad band intensities. 
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Figure 5.6 PL spectra (ɚexn = 325 nm) of Tb-doped ZnO nanowalls decorated with the appropriate 

amounts of (a) Ag NPs, (b) Pt NPs, and (c) Au NPs to exhibit the maximal LSPR effect (with the 

same Y-scale) compared with untreated Tb-doped ZnO nanowalls. Insets show the corresponding PL 

spectra after subtracting the broad backgrounds. 










































