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Abstract 

Nanocomposites consisting of quantum dots (QDs) incorporated within polymer 

matrices have attracted great research interests due to their unique functional 

properties combining the advantages of both inorganic semiconductors and organic 

polymers. Among various inorganic-organic nanocomposites being studied, ZnO QDs 

incorporated within different polymer matrices have been widely studied and the 

nanocomposites exhibit good luminescent properties with high photostability. 

Nevertheless, there is still lack of study concerning the electroluminescent properties 

of ZnO QDs nanocomposites.  

The objectives of this work are to explore a facile method to synthesize polymer/ZnO 

QDs nanocomposites thin films and to further investigate their luminescent properties. 

Nanocomposites synthesized via in-situ thermal decomposition of zinc precursor at 

relatively low temperature, termed as ‘polymerothermal method’, are free of impurity 

and therefore very suitable for fundamental studies on luminescent properties. 

Furthermore, the large interface area between polymers and ZnO QDs is very 

important to study the defect related emission from ZnO QDs and the possible 

interaction between them. 

In this work, poly(methyl methacrylate) (PMMA)with good optical transparency was 

firstly employed for preparation of nanocomposite with uniformly embedded ZnO 

QDs. The as-prepared PMMA/ZnO QDs nanocomposite exhibits photoluminescence 

(PL) with strong UV emission but weak visible emission, which is similar to those 

nanocomposites that synthesized via physical blending method. However, it is 
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interesting to find that the electroluminescence (EL) of PMMA/ZnO QDs 

nanocomposite based light-emitting devices (LEDs) shows broad emission covering 

the entire visible range. Based on a detailed analysis carried out by comparing both the 

PL and EL emission spectra; different carrier recombination pathways corresponding 

to band edge and defect energy levels are proposed. This finding indicates that the 

luminescent properties of the nanocomposite are largely depended on the carrier 

injection method as well as the intrinsic properties of embedded ZnO QDs. 

The synthetic method was further extended to other polymers. The luminescent 

properties of nanocomposites can obviously be affected by the polymer matrices; as 

the polymers can passivate the surface of embedded ZnO QDs to different extents. EL 

of as-fabricated ZnO QDs based LEDs can be potentially tuned by selection of 

polymer matrices. The results indicate that the interaction involved between polymers 

and ZnO QDs could be the key factor of changing the properties of hybrid 

nanocomposites system.  

 



Chapter 1 Introduction 
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1. Introduction 

Zero-dimensional semiconductor nanoparticles (so-called quantum dots, QDs) have 

been studied for decades owing to their wide range of promising applications in the 

field of electronics and optoelectronics. On the other hand, organic molecules, e.g., 

surfactants, polymers, and polyelectrolytes are often used to assist the synthesis of 

inorganic nanoparticles. The morphological and functional properties of QDs can be 

tailored by the surface functional groups of the organic molecules in the synthesis. 

Inorganic-organic nanocomposites, e.g., PPV/CdSe QDs, PMMA/ZnO QDs, have 

attracted much attention due to their unique and synergistic properties contributed by 

combination of the advantages of both nanostructured semiconductors and organic 

polymers.[1-5] Among various applications of these nanocomposites, light-emitting 

device (LED) is a highly pursued direction. The LEDs based on QDs cooperated with 

organic materials, terms as ‘quantum dot LEDs’ (QD-LEDs), are expected to combine 

the long-term stability and efficiency of inorganic semiconductors (widely used for 

traditional LED products[6-10]), with flexible, low-cost, solution processable, and 

large area deposition techniques of organic LEDs (OLEDs)[11-15].  

Since the first QD-LEDs was demonstrated by Colvin and co-workers in 1994[1], 

tremendous effort has been put in to improve the device performances, including: 

brightness, external quantum efficiency (EQE), life time, and color tunability.[16-21] 

However, most of the efficient and highly luminescent QD-LEDs involve using of 

cadmium (Cd), e.g., CdS, CdSe, and CdTe. The usage of such type of toxic heavy 
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metals retards QD-LEDs from widespread commercialization. Therefore, there is a 

need to explore the usage of other non-toxic QDs for LED application. 

Zinc oxide (ZnO) with its favorable physical and chemical properties, including large 

exciton binding energy, direct band gap, and chemical stabilities, offers high potential 

to be used as the luminescent active layer. It is also worth noting that ZnO is non-toxic, 

cheap and naturally abundant. Moreover, quantum-sized ZnO coated with polymers 

can exhibit unique optical properties due to different interaction between polymers and 

ZnO. Comparing to uncapped ZnO QDs, the photoluminescence (PL) of 

nanocomposites is somehow better controlled and of higher quantum yield.  

Conventionally, there are two strategies of preparing ZnO-based polymer 

nanocomposites which can be classified as (i) physical blending and (ii) chemical 

reactions. Physical blending method could lead to serious aggregation, while chemical 

reaction method usually requires multiple steps. Both of these two methods introduce 

impurities in the synthesis, such as Li
+
, Na

+
, or other side-products; making the PL 

mechanism of nanocomposites more complicated for analysis. Furthermore, more 

fundamental studies concerning the electroluminescence (EL) properties of 

polymer/ZnO QDs nanocomposite and the influence of polymer matrices are need.  

The objective of this work is to explore a facile and effective method to synthesize 

polymer/ZnO QDs nanocomposites that are free of impurity. Furthermore, these 

nanocomposites are used in the fabrication of ZnO QDs based LEDs and investigate 

the device performance. The chemically clean nanocomposites are very suitable to be 

used for study on their fundamental optical properties; as the complexity due to extra 

species could be minimized. 
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The organization of the rest of this thesis is as following: The potential of controlling 

and manipulating the light emission properties were also explored in the study of 

different polymer matrices. 

In Chapter 2, literature review focuses on mainly two parts is done. The first part  

introduces QDs and the development of QDs-LEDs. The second part focuses on the 

preparation method of ZnO QDs-based polymer nanocomposites and their optical 

properties. 

Chapter 3 proposes a new facile method to prepare PMMA/ZnO QDs nanocomposite. 

The PL of this nanocomposite are carried out to study the optical properties; with 

detailed discussion on the  possible emission mechanism.  

In Chapter 4, as-prepared device-ready PMMA/ZnO QDs nanocomposite is utilized 

for fabrication of ZnO QDs-based QD-LEDs. The EL mechanisms light emitting from 

the devices are discussed with comparison to the PL properties. The possible 

recombination centers of ZnO QDs is also proposed.  

Chapter 5 includes work on extending the facile method to prepare nanocomposites 

containing other polymer; together with the investigation of their optical properties. 

Some of the polymer/ZnO QDs nanocomposites that are applicable for QD-LEDs are 

used for the study of the mechanisms of light emission. Discussion about the influence 

of polymer on ZnO QDs has been given by comparing the PL and EL properties of 

different polymer-based nanocomposites.  

Finally in Chapter 6, the summary and conclusion of this work on ZnO QDs-based 

polymer nanocomposites; together with recommended future work are given. 
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2. Literature Review 

In this chapter, a literature review is presented with the focuses on the following two 

topics: 

1. QD-LEDs: concepts, mechanisms, and development 

2. Polymer/ZnO QDs nanocomposites: preparation, photoluminescence 

(PL) properties and applications 

2.1 QD-LEDs: Concepts, Mechanisms, and 

Development 

Light-emitting diodes (LEDs) are one specific type of semiconductor devices that emit 

noncoherent, narrow-spectrum light when a forward voltage is applied.[22] Nowadays, 

LED-based solid-state lighting is used in a wide range of applications, including visual 

indicator, communications, display backlighting, and general illumination.[8, 10, 23-

26] Switching from traditional light sources, e.g., incandescent light bulb and compact 

fluorescent lamp, to LED-based solid-state lighting is very important, especially for 

lowering the consumption of energy by 3 to 6 times.[27] At the same time, the market 

of LEDs is growing rapidly with annual growth rate of 11.8 % and expected to reach 

$18.9 billion in 2015.[28]  

In the past two decades, the increasing demand of low-cost, solution processable 

techniques for fabricating large-area light-emitting panels has spurred further 

development of organic LEDs (OLEDs).[11-15] To date, OLEDs have started to earn 
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credibility in displays and lighting markets. However, the color emission quality of 

OLEDs is still far from satisfactory and, it is difficult to tune the emission color. 

Thanks to the rapid development of quantum dots synthesis technology, such problems 

can be overcome by integrating semiconductor nanocrystals into LEDs because QDs 

are known to have high quantum yield, very narrow band emission as well as color 

tunability by varying the size of QDs.[29-34] QD-LEDs are expected to combine the 

advantages of both traditional inorganic semiconductor materials and flexible low-cost 

large-area deposition techniques from organic devices. Therefore, QD-LEDs are 

considered to be a promising light source in the future.  

2.1.1 Brief Introduction of Colloidal Quantum Dots and the 

Advantages for Light-Emitting Applications  

Semiconductors possess electronic band structures that consist of valence band and 

conduction band. A specific empty energy interval which is also known as band gap 

separates those two bands at different energy levels. The electrical conductivity of 

semiconductors is originated from the net movements of charges (either electrons or 

holes) that occupy those two bands; which results in many novel electronic and opto-

electronic properties, such as field effective conductivity and electron-hole 

recombination. Generally, both organic and inorganic materials can be semiconductors 

intrinsically or through extrinsic doping. In terms of quantum dots (QDs) that will be 

discussed in this thesis, it is mainly focusing on the inorganic semiconductors. 

Generally speaking, colloidal quantum dots (QDs), also called semiconductor 

nanocrystals, are composed of (i) an inorganic core, which has comparable size with 

its Bohr exciton diameter of the bulk material, surrounded by (ii) inorganic shells 

and/or organic ligands.[33] In comparison with bulk semiconductors, QDs with 
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excitons confined in all three spatial dimensions significantly affect the momentum of 

electrons and distort the electronic band structures, which results in size-dependent 

separation of originally overlapped energy states into discrete energy levels.(Fig. 2-

1(a)) Meanwhile, the band gap of QDs can be enlarged with its particle size is reduced. 

This phenomenon is generally termed as quantum confinement effect.[29] Therefore, 

the QDs exhibit novel alterations in their material properties, especially the optical 

properties (e.g. absorbance and luminescence). 

Quantum dots, also semiconductors, can absorb photons (electromagnetic radiation) 

with higher energy (shorter wavelength) than band gap energy to excite electrons in 

valance band into conduction band. The transition of electrons will form a positive 

charged place, so called holes, in the valence band. The excitations then undergo 

energy and momentum relaxation process that electrons recombine with holes. The 

recombination process is accompanied with emission of phonons (non-radiative 

recombination) and, sometimes, photons (radiative recombination). For optical 

properties of QDs, radiative recombination is desirable and it requires the 

semiconductors with direct band gap. The above mentioned process with radiative 

recombination is also known as photoluminescence (PL).(Fig. 2-1(b)) Due to quantum 

confinement effect, QDs with larger band gap than its bulk material have blue-shifted 

spectrum on its PL property, which is from longer wavelength to shorter wavelength. 

For instance, CdSe QDs provide emission from red through blue by reducing the size 

from about 6 nm to 2 nm (Fig. 2-1(c)).[35] In addition, all the QDs solutions show 

very good color purity indicating narrow size distribution achieved during synthesis. 

Besides the charges transition between band edges, the electrons and holes could also 

be seized by defect energy levels which corresponding to defect emissions shown in 

Fig. 2-1(b). The defect states of semiconductors can be formed natively or through 
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impurities. The whole PL spectrum is corresponding to recombination of electrons and 

holes form different energy levels including band edges and defects. However, the 

formation of electron-hole pairs can be realized not only by optical excitation but also 

via electrical pump. The details will be introduced in the next section.  

 

Fig. 2-1 Properties of quantum dots (QDs). a. Illustration of quantum confinement effect that 

the energy levels are quantized and shifted. The band gap between valence band and 

conduction band increases with the size of nanoparticles reduces (Eg
”
 > Eg

’ 
> Eg). b. Schematic 

process of absorption and photoluminescence of QDs. Electrons are excited by absorbing 

photons and electron-hole pairs are formed. The subsequent relaxation process makes the 

excitations between different energy levels (either band edge or defect energy levels) 

recombine again with emission of photons. c. Colloidal CdSe QDs with variations in particle 

size exhibit a range of fluorescent colors under an ultraviolet lamp. The QD size for the red 

emission is about 6 nm in diameter and decreases to 2 nm for blue emission QDs. Reprinted 

from [35]. Copyright (2011) with permission from Elsevier. 

Since the synthesis of colloidal QDs are usually done by solution-based approaches, it 

thereby makes QDs solution processable for further applications.[33] Therefore, a 
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variety of low-cost and large-area deposition techniques, e.g., spin coating, phase 

separation, inkjet printing and contact printing, can be applied for device 

fabrication.[16, 36-39] Furthermore, compare to organic dyes, QDs show better 

resistance to degradation caused by photobleaching.[40, 41] The photostability of QDs 

can be further improved by coating with wider bang gap shells, such as ZnS.[33, 42]  

After decades of development, high-quality QDs (mainly Cd-based) with good optical 

properties and photostability are ready for light emitting application via low-cost 

solution process.  

2.1.2 Concepts and Mechanisms of QD-LEDs 

Distinguished from optical excitation that requires electromagnetic radiation with short 

wavelength (high energy) to excite electrons and form electron-hole pairs, it is also 

possible to be realized via electrical pump for QDs. With the subsequent 

recombination of electron-hole pairs, the whole process is known as 

electroluminescence (EL), which is the basic concept of QD-based light-emitting 

devices (QD-LEDs). Similar to photoluminescence, the electroluminescence also gives 

spectrum with different EL bands that corresponds to recombination of electron-hole 

pairs with different energy intervals. 

The schematic structure of QD-LEDs is adopted from OLEDs and shown in Fig. 2-2. 

The transparent conductive oxide (TCO) coated glass is normally used as the substrate 

as well as the anode. On top of anode, an active light emitting layer containing QDs, 

either blended with organic host materials (Fig. 2-2a) or sandwiched between two 

functional layers (Fig. 2-2b), is deposited via a variety of techniques. Metals with low 

work function are subsequently deposited and worked as top electrode (cathode). 
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Indium tin oxide (ITO) and aluminum (Al) are most frequently used as anode and 

cathode, respectively.  

 

Fig. 2-2 Different device design of QD-LEDs. a. QDs are incorporated within an organic host 

matrix. b. QDs are assembled as a tight layer sandwiched between hole transport layer (HTL) 

and electron transport layer (ETL). TCO and top electrode are used as anode and cathode, 

respectively. The light comes out through the TCO coated glass substrate under operation.  

When a forward bias is applied on a QD-LED, excitons on QDs can be generated by 

electrons injected from the top electrode and holes injected from TCO. The 

recombination of electron-hole pairs gives a light emission with wavelength 

corresponding to the band gap of QDs. This mechanism, termed as direct charge 

injection, is widely proposed for most QD-LEDs.[18, 43, 44] The process is 

schematically illustrated in Fig. 2-3(a). In case of QDs cooperated with organic 

semiconductors as matrices or functional layers in the LEDs, exciton generation on 

QDs can be realized via direct charge injection accompanied with exciton energy 

transfer which is also known as Förster resonance energy transfer (FRET).[17, 45, 46] 

In FRET process, excitons are firstly formed in the organic layers and transferred to 

a b
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the QDs layer non-radiatively in the case when the formed excitons are very near to 

QDs. The schematic illustration of FRET process is shown in Fig. 2-3(b).  

 

Fig. 2-3 Mechanisms of light emission in QD-LEDs. a. Direct charge injection: ○1 charge 

injection into carrier transport layer (HTL and ETL); ○2 charge injection into QDs and forming 

excitons; ○3 radiative recombination of excitons in QDs. b. Exciton energy transfer (Förster 

resonance energy transfer, FRET): ○1 charge injection into carrier transport layer; ○2 formation 

of excitons in carrier transport layer; ○3 nonradiative energy transfer from organic layers to 

QDs and form excitons in QDs; ○4 radiative recombination of excitons in QDs. 

2.1.3 Development of QD-LEDs 

In the first reported QD-LED, a layer of organic semiconducting polymer, p-

paraphenylene vinylene (PPV) that was covered with a multilayer structure of CdSe 

QDs was used as the light emission layer, sandwiched between ITO and Mg 

electrodes.[1] Electroluminescence of this ITO/PPV/CdSe/Mg device showed voltage-

dependent spectra, besides the fact that its EL from PPV increased significantly and 

became dominant under higher voltages. It also suggested, by changing the size of 

QDs, the emission color could be tuned from red to yellow. Soon after that, Dabbousi 

et al. demonstrated a single-layer QD-LEDs with CdSe QDs incorporated into a 

blended thin film of poly(9-vinylcarbazole) (PVK) and an oxadiazole derivative (t-Bu-
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PBD).[2] Although the external quantum efficiencies (EQE) of the early devices were 

quite low, 0.001-0.01 %[1] and 0.0005 %[2] respectively, these studies demonstrated 

the possibility of utilizing quantum confined semiconductor nanocrystals in hybrid 

light-emitting devices.  

The first breakthrough in performance of QD-LEDs was achieved by replacing bare 

QDs (capped with organic ligands, most probably trioctylphosphine oxide, TOPO) 

with core/shell structures of semiconductor nanocrystals (also termed as QDs).[47, 48] 

In comparison with the bare CdSe-based QD LEDs, the devices consisting of 

CdSe/CdS (core/shell) QDs with similar device structure as the first QD-LED showed 

a significant improvements in EQE and lifetime.[47] The devices could emit from red 

to green color with EQE up to 0.22 % at brightness of 600 cd
.
m

-2
 and current density 

of 1 A
.
cm

-2
. The QD-LEDs could last hundreds of hours under operating voltages as 

low as 4 V. The great improvement in device performance should be attributed to the 

material system of QDs. Fig. 2-4 showed a schematic structure of core/shell QD with 

its energy band diagram. The wider band gap of shell material caused tighter 

confinement and localization of the exciton in the core and therefore, core/shell QDs 

exhibited higher photoluminescence (PL) quantum yield and photostability.[30] 

However, the charge injection from electrodes to QDs layer was imbalance due to 

poor electron transport through the QD multilayers. As a result, the luminescence 

efficiency of the QD-LEDs was still low.   
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Fig. 2-4 Energy band diagram of core/shell structured CdSe/CdS QD. The solid lines indicate 

the position of energy potentials of bulk materials (CdS and CdSe), while the dashed lines 

represent the HOMO and LUMO of CdSe core with larger band gap. Energy interval between 

the core and shell are 0.5 eV for valence band and 0.3 eV for conduction band. Reprinted with 

permission from [47]. Copyright (1997) American Institute of Physics. 

The device performance of QD-LEDs was largely improved by introducing a 

sandwich structure of hole transport layer (HTL)/QDs layer/electron transport layer 

(ETL) as the emission layer.[16] Phase separation technique was used and optimized 

to fabricate a tight QDs monolayer on top of continuous HTL (N,N’-bis(4-

butylphenyl)-N,N’-bis(phenyl)benzidine (TPD)). Subsequently, a layer of tris(8-

hydroxyquinoline) aluminum (Alq3) was thermally deposited on top of QDs layer and 

worked as ETL. ITO and Mg/Ag (similar work function as Al) were used as the anode 

and cathode, respectively. The device structure is shown in the inset of Fig. 2-5(a) and 

the EL showed a dominant emission from CdSe/ZnS QDs with a small contribution 

from Alq3, which caused color impurity. The emission from Alq3 was suppressed by 

inserting a 10 nm thick 3-(4-biphenyl)-4-phenyl-5-tert-butylphenyl-1,2,4-triazole 

(TAZ) hole and exciton blocking layer between ETL and QDs layer (Fig. 2-5(b)). It is 

worth noting that a dramatic improvement in luminance efficiency was achieved with 
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the peak EQE of 0.52 % and brightness of 2000 cd
.
m

-2
. The significant improvement 

of device performance should be attributed to device structure that balanced the carrier 

injection and helped in preventing QD charging. As described in previous section, the 

exciton on QDs was generated via two parallel processes: direct charge injection and 

exciton energy transfer also known as FRET. Additional studies on the devices 

utilizing CdSe core material capped with various thicknesses of ZnS shell showed that 

FRET of excitons from organic materials to the emissive QDs layer dominated the 

electroluminescence process of the QD-LEDs, rather than direct charge injection.[17] 

EQE of 1.1 % was achieved in the CdSe/ZnS-based QD-LEDs with thicker ZnS shells.  

 

Fig. 2-5 EL spectra and schematic device structures of two types of QD-LEDs. a. QD-LEDs 

without TAZ layer. EL emission from Alq3 and QD components are shown as dashed lines 

which are deconvoluted from the whole spectrum. The inset illustrates the structure of QDs 

with CdSe core and 1.5 monolayers of ZnS. b. QD-LEDs with TAZ as a hole block layer. 

Only QDs emission is observed, while the emission from Alq3 is minimized. Reprinted by 

permission from Macmillan Publishers Ltd: Nature [16], copyright (2002). 

Sun and co-workers, in 2007, reported high-performance QD-LEDs with saturated red, 

orange, yellow and green emissions.[21] QDs based on core material of CdSe with 

ZnS shell or CdS/ZnS multishell were utilized in their devices. As compared to the 

previous QD-LEDs, they firstly introduced a layer of PEDOT:PSS, poly(3,4-ethylene 

a b
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dioxythiophene):poly(styrene sulphonate), between ITO and HTL to improve the hole 

injection, so-called hole injection layer (HIL). This resulted in reducing turn-on 

voltage of the devices to 3-4 V with improved injection efficiency of 1.1-2.8 cd
.
A

-1
. 

More important, they found the thickness of QDs layer had significant influence on the 

efficiency and luminance of QD-LEDs and optimized the thicknesses of QDs layers 

were 21.0 nm, 22.0 nm, 18.75 nm, and 17.0 nm for green, yellow, orange, and red 

light emission QD-LEDs, respectively. The maximum luminance of 3700, 4470, 3200, 

and 9064 cd
.
m

-2
 were achieved for green, yellow, orange, and red, respectively.  

Despite significant improvements on device performances, the lifetime of QD-LEDs 

was always limited by the degradation of organic charge transport layers under high 

electric field and moisture in ambient atmosphere. One possible way to overcome this 

problem is replacing the organic layers with inorganic materials.[19, 39, 49-60] 

Caurge and co-workers reported QD-LEDs with p-type inorganic NiO film as hole 

transport layer.[19] A maximum EQE of 0.18% and brightness of 3000 cd
.
m

-2
 were 

achieved by optimizing resistivity of NiO layer. In their further studies, the organic 

ETL (TAZ and Alq3 layers) was replaced by sputtered amorphous ZnO:SnO2 

semiconductor.[49] The all-inorganic QD-LEDs (HTL: NiO) shown in Fig. 2-6 

presented pure QD emission with maximum EQE of 0.1 %, brightness of 1950 cd
.
m

-2
 

and high injection currents of 3.5 A
.
cm

-2
.The poor performance of all-inorganic QD-

LEDs was ascribed to quenching of excitons when the QDs contact with the carrier 

transport layer and nonradiative recombination of excitons due to QD charging.[52] 
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Fig. 2-6 All-inorganic QD-LED. a. Schematic structure of all-inorganic QD-LEDs showing 

silver cathode, ZnO;SnO2 ETL, Cd1-xZnxSe QDs as the active luminescent layer, NiO HTL, 

and ITO anode. b. Energy band diagram presents the work functions and energy levels of all 

the QD-LED layers. c. EL spectra of the QD-LED operated at the bias of 6 V and 9 V. d. EQE 

of the device as a function of current density, J. The inset shows a photograph of the QD-LED 

under 6 V applied bias. Reprinted by permission from Macmillan Publishers Ltd: Nature 

Photonics [49], copyright (2008). 

Instead of replacing organic HTL with inorganic materials in QD-LEDs, several 

research groups from South Korea, USA and France preferred to replace the organic 

a b
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ETL (Alq3) which normally needed expensive thermal deposition technique by 

inorganic materials via solution process [39, 50, 56, 58, 60], whereas Cho et al. 

fabricated QD-LEDs using so-gel synthesized TiO2 thin film as ETL (Fig. 2-7).[50] 

Owing to the high electron mobility and low band offset to Al electrode, electron 

injection in the TiO2-based QD-LEDs was significantly enhanced. Therefore, the turn-

on voltage of the devices was low. Furthermore, TiO2 also worked as a hole blocking 

layer due to its HOMO was much lower than that of QDs. Finally, the TiO2-based QD-

LEDs exhibited low turn-on voltage (~2.0 V), high luminance (12380 cd
.
m

-2
), and 

high power efficiency (2.41 lm
.
W

-1
). Further progress was achieved by Qian and co-

workers using ZnO nanoparticles thin film instead of TiO2. As compared to TiO2, ZnO 

has even higher electron mobility and lower band offset to Al electrode. The device 

performance was further improved in term of maximum luminance for blue, green and 

orange-red QD-LEDs as high as 4200 cd
.
m

-2
, 68000 cd

.
m

-2
, and 31000 cd

.
m

-2
, 

respectively.  
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Fig. 2-7 QD-LEDs with TiO2 as the electron transport layer. a. Energy band diagram of QD-

LEDs with sol-gel synthesized TiO2 ETL. b. Current density (J) vs. voltage (V) characteristics 

of the QD-LED with TiO2 ETL (black solid line), the QD-LED with Alq3 ETL (blue dash dot 

line), and the control device of TiO2-based QD-LED without QDs layer (red dash line). c 

Luminous efficiency, external quantum efficiency, and power efficiency as a function of 

luminance. Reprinted by permission from Macmillan Publishers Ltd: Nature Photonics [50], 

copyright (2009). 

In addition to QD-LEDs with monochromatic emission, QD-based white color light-

emitting devices were also attracted much attention due to their potential applications, 

e.g., display backlighting.[61, 62] Since QDs exhibit tunable emission colors covered 

almost full visible range by tailoring their size, white color can be obtained by simply 

mixing red, green, and blue QDs with balanced ratio. Anikeeva et al. from MIT 

reported white EL from a mixed monolayer of Cd-based blue-, green-, and red-

emitting QDs in a hybrid QD-LEDs (Fig. 2-8).[61] The emission color of the devices 

could be precisely tuned by alternating the mixed ratio of different color-emitting QDs. 

a

b c
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The optimized white QD-LEDs exhibited uniform white light emission with the 

Commission Internationale de l’Eclairage (CIE) chromaticity coordinates of (0.35, 

0.41) at an applied forward bias of 9 V. The highest EQE of the QD-LED was 

obtained as 0.36 % with bias of 5 V. 

 

Fig. 2-8 White QD-LED utilizing a mixed monolayer of red-, green-, and blue-emitting QDs. 

a. Normalized EL spectra of devices with only blue-, green-, and red-emitting QDs. b. 

Schematic structure of the QD-LEDs with TPD as HTL and TAZ:Alq3 as ETL. c. A 

photograph of device under operation of 10 V. Reprinted with permission from [61]. 

Copyright (2007) American Chemical Society. 

a
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Instead of color mixing from different QDs, white light emission from hybrid organic 

materials and inorganic QDs were frequently studied.[62-74] Li et al. reported white 

hybrid organic-inorganic LEDs combining emission from host matrix (blue-emitting 

polymer, poly[(9,9-dihexyloxyfluoren-2,7-diyl)-alt-co-(2-methoxy-5-(2-ethylhexyloxy) 

phenylen-1,4-diyl)], PFH-MEH), ETL (green-emitting organic material, Alq3) and red-

emitting QDs.[62] The device showed fairly pure white color with CIE coordinates of 

(0.30, 0.33) and maximum EQE of 0.24 %. Recently, similar work based on poly-TPD 

incorporated with InP/ZnS core/shell QDs showed uniform white emission with CIE 

coordinates of (0.332, 0.338) and luminance of 270 cd
.
m

-2
.[74]  

As mentioned above, the development of QD-LEDs largely relied on Cd-based QDs. 

The toxicity of Cd is the main obstacle for QD-LEDs to be commercialized. To 

address this issue, one of the possible attempts is to develop highly luminescent QDs 

based on non-toxic or less toxic elements, e.g., InP, ZnS, CuInSe2, Si NCs, and 

ZnO.[75-87] However, the efficiencies of QD-LEDs based on these materials are still 

much lower than Cd-based QD-LEDs.  

2.2 Polymer/ZnO QDs Nanocomposites: 

Preparation, Photoluminescence (PL) 

Properties and Applications 

Zinc oxide (ZnO), a II-VI semiconductor, has a direct wide band gap of 3.2-3.3 eV and 

a relatively large exciton binding energy of 60 meV at room temperature.[88-90] It has 

attracted lots of interest and also been widely studied in the past decades, especially 

the formation of nanostructures. Among various ZnO nanomaterial morphologies, 
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such as nanowires[91-94], nanorods[95-98], tetrapods[99-101], nanobelts[102-104] 

and nanoparticles[88, 105-108], ZnO nanoparticles (also termed as nanocrystals, NCs; 

quantum dots, QDs) are considered as a promising multifunctional material in the 

future due to its unique properties and potential applications in electronic and 

optoelectronic devices.[87, 109-120]  

The most widely used synthetic method for ZnO QDs is sol-gel synthesis, in which 

zinc precursor is hydrolyzed in a base alcoholic solution to form ZnO QDs.[121-123] 

The obtained ZnO QDs usually exhibit a typical visible emission at 500-570 nm 

shown as green-yellow. The origin of this visible emission is widely known as defect- 

related electron-hole recombination. However, the actual mechanism is still 

controversial even after decades of study. Oxygen vacancies (VO) are considered to be 

the main reason of defect emission, this issue is especially important in the QDs 

system due to its large surface-to-volume ratio. However, colloidal ZnO QDs prepared 

by sol-gel method are not stable in the mother-liquor because of Ostwald ripening and 

agglomeration effect. Therefore, the optical properties, such as UV-VIS absorption 

and photoluminescence spectra, are redshifted as the quantum confinement effect is 

suppressed on the larger particles. Meanwhile, the emission intensity of ZnO QDs is 

also quenched significantly.  

By applying surface modification on ZnO QDs, the small nano-scale particles are 

effectively prevented from spontaneous growth and aggregation. Up to now, research 

attempts have been made to modify the surface of ZnO QDs, e.g., inorganic shells 

(such as SiO2), organic ligands, and polymers.[124-133] It has been proved that 

coating ZnO QDs with polymers is a simple and effective way to realize surface 

modification. The as-prepared polymer/ZnO QDs nanocomposites are more stable in 
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photoluminescence properties. Furthermore, the QDs exhibit less aggregation in 

solution when comparing to the sol-gel synthesized QDs. The functional groups of 

polymer matrices can have great impact on tuning the properties of the nanocomposite 

due to the presence of synergistic interaction.  

2.2.1 Preparation of Polymer/ZnO QDs Nanocomposites 

The preparation methods for polymer/ZnO QDs nanocomposites can be classified into 

two categories: (1) physical blending method; (2) chemical reaction method.  

2.2.1.1 Physical Blending Method 

Physical blending, as the most commonly used method, is also known as one of the 

simple way to prepare nanocomposites with inorganic nanomaterials embedded in 

polymers. In order to synthesize polymer/ZnO QDs nanocomposites, two synthetic 

routes are generally used: (1) synthesize ZnO QDs in the present of polymer; (2) mix 

sol-gel synthesized ZnO QDs with polymers in solution.  

For the former method, zinc precursor is firstly mixed with polymer solution which 

requires polymer and zinc precursor to be dissolved in a common solvent. Zinc acetate, 

the most widely used zinc precursor for ZnO QDs synthesis, is normally dissolved in 

alcoholic solvent, e.g., methanol, ethanol, and isopropyl alcohol. Therefore, alcohol-

soluble polymers are required for synthesizing the nanocomposites. Zinc precursor is 

hydrolyzed by alkali solution in the presence of polymer and followed by solvent 

evaporation. Guo et al synthesized ZnO QDs in poly(vinyl pyrrolidone) (PVP) ethanol 

solution.[129, 134] Abdullah et al. synthesized PEG/ZnO QDs nanocomposite by 

mixing alkaline polymer solution with zinc precursor solution for ZnO to form inside 

polymer matrix.[135]  
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In the latter method, a two step synthetic approach is adopted. Firstly, the ZnO QDs 

were pre-synthesized and subsequently, mixed with polymer in solution. In this case, 

ZnO QDs are just redispersed in polymer solution. Therefore, it does not require a 

common solvent for both QDs and polymer. Neves et al. reported synthesis of 

nanocomposite with ZnO QDs embedded poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-

phenylenevinylene] (MEH-PPV) for light-emitting application.[136] Some other ZnO 

QDs nanocomposites based on different polymers were also synthesized by this 

method.[137-147]  

By using this physical blending method to synthesize polymer/ZnO QDs 

nanocomposites, the polymers and ZnO QDs are connected via Lewis acid-base 

interactions, static interactions or van der Waals forces. Owing to the surface free 

energy of the nanoparticles, ZnO QDs tend to aggregate, which makes them difficult 

to reach a homogeneous dispersion by using physical blending method. The best way 

to reduce aggregation of ZnO nanoparticles in polymer matrices is to carry out surface 

modification of ZnO nanoparticles before mixing with polymer solution. Immobilizing 

organic ligands on the ZnO QDs surface could decrease the interparticle attraction and 

therefore, it is an effective way in tackling the agglomeration issue. For example, 

Khrenov et al. synthesized hydrophobic ZnO nanoparticles stabilized by amphiphilic 

copolymers, and embedded them into PMMA matrix for UV-absorptive coating.[148]  

2.2.1.2 Chemical Reaction Method 

Chemical reaction method can be used to synthesize nanocomposites with stronger 

interactions between polymers and ZnO QDs because of creation of chemical bond, 

making the synthesized nanocomposites more stable.  
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In the typical reaction procedures, monomers are used to react with surface modified 

ZnO QDs via ligand exchange process. After that, polymer/ZnO QDs nanocomposites 

can be obtained as monomer is polymerized and simultaneously coated on the outer 

surface of ZnO QDs. Alternatively, the formation of ZnO QDs via the sol-gel method 

and the polymerization processes can occur concurrently to yield high quality 

polymer/ZnO QDs nanocomposites. This method is usually applicable to those 

polymers that can readily undergo polymerization, such as polystyrene (PS), 

poly(methyl methacrylate) (PMMA), poly(hydroxyethyl methacrylate) (PHEMA), and 

so on.[131, 132, 149-156]  

Taking PMMA as an example, Xiong et al.[132] firstly used methacrylate anion 

(MAA) to modify the surface of ZnO QDs and dispersed the modified QDs in methyl 

methacrylate (MMA) monomers solution. Polymerization occurred when the 

temperature was increased to 60
o
C. For further polymerization, K2S2O4 (initiator) 

together with the mixture of MMA and ZnO QDs were added into boiling water. After 

refluxing, PMMA/ZnO QDs nanocomposite was obtained and the final products 

exhibited strong blue fluorescence under UV illumination. Using the same procedures, 

PS/ZnO QDs nanocomposite was obtained by replacing MMA with styrene monomer. 

In the work, ZnO QDs were reportedly to be homogenously dispersed in both PMMA 

and PS matrices.  

In another work by Zhang et al. and Huang et al. on the synthesis of PS and PHEMA 

based nanocomposites reported, 3-trimethoxysilylpropyl methacrylate (TPM) was 

coated onto surface of ZnO QDs.[155, 156] Both of the obtained nanocomposites 

showed strong luminescence because of the homogeneous dispersion of ZnO QDs in 

polymer matrices.  
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2.2.2 Photoluminescence (PL) Property of Polymer/ZnO QDs 

Nanocomposites 

As mentioned above, ZnO is a good light-emitting material with emission at UV and 

visible range. The visible emission is known to be originated from defect related to 

oxygen vacancies. For ZnO QDs which have large surface-to-volume ratio, the surface 

defect has significant influence on the photoluminescence properties. The polymers 

can influence the luminescence of ZnO QDs in two aspects: (1) polymers passivate the 

surface of ZnO QDs and thus, the nanocomposites exhibit enhanced UV emission and 

their visible emission is quenched; (2) polymers protect the ZnO QDs surface defect 

and enhance the visible emission from the nanocomposites. In addition, when 

embedding ZnO QDs in light-emitting polymer matrix, the emission from both QDs 

and polymers will interfere with each other.  

2.2.2.1 Polymer/ZnO QDs Nanocomposite with Enhanced UV Emission 

In the early attempts to synthesize polymer/ZnO QDs nanocomposites, Guo et al. used 

poly(vinyl pyrrolidone) (PVP) as the capping polymer to modify the surface of ZnO 

QDs via physical blending method.[129, 134] The as-prepared nanocomposite 

exhibited strong UV emission and its visible emission was significantly quenched in 

comparison with the uncapped ZnO QDs. The PL spectra of non-modified and PVP-

modified ZnO QDs as well as the UV-VIS absorption were shown in Fig. 2-9. In the 

presence of PVP, ZnO QDs with smaller size were synthesized, which could be seen 

from the onset of UV-VIS absorption spectra. Moreover, monodispersed ZnO QDs 

corresponding to narrow full width at half maximum (FWHM ~27 nm) were achieved 

by surface modification. It was confirmed that the visible emission was originated 

from the surface defect of ZnO QDs which was also known as oxygen vacancies. 
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However, the surface passivation effect was not completely effective as the defect 

emission could be seen from the PL spectrum of PVP-modified ZnO QDs. It should be 

mentioned that PVP itself had a strong blue emission which could overlap with the 

emission from ZnO QDs when the content of PVP was high enough in the 

nanocomposite.[157] Similar conclusions were also obtained in the works involving 

polyaniline and poly(vinyl alcohol) based nanocomposites with embedded ZnO 

QDs.[158-160]  

 

Fig. 2-9 Optical absorption and photoluminescence spectra of non-modified and PVP-

modified ZnO QDs. Reprinted with permission from [129]. Copyright (2000) American 

Institute of Physics. 

Sun and co-workers mixed ZnO QDs, α-zirconium phosphate nanoplatelets and 

poly(methyl methacrylate) (PMMA) in acetone, and then evaporated the solvent to 

obtain nanocomposite.[147] The nanocomposite was further dried in ambient 

atmosphere at 120
o
C overnight to remove the residual solvent. The as-prepared 

PMMA/ZnO QDs nanocomposite showed only singly strong UV emission and the 

surface defects were fully passivated by PMMA during heat treatment. It was also 
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found that increasing the concentration of ZnO QDs would lead to redshift in PL 

emission peak position. Such phenomenon was explained to be due to the coupling 

effect between QDs, i.e., when two QDs were close enough with each other, dipole-

dipole interactions between closely contacted QDs led to quantum tunneling.[161] 

Zhang et al. reported the time effect of heat treatment on the PL emission of 

nanocomposite and found that UV emission was increased while visible emission 

decreased.[152]  

Peng et al. reported ZnO nanoparticles with their surface modified by 

poly[poly(ethylene glycol) methyl ether monomethacrylate] (PPEGMA) via surface-

initiated atom transfer radical polymerization (ATRP).[153] The nanocomposite 

showed only UV emission. They proposed that the surface of ZnO nanoparticles were 

grafted by polymer that helped to reduce the defect concentration.  

In summary, when the interactions between ZnO QDs and polymers were weak, the 

surface defects could be passivated by polymers and lead to quenching of the visible 

emission. On the contrary, the UV emission of ZnO QDs was enhanced. Normally, 

polymer/ZnO QDs nanocomposites prepared via physical blending method showed 

only strong UV emission. Also, it was found annealing effect would lead to better 

coverage of polymers on the surface of ZnO QDs which also improves UV emission 

and reduces visible emission.  

2.2.2.2 Polymer/ZnO QDs Nanocomposite with Strong Visible Emission 

ZnO is a defect-rich semiconductor that always show strong defect related emission at 

visible region.[88, 89, 162] Although defect-related emission in the visible range has 

been studied for decades, the mechanism is still controversial. Generally, defect 

related to oxygen vacancies (VO) is believed to be one of the possible origins of defect 
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emission. Recently, Xu et al. reported tunable color emission from sol-gel synthesized 

ZnO QDs with different size.[163] The size-dependent PL and PLE spectra exhibiting 

the visible emission was attributed to the recombination of electrons from the 

conduction band to certain deep trapped holes. Therefore, besides UV emission from 

polymer/ZnO QDs nanocomposites discussed above, visible emission originated from 

defect is also widely reported.[132, 134, 135, 140, 155, 164-166] In some cases, the 

nanocomposites even only show visible emission with different color from blue to 

orange. For this type of nanocomposites, surface defect of ZnO QDs is protected by 

the polymer and thus, the visible emission is enhanced and much more stable in 

comparison with non-modified ZnO QDs.  

Xiong and co-workers synthesized ZnO QDs in a double-layer of polymer which had a 

hydrophobic PMMA layer inside and hydrophilic poly(ethylene glycol methyl ether) 

(PEGME) layer outside.[154] Additionally, a layer of methacrylic acid (MAA) was 

applied to modify the surface of ZnO QDs and protect the surface defect. As-prepared 

nanocomposites showed green and yellow color with different size and were used for 

cell labeling (Fig. 2-10). They also synthesized PMMA and PS based nanocomposites 

via chemical reaction method.[132, 166] Similar work was also reported by Li et al. 

for bulk PMMA/ZnO QDs nanocomposite structure.[131] All these samples showed 

blue emission with high quantum yield of more than 50 %. Moreover, TPM-modified 

ZnO QDs were used for synthesizing PHEMA-based nanocomposite and the bulk 

material exhibited strong blue luminescence because of better confinement on the 

nanoparticle size.  
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Fig. 2-10 PEGMEMA modified ZnO QDs and the application for cells labeling. a. TEM 

image of ZnO QDs in polymer matrix with ED pattern (inset). b, c. two differential interface 

contrast pictures of living cancer cells labeled by ZnO-1 and ZnO-2 respectively. d. photo of 

ZnO@polymer aqueous solutions under a UV lamp. e, f. two confocal microscope images of 

cells labeled by ZnO-1 and ZnO-2, respectively. Reprinted with permission from [154]. 

Copyright (2008) American Chemical Society.  

2.2.2.3 Polymer/ZnO QDs Nanocomposite with Luminescent Polymers 

In the case that light-emitting polymers with ZnO QDs incorporated, the PL intensity 

of polymers normally decreased due to excitons transportation from polymers to ZnO 

QDs. Wang et al. reported mixing ZnO nanoparticles in PPV/PVA composite film to 

form nanocomposite; the luminescence of PPV was quenched significantly.[167] 

Increasing the content of ZnO in the nanocomposite further reduced the intensity of 

PPV photoluminescence. It was ascribed to the excitons separation at the interface 

between PPV chain and ZnO. Similar conclusion was also drawn by Ton-That and co-

workers by incorporating ZnO QDs with MEH-PPV for solar cell application.[168] In 

f

a b c

d e f
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comparison with polymers luminescence, ZnO emission was still relatively weak in 

the nanocomposites. 

2.2.2.4 Summary 

In general, surface state is considered to be the main factor that determines visible 

emission of ZnO QDs, because emission originates from recombination related to 

defects which are mainly located on the surface of nanoparticles. On one hand, by 

simply capping the polymers onto the surface of QDs without chemical bond, the 

surface passivation effect reduces the defect concentration; thus, the defect related 

visible emission from ZnO QDs is quenched. Correspondingly, the UV emission 

originated from free exciton recombination is improved. On the other hand, 

coordination between ZnO QDs and functional groups can protect the surface defect 

by forming strong chemical bond. Further protection of defect states can be achieved 

by surface modification by polymers, resulting in strong visible emission from. as-

prepared polymer/ZnO QDs nanocomposites. The emission color can be tuned by 

varying the size of QDs. Moreover, incorporation of ZnO QDs inside light-emitting 

polymers to form nanocomposites normally usually reduces the luminescence intensity 

of polymers, due to exciton separation at the interface. These above phenomena can be 

utilized to realize the potential applications of nanocomposites in solar cells and 

photodetectors.  

It should be emphasized that the interactions between polymers and ZnO QDs are 

sensitive by the nature of two components and the preparation process. Therefore, 

nanocomposites with same compositions may exhibit quite different 

photoluminescence properties.  



Chapter 2 Literature Review 

30 

 

2.2.3 Applications of Polymer/ZnO QDs Nanocomposites 

After surface modification of polymers, ZnO QDs will show higher quantum yield and 

better stability in ambient atmosphere; in comparison with bare ZnO QDs. Moreover, 

the emission color can also be tuned by changing its size. Therefore, polymer/ZnO 

QDs nanocomposites can be used for optoelectronic applications. White light-emitting 

devices based on PVK/PMMA/ZnO QDs nanocomposite was reported recently.[86] 

With an applied bias on the ITO/PEDOT:PSS/PVK/ZnO QDs/Al devices, white color 

emission, that mixed red, green, and blue lights, was observed from the glass window. 

The emission was ascribed to carrier recombination at the interface of PVK and ZnO 

QDs.  

Besides being utilized to prepare nanocomposites with excellent photoluminescence 

properties, polymers also modify the surface functional states of QDs and improve the 

compatibility of ZnO QDs in solvents. It allows the QDs to be redispersed in different 

solvents to form a homogeneous solution. Fig. 2-10(d) showed the ZnO QDs with 

surface modification using PEGMEMA are well dispersed in water.[154] Therefore, it 

is possible to use this type of nanocomposite in cell labeling application; more 

examples are included in Fig. 2-10(b, c, e, and f).  

Due to homogeneous dispersion of ZnO QDs in polymer matrices, the nanocomposites 

show optical transparency under normal illumination but emit different colors under 

UV illumination. Strong absorption at UV region makes bulk nanocomposites very 

good UV-shielding materials.[131, 151] The UV light absorbance in the range from 

290 nm to 370 nm can reach 98 % with only 0.1 wt % ZnO nanoparticles in 

nanocomposite.[169] 
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Further study is still needed to investigate the mechanism of photoluminescence from 

polymer/ZnO QDs nanocomposites and to have better control on their luminescent 

properties. Nevertheless, there is no doubt that such polymer/ZnO QDs 

nanocomposites have promising potential and many more novel applications.  

2.3 Summary 

In this chapter, a literature review has been presented from mainly two aspects. First of 

all, the concept and mechanisms of QD-based light-emitting devices have been 

introduced. The key breakthrough in the development of QD-LEDs has also been 

reviewed and discussed. In addition, the main challenges for commercializing QD-

LEDs have been given. In the second part, nanocomposites of surface modified ZnO 

QDs by polymers have been reviewed. The optical properties, especially 

photoluminescence properties, have been discussed in details based on the possible 

mechanisms of light emission process. The potential applications that can utilize 

polymer/ZnO QDs nanocomposites have also been summarized.  
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3. Preparation of PMMA/ZnO QDs 

Nanocomposite and Its Optical 

Properties 

3.1 Introduction  

Nanocomposites utilizing ZnO QDs dispersed in polymer matrices have been studied 

for decades.[134, 154, 164, 170, 171] This trend is mainly caused by the favorable 

ZnO properties and potential applications for electronic and optoelectronic devices, 

including field effect transistors (FETs), photodetectors, solar cell, and light-emitting 

devices (LEDs).[119, 172-180] Examples of the polymers commonly utilized as 

matrices are PMMA, PS, PEG, PVP, etc.[133, 135, 142, 147, 181-183] Specifically for 

poly(methyl methacrylate) (PMMA), it is a good dielectric medium that has high 

optical transparency over the whole visible range. Therefore, it has been widely 

studied as the host matrix for the nanocomposite.[131-133, 139, 151, 164-166, 181] 

However, synthesis of nanocomposite with homogeneous dispersion of uniform size 

ZnO QDs in PMMA matrix is still a challenge. Physical blending method, i.e., mixing 

pre-prepared ZnO QDs with PMMA in a common solvent, usually cause aggregation 

of QDs in the polymer matrix.[184-186] In order to avoid agglomeration of ZnO QDs 

in the nanocomposite, chemical reaction method, e.g., in situ sol-gel synthesis of QDs 

and polymerization of methyl methacrylate monomer (MMA), has also been widely 

studied.[131, 151, 166, 187] However, the chemical reaction method is somewhat 
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complicated and involves many chemicals and synthesis steps. In addition, chemical 

reaction method usually gave large-scale material after polymerization, which restricts 

potential applications for optoelectronic devices (e.g., LEDs) that require 

nanocomposite thin film.  

In this chapter, a new and facile method, which is described as ‘polymerothermal’ 

method, was proposed to synthesize PMMA/ZnO QDs nanocomposite. During the 

precursor decomposition stage; conversion to QDs took place in purely polymer 

medium that is literally without any solvent. The objective of this project is to 

fabricate light-emitting devices based on the nanocomposite. Therefore, high 

concentration of ZnO QDs in polymer matrix thin film is desirable for higher intensity. 

As suggested by Sun et al., a typical thin film thickness should be about 20 nm for 

QDs emission layer in QD-LEDs.[21] Therefore, in this work, the as-prepared 

nanocomposite thin film was firstly characterized by atomic force microscopy (AFM) 

for studying the thickness and surface morphology. Other techniques which are UV-

VIS absorption spectroscopy and photoluminescence (PL) were also used to 

characterize the optical properties of nanocomposite. With a detailed analysis on the 

experimental results of optical properties, relationship between the combined band 

structures and PL emission was discussed; the possible PL mechanism was also 

proposed.  

3.2 Experimental Details 

3.2.1 Materials 

Zinc acetate dehydrate (Zn(Ac)2
.
2H2O, ≥ 99.0 %), poly(methyl methacrylate) (PMMA, 

Mw = 120,000 g
.
mol

-1
, ≤ 2.0 % toluene), anisole (CH3OC6H5, anhydrous, ≥ 99.7 %) 
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were purchased from Sigma Aldrich and used without purification. Methanol (CH3OH, 

HPLC grade, ≥ 99.9 %)) was purchased from Fisher Scientific.  

3.2.2 Preparation of PMMA/ZnO QDs Nanocomposite 

The preparation procedures of ‘polymerothermal’ method could also be found in our 

previous report.[188] Typically, a solid sample of Zn(Ac)2
.
2H2O was dissolved in 

methanol with assistance of ultra-sonication. The concentration of Zn(Ac)2
.
2H2O were 

controlled at 1 mg
.
ml

-1
, 2 mg

.
ml

-1
, 5 mg and 10 mg

.
ml

-1
. The solvent for dissolving 

PMMA was anisole and the concentrations were controlled at 2 mg
.
ml

-1
, 5 mg

.
ml

-1
 and 

10 mg
.
ml

-1
. Compared to Zn(Ac)2

.
2H2O, the dissolution process for PMMA took much 

longer time. In order to accelerate dissolving of PMMA in anisole, the mixture was 

firstly ultra-sonicated for 30 mins; followed by stirring at 50 
o
C for 10 mins. After 

cooling, the transparent PMMA solution was obtained. All the solutions were stored at 

room temperature after preparation.  

The mixing process of above two solutions was carried out by adding Zn(Ac)2
.
2H2O 

solution into PMMA solution dropwise under vigorous stirring. The volume ratio was 

controlled as 1:10 (Zn(Ac)2
.
2H2O solution : PMMA solution). It was found that the 

thin films were not uniform via spin-coating when the volume ratio was increased to 

2:10. This issue might be due to the poor solubility of PMMA in methanol. The 

mixtures were stirred overnight for homogenous mixing and stored as the stock 

precursor solutions. For the one with higher concentration of zinc precursor, such as 

20 mg
.
ml

-1
 of zinc acetate, transparent precipitation that separated out from the stock 

precursor solutions was observed because of poor miscibility. The solutions containing 

PMMA and zinc precursor were spin-coated or drop-casted on different substrates for 

characterizations. The thin film samples were transferred to a conventional oven for 
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heat treatment under 160 
o
C, 180 

o
C and 200 

o
C. In fact, the thermal decomposition 

process of zinc precursor was relatively slow or even not occurred when the 

temperature lower than 200 
o
C was applied (to be discussed later). Therefore, the 

nanocomposite with ZnO QDs embedded in PMMA matrix was prepared with heat 

treatment at 200 
o
C for different time. 

3.2.3 Characterization of PMMA/ZnO QDs Nanocomposite 

Atomic force microscopy (AFM) images of the nanocomposite thin films were 

collected from Veeco Dimension 3100. Fourier transform infrared (FTIR) 

transmission spectra of the nanocomposite were measured via Frontier FT-NIR/MIR 

Spectrometers. X-ray diffraction (XRD) measurements were performed using 

Shimadzu X-ray diffractometer with a CuKα radiation source with λ = 1.54 Å. The 

XRD samples were prepared on glass slides and scanning was carried out in the 2θ 

range of 20
o
 – 70

o
 at scan speed of 2 

o.
min

-1
. The ultraviolet-visible (UV-VIS) 

absorption spectra were measured with a Shimadzu UV-2501PC spectrophotometer 

and the films were prepared on quartz substrates. The photoluminescence (PL) spectra 

were measured with a Nanometrics RPM2000 Rapid Photoluminescence Mapper and 

all the samples were prepared on Si wafer. The excitation wavelength for PL 

measurements is 325 nm from He-Cd laser. Transmission electron microscopy (TEM) 

images and the SAED pattern were collected from JEOL JEM-2010 or JEOL JEM-

2100F under operation voltage of 200 kV.  

 

 

 



Chapter 3 Preparation of PMMA/ZnO QDs Nanocomposite and Its Optical Properties 

36 

 

3.3 Results and Discussion 

3.3.1 Thickness and Surface Morphology of Nanocomposite Thin 

Film 

The thickness and surface morphologies of spin-coated nanocomposites thin films 

were measured using AFM. Fig. 3-1(a) shows the thickness of PMMA and the 

nanocomposites thin films prepared by spin-coating solutions with different 

concentrations at 3000 rpm for 60 s. The thickness increases from 4 nm to 19 nm when 

the concentration of PMMA increased from 2 mg
.
ml

-1
 to 10 mg

.
ml

-1
. The thickness of 

the nanocomposite thin films is thinner than that of pure polymer thin films at the 

same spin speed, because thickness is mainly affected by the concentration of polymer 

which became diluted when zinc precursor solution was added. Fig. 3-1(b) shows the 

thicknesses of PMMA/ZnO QDs nanocomposite thin film prepared at different spin 

speed varying from 1000 rpm to 3000 rpm with the same PMMA concentration of 10 

mg
.
ml

-1
. The thin film thickness increases from 19 nm to 28 nm when the spin speed 

decreases. As mentioned previously, the optimum thickness of thin film for light-

emitting application is about 20 nm. Therefore, the thickness of the sample with the 

highest concentration (i.e., 10 mg
.
ml

-1
) studied here is closer to the desired value. 

Furthermore, the surface morphologies of the as-prepared PMMA/ZnO QDs 

nanocomposites thin films via thermal decomposition were measured by AFM; the 

images are shown in Fig. 3-2. The AFM images clearly indicate that, at the same 

concentration of PMMA, increasing concentration of Zn(Ac)2
.
2H2O in the precursor 

solution causes a rougher surface and larger nanoparticles found on the thin film 

surface. This phenomenon was observed because the heat treatment temperature used 

for decomposition of zinc acetate into ZnO (200 
o
C; TGA analysis is shown in 
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Appendix - I.) was higher than the glass transition temperature of PMMA (Tg: 85 
o
C ~ 

165 
o
C). In this case, solid polymeric chain movement took place. Therefore, ZnO 

seeds could not be well confined by the polymer chain. It is worthwhile to mention 

that zinc acetate was selected as the precursor as it has a relatively lower 

decomposition temperature as compared to other conventional zinc complexes. 

Furthermore, ideally the precursor decomposition temperature cannot be not too much 

higher than the polymeric Tg, as excessive chain movement may result in QDs 

aggregation. After the nucleation process, the seeds could grow as the nearby zinc 

precursor diffused towards and attach to them. However, too high the concentration of 

zinc precursor caused undesirable large nano-particles which could even be phased out 

from the PMMA thin film. On the other hand, at fixed concentration of zinc acetate, 

increasing the PMMA concentration gave smoother surface because of better 

confinement of ZnO QDs in thicker PMMA films.  

 

Fig. 3-1 Relationship between thin film thickness and polymer concentration as well as spin 

speed. a. Thickness of pure PMMA thin films and PMMA/ZnO QDs nanocomposite thin films 

with different concentrations of polymer. The spin speed was 3000 rpm for all samples. b. 

Thickness of nanocomposite thin film obtained via spin coating technique with different spin 

speed. Both polymer and zinc precursor concentration were 10 mg
.
ml

-1
 and volume ratio was 

controlled as 10 to 1.  
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For light-emitting application, both surface roughness of thin film and QDs 

concentration in the matrix are critical parameters that determine the device 

performance. From AFM studies (Fig. 3-2), it shows that the surface morphologies of 

thin films are seriously influenced by the concentrations of both PMMA and zinc 

precursor solutions. With higher concentration of zinc precursor solution, large 

particles are separated out from the thin film. The bright dots indicate the ZnO 

particles on the surface of thin film, while the shadows next to them were obtained 

when the AFM tip scanned over the large particles and it resulted in the flat area that 

appeared to be lower than the normal area. After comparison, it leads us to select the 

thin film prepared using mixture 10 mg
.
ml

-1
 PMMA solution with 10 mg

.
ml

-1
 

Zn(Ac)2
.
2H2O solution at volume ratio of 10 : 1. The selected thin film is fulfilled the 

above two parameters the best; and will be used in the subsequent studies.  

 

Fig. 3-2 AFM images of PMMA/ZnO QDs nanocomposite thin films with different 

concentrations of polymer and zinc precursor. The concentrations of PMMA in anisole were 

controlled as 2, 5, and 10 mg
.
ml

-1
, while that of zinc acetate in methanol were 1, 2, 5, and 10 
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mg
.
ml

-1
. Volume ration between polymer solution and zinc precursor was fixed as 10 to 1. The 

spin speed for all samples was 3000 rpm for 60 s. The size of each image is 5 µm by 5 µm. 

3.3.2 Characterization of ZnO QDs in Nanocomposite 

Transmission electron microscopy was conducted to investigate the morphology of 

ZnO QDs in as-prepared nanocomposites. The lower magnification TEM image shows 

high-density and well-dispersed ZnO QDs in PMMA matrix, presented in Fig. 3-3(a-b). 

The bottom-right inset of Fig. 3-3(b) shows the high-resolution TEM (HR-TEM) 

image of one individual ZnO QD where the lattice spacing is clearly seen; the size of 

the QD is approximately 4 nm. In addition, the size distribution histogram of ZnO 

QDs embedded in PMMA matrix is shown in the inset of Fig. 3-3(a). The size 

distribution of ZnO QDs matches well with the Gaussian distribution and the size is 

restrictedly less than 7 nm. According to the SAED pattern that is shown in Fig. 3-3(c), 

the ZnO QDs are polycrystalline in nature and the diffraction rings are well-matched 

with the referential X-ray diffraction (XRD) pattern of sol-gel synthesized ZnO QDs 

shown in the inset of Fig. 3-3(c). The formation mechanism of nano-sized ZnO can be 

explained as follows: in the precursor solution, the much low amount of zinc acetate 

molecules (compared to PMMA) are surrounded and capped by the long PMMA chain. 

During the heat treatment process, zinc acetate decomposed and converted into ZnO. 

The ZnO QDs were inhibited from growing into larger particles because the surface 

were capped and passivated by PMMA. For comparison, TEM image showing 

morphology of ZnO QDs synthesized using sol-gel method is included in Fig. 3-3(d); 

evidencing that the size of ZnO QDs in the nanocomposite is comparable. 
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Fig. 3-3 TEM images of ZnO QDs in PMMA host matrix. a. ZnO QDs under low 

magnification. The inset shows the size distribution histogram of ZnO QDs in nanocomposite. 

b. Enlarged TEM image shows lattice spacing of ZnO. The inset presents a HR-TEM image of 

an individual ZnO QD. The scale bar is 5 nm. c. SAED pattern depicts ZnO QDs with 

polycrystallized structure. The inset is the XRD result of sol-gel synthesized ZnO QDs. d. 

TEM image of sol-gel synthesized ZnO QDs with average size of 5-6 nm.  

3.3.3 Optical Absorption Property of PMMA/ZnO QDs 

Nanocomposite 

To further investigate the optical properties of PMMA/ZnO nanocomposites, UV-VIS 

absorption and PL measurements were performed. The UV-VIS results are shown in 

Fig. 3-4. For comparison, two types of samples were prepared: i. Pure PMMA (black 
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curve); ii. PMMA/ZnO QDs nanocomposite (red curve). The UV-VIS absorption 

spectra of the two samples before (dash dot curve) and after (solid curve) heat 

treatment at 200 
o
C for different time are also shown in the Fig. 3-4(a). For the spectra 

of pure PMMA without zinc precursor before and after heat treatment, no absorption 

peaks at the region between 350 nm and 380 nm was observed. It indicates that 

PMMA has good optical transparency from UV region to the end of visible region and 

good thermal stability up to 200 
o
C without degradation. For the sample of polymer 

matrix with zinc precursor before heat treatment, its absorption spectrum is almost the 

same as that of pure PMMA. With increasing time of heat treatment, ZnO related UV 

absorption emerged; shown as red solid curves in Fig. 3-4(a), indicating the formation 

of ZnO QDs. Fig. 3-4(b) presents the UV-VIS absorption spectrum of nanocomposite 

with heat treated for 1 hr. In comparison with ZnO single crystals reported by Pesika 

et al.[189], the absorption onset observed in our nanocomposite has a significant 

blueshift from 395 nm (3.14 eV) to 378 nm (3.28 eV, the location of pink dash line). 

Further increasing the annealing time, i.e., 2 hr, redshift of absorption spectrum was 

observed, indicating the undesirable formation of larger particles or agglomeration of 

ZnO QDs in nanocomposite. 
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Fig. 3-4 UV-VIS absorption spectra of pure PMMA and nanocomposite. a. Time-dependent 

UV-VIS absorption spectra of pure PMMA (0, 60 mins; 200 
o
C) and nanocomposite (0, 15, 30, 

60, and 120 mins; 200 
o
C). Before heat treatment, both pure PMMA (black dash dot curve) 

and PMMA with zinc precursor (red dash dot curve) show similar spectra with no absorption 

at NUV region. The nanocomposite exhibits stronger absorption at range of 350 nm to 380 nm 

(red solid curve) with increasing the annealing time, while the absorption spectrum of pure 

PMMA remains the same (black solid curve) as that of before heat treatment. The absorption 

curves shown as blue solid lines represent the nanocomposite with heat treatment for 1 hour 

under 160 
o
C and 180 

o
C, respectively. It indicates that the decomposition process of zinc 
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precursor is very slow or even not occurred. b. Absorption spectrum of nanocomposite with 1 

hr of heat treatment. The pink and blue dash lines show the location of absorption onset and 

λ1/2. The inset shows the absorption spectrum replotted as (αhv)
2
 vs. hv; from it, the band gap 

can be deduced. 

The large blueshift of UV-VIS absorption spectra indicates the band gap of QDs is 

larger than bulk material due to quantum confinement effect. The evitable relationship 

between band gap and size of QDs lead us to investigate the size of ZnO QDs from 

UV-VIS spectra. Among a number of models, the effective mass model for spherical 

shapes with a coulomb interaction term has been proved to be an effective way. 

According to Brus’ findings, the relationship between band gap and particles size can 

be described in the Eq. 3-1.[190, 191] 

Eq. 3-1       
     

    

    
 

 

    
 

 

    
  

    

      
 

where    is the band gap of nanoparticles,   
     is the band gap of bulk material,   is 

the Planck’s constant divided by 2 ,   is the particle radius,    is the effective mass 

of electrons,    is the effective mass of the holes,    is the free electron mass,   is 

the charge on an electron,    is the permittivity of free space and   is the relative 

permittivity. For ZnO nanoparticles with size less than 8 nm (mean in the quantum 

regime), the effective masses of electrons and holes for ZnO are    = 0.26 and    = 

0.59, respectively.[189, 192] The relative permittivity for ZnO is   = 8.5 and the band 

gap of the bulk ZnO is   
     = 3.2 eV.[123, 189] In order to get the band gap of ZnO 

QDs, the UV-VIS spectrum of PMMA/ZnO QDs nanocomposite is replotted as (αhv)
2
 

vs. hv shown in the inset of Fig. 3-4(b). The principle of analysis is as following. For 

direct band gap semiconductors, a sharp edge in the UV-VIS absorption spectra is 

observed because light with energy lower than the band gap does not have sufficient 

energy to excite the electrons. However, in case the energy of incident light is high 
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enough, the absorption spectrum increases rapidly. According to REF. [192], the 

absorbance near the onset region can be described as:  

Eq. 3-2    
       

        

  
 

where α is the absorption coefficient, C is a constant, hv is the photon energy and 

  
     is the bulk band gap. The linear region indicates a direct gap transition and the 

value of interception corresponds to the band gap. Therefore, the band gap of ZnO 

QDs in the nanocomposite obtained is about 3.35 eV. The average radius of ZnO QDs 

is about 5.70 nm as deduced from the Eq. 3-1. Another method proposed by 

Meulenkamp[122] is also widely used to determine the particle size based on the 

experimental results of the relationship between the absorption shoulder (λ1/2) and the 

diameter (D) of ZnO QDs. In Eq. 3-3,  

Eq. 3-3  
    

  
 

       
      

   
    

 
 

λ1/2 (nm) is wavelength at which the absorption intensity is half of the excitonic peak 

or shoulder and D (Å) is the particle diameter. The blue straight dash line in Fig. 3-4 

represents the position of λ1/2 and the diameter of ZnO QDs is calculated as 5.74 nm. 

The result matches well with that obtained from the effective mass model. 

Nevertheless, there are limitations with both methods and are not adequate to give the 

accurate estimate of average diameter. The particle size obtained from both of the two 

methods is larger than that observed in TEM images, because ZnO QDs in 

nanocomposites are capped by PMMA and the absorption spectra can be affected by 

the interaction between polymer and QDs.[131] Additionally, it was found that when 

the heat treatment temperature was lower than 200 
o
C, i.e., 160 

o
C, 180 

o
C, the thermal 

decomposition process was very slow or even not occurred, in those cases, no ZnO 
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related absorption was observed from the UV-VIS spectra (shown as blue solid curves 

in Fig. 3-4(a)).[188]  

3.3.4 Luminescent Property of PMMA/ZnO QDs Nanocomposite 

PL spectra of pure PMMA and the PMMA/ZnO QDs nanocomposite before and after 

heat treatment at 200
o
C for 1 hr are shown in Fig. 3-5. As could be seen in Fig. 3-5(a), 

no emission is observed from the PL spectra for both pure PMMA (black dash dot 

curve) and PMMA with zinc precursor (red dash dot curve). A very weak emission is 

detected from pure PMMA after heat treatment (black solid curve). As for the 

nanocomposite, a strong UV emission with a peak at ~ 376 nm and a long tail of 

visible emission covered from 400 nm to 600 nm are observed in the PL spectrum (red 

solid curve). PL emission of referential sol-gel synthesized ZnO QDs is included as 

the top right inset of Fig. 3-5(a). (Appendix - II) PL spectrum of the bare ZnO QDs 

exhibits a small peak at UV region (free exciton emission) and a very strong defect 

emission with peak at ~ 580 nm (related to the surface defect, mainly known as 

oxygen vacancies, VO). It needs to be highlighted here that the mechanisms of defect 

emission in ZnO is still controversial in literatures.[193] Borseth et al.[194] attributed 

a PL emission near 580 nm to the transition of Li
+
 from a shallow donor to the deep 

acceptor as the LiOH is commonly used in the sol-gel synthesis. However, in our 

present work, the impurities, such as Li
+
, Na

+
 and K

+
, are minimized and their 

concentrations are less than 0.005 % according to the purity of precursor. 
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Fig. 3-5 PL spectra of pure PMMA and PMMA/ZnO QDs nanocomposite. a. Pure PMMA 

before (black dash dot curve) and after (black solid curve) heat treatment; nanocomposite 

before (red dash dot curve) and after (red solid curve) heat treatment. The nanocomposite 

exhibits strong NUV emission but very weak visible emission. The top right inset shows PL 

spectrum of sol-gel synthesized ZnO QDs. b. Deconvoluted Gaussian bands from PL spectrum 

of PMMA/ZnO QDs nanocomposite. The top left inset corresponds to the deconvolution of PL 

spectrum of bare ZnO QDs.  
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One significant observation is the fact that: in comparison with PL spectrum of bare 

sol-gel synthesized ZnO QDs, the PL emission of PMMA/ZnO nanocomposite 

exhibits significant UV emission but very weak visible emission. The near UV PL 

emission of PMMA/ZnO QDs nanocomposite observed in this study was also reported 

previously.[130, 147, 152, 187, 195] Furthermore, according to literature, the PL 

emission at the visible range was also widely studied.[131, 132, 151, 152, 166, 195-

198] Up to the present, the PL mechanism of PMMA/ZnO QDs nanocomposite is still 

unclear and controversial. Sun et al.[147] reported that the complete UV emission 

could be achieved contributed by the well dispersion of ZnO QDs in PMMA matrix 

with the assistance of exfoliated ZrP nanoplatelets; as the defect emission can be fully 

quenched by the surface passivation effect. However, in the presented study, the 

surface passivation effect is not complete as the surface defect related visible emission 

could still be seen.  

In order to find the hidden PL emission bands and investigate their origination, the 

spectrum was replotted as intensity vs. photon energy and the result is shown in the 

Fig. 3-5(b). The whole PL spectrum can be well fitted with multiple Gaussians line 

shape functions that show the accurate peak positions and the relative intensities. The 

blue dashed curves depict the deconvoluted Gaussian bands and the sum of the three 

Gaussian bands is shown as solid blue curve which fits well with the original 

experimental data (open square). The coefficient of determination R
2
 (best = 1, worst = 

0) equals to 0.999. The peak positions of the three Gaussian bands are ~ 3.30 eV (376 

nm, near ultraviolet or NUV band), ~ 3.08 eV (403 nm, violet band) and ~ 2.58 eV 

(481 nm, blue band) from UV region to visible region, respectively. Since pure 

PMMA only shows very weak PL emission, the PL emission of nanocomposite is 

mainly contributed from ZnO QDs or complex of PMMA and ZnO. The peak position 
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and intensity contribution of the three bands are summarized in Tab. 3-1. The blue 

emission band contributed less than 10 % of the total PL emission, while the 

contribution of violet band (403 nm or 3.08 eV) and NUV band (376 nm or 3.30 eV) 

were 50.3 % and 40.9 %, respectively. The peak located at photon energy of 3.30 eV 

should correspond to the band edge recombination of ZnO QDs which matches well 

with the UV-VIS absorption. For the violet band, Lin et al.[199] reported the 

calculation results and suggested the shallow accepter level of zinc vacancies (VZn) 

above the valence band (VB) of ZnO. The energy interval from the bottom of the 

conduction band (CB) to VZn is about 3.06 eV (405 nm) which is close to the value 

obtained in our study. However, according to recent studies, Zeng and co-workers 

suggested violet emission from ZnO QDs should correspond to recombination of 

electrons trapped at shallow donor level near CB (zinc interstitial, Zni) and 

photogenerated holes from VB.[108] Similar conclusion was also drawn by many 

other researchers.[163, 200-202] Moreover, the blue band observed in the present 

study was also reported by Zhang et al.[151] in a similar PMMA/ZnO QDs 

nanocomposite system. The mechanism of blue emission was the recombination of 

photogenerated electrons, followed by surface defect (mainly doubly charged oxygen 

vacancies, Vo
++

) trapping to form single charged oxygen vacancies (Vo
+
) [203]. Based 

on the above discussion, mechanism of the whole PL emission can be described and 

shown in Fig. 3-6 with all the energy levels and the possible pathways depicted. Firstly, 

the photogenerated electrons and holes occupy the CB and VB of ZnO QDs, 

respectively. The electrons can be further trapped at the shallow energy level below 

CB known as Zni, while the holes are trapped at the oxygen related defect levels near 

VB, i.e., VO
+
, VO

++
. Based on our experimental results, the oxygen vacancies are 

mostly double charged formed by trapping holes from VB. According to the PL results, 
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it can be deduced that the oxygen vacancies located on the surface of ZnO QDs is 

significantly quenched by the PMMA surface passivation. The recombinations 

between each band constitute the whole PL spectrum of PMMA/ZnO QDs 

nanocomposite. Correspondingly, only two PL bands, located at 2.14 eV (579 nm, 

yellow-orange band) and 3.41 eV (364 nm, NUV band), are deconvoluted from PL 

spectrum of sol-gel synthesized ZnO QDs and shown in the inset of Fig. 3-5(b). The 

visible band contributes significantly 98.4 % of the whole PL intensity, indicating the 

PL emission from bare ZnO QDs mainly originates from the defect on the surface of 

nanoparticles.[163] The peak position and intensity contribution are also summarized 

in Tab. 3-1. 

Tab. 3-1 Summary of Gaussian bands deconvoluted from PL spectrum of PMMA/ZnO QDs 

nanocomposite and bare sol-gel synthesized ZnO QDs.  

 PMMA/ZnO QDs nanocomposite Sol-gel synthesized ZnO QDs 

 Peak position Intensity
a
 Peak position Intensity

a
 

NUV band 3.30 eV (376 nm) 40.9 % 3.41 eV (364 nm) 1.6 % 

Violet band 3.08 eV (403 nm) 50.3 % -
b
 -

b
 

Blue band 2.58 eV (481 nm) 8.8 % -
b
 -

b
 

Yellow-

orange band 
-
b
 -

b
 2.14 eV (579 nm) 98.4 % 

a
: percentage of integrated intensity for each PL band. 

b
: Peaks cannot be deconvoluted from the PL spectra.  
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Fig. 3-6 Proposed energy diagram of ZnO QDs in the nanocomposite and the possible 

recombination pathway for different emission bands.  

It is also worth noting that, compared to the conventional sol-gel followed by 

polymerization method to prepare PMMA/ZnO nanocomposite, the whole preparation 

process in this work is free of impurity. That might be another reason why the defect 

emission of ZnO QDs was quenched significantly in the nanocomposite. Moreover, 

the defect emission can still be observed the PL spectrum (although not the dominant 

portion), indicating that the surface oxygen vacancies were not well protected by the 

polymer. It suggests that there were no strong interaction between PMMA and ZnO 

QDs; which is similar to the case of synthesizing nanocomposite via physical blending 

method.  

3.3.5 Interaction between PMMA and ZnO QDs 

To further confirm the possible interaction between PMMA and ZnO QDs, ATR-FTIR 

measurements were performed; and the spectra are shown in Fig. 3-7. Fig. 3-7(b) only 

hν
NUV

Violet
Blue

Electron          Hole

CB

VB

Vo
++

Zni

0.2-0.3

0.7-0.8

3.3-3.4



Chapter 3 Preparation of PMMA/ZnO QDs Nanocomposite and Its Optical Properties 

51 

 

shows the wavenumber from 650 cm
-1

 to 2000 cm
-1

 of the spectra presented in Fig. 3-

7(a). The black solid curve represents the FTIR spectrum of pure PMMA. The 

absorption peaks in the region of 2800-3000 cm
-1

 correspond to the CH2 and CH3 

group. Two characteristic strong absorption peaks located at 1723 cm
-1

 and 1143 cm
-1

 

are originated from the C=O and C-O-C stretching vibration of PMMA. The 

absorption peak near 1437 cm
-1

 is attributed to the bending and stretching of CH2 and 

CH3 groups. All peaks shown in pure PMMA are all observed in the FTIR spectrum of 

PMMA/ZnO QDs nanocomposite (red solid curve). Neither clear shift of peak 

positions nor change of absorption intensities is observed in the spectrum. Similar 

results were also obtained by Ge et al..[204] However, some research groups [130, 198] 

reported that the C=O stretching vibration near 1730 cm
-1

 shifted to lower 

wavenumber and the absorption intensity of C-O-C stretching vibration near 1147cm
-1

 

changed due to the coordination between –COOR group of PMMA and Zn
2+

 on the 

surface of ZnO particles. FTIR spectrum of sol-gel synthesized ZnO QDs is shown as 

green solid curve in Fig. 3-7. The broad peak at near 3390 cm
-1

 should be assigned to -

OH group on the surface of ZnO QDs, while peaks at 1566 cm
-1

 and 1406 cm
-1

 

originated from the C=O and C-O stretching vibrations of acetate groups. No peaks of 

ZnO could be observed in the nanocomposite. It might be due to the low concentration 

of ZnO QDs or weakening of the interface affinity between PMMA and ZnO QDs 

caused by the facile polymerothermal method.  
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Fig. 3-7 FTIR spectra of ZnO QDs, PMMA/ZnO QDs nanocomposite and pure PMMA. a. 

Spectra with whole range of 4000 cm
-1

 ~ 650 cm
-1

. b. Enlarged spectra that presented in figure 

a.  

3.4 Conclusion 

PMMA/ZnO QDs nanocomposite was synthesized by thermal decomposing zinc 

acetate in PMMA host matrix, which is described as a ‘polymerothermal’ synthesis. 

The as-prepared ZnO QDs with average size of 4 nm were embedded in the polymer 

with good dispersion. The UV-VIS absorption and photoluminescence study show that 

the nanocomposite was a good UV absorber and emitter. Compared to sol-gel 

synthesized ZnO QDs, those in nanocomposite exhibited excellent UV emission but 

relatively weak visible emission. It was known as surface passivation effect that 

reduces the concentration of defect states located on the surface of ZnO QDs. On one 

hand, oxygen vacancies (VO), which corresponding to the defect emission, are filled 

up by the carbonyl group from polymer chain that cause the significant quenching in 

the PL visible emission. Furthermore, in comparison with bare sol-gel synthesized 

ZnO QDs, emission from free exciton and shallow donor (Zni) related defect are 

enhanced relative to emissions of other bands. Particularly, about the methodology 

used in this work, PMMA/ZnO QDs nanocomposite thin film with desired thickness 
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and surface morphology can be easily fabricated by spin coating technique; making it 

suitable for further fabrication of electronics and optoelectronics devices, such as 

light-emitting devices.  
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4. Fabrication and Characterization 

of Light-emitting Devices based on 

PMMA/ZnO QDs Nanocomposite 

4.1 Introduction 

Light-emitting devices utilizing QDs as the emission media have been studied 

extensively since it was first fabricated in the year of 1994.[1, 17, 21, 39, 47, 205-208] 

To date, QD-LEDs have been significantly improved in terms of their performance, 

i.e., external quantum efficiency, luminance, and lifetime; which are now comparable 

with those of OLEDs.[39, 50, 56, 58] However, the usage of toxic heavy elements 

(e.g., cadmium or lead) retards commercialization of QD-LEDs.  

ZnO, as a II-VI semiconductor, has a direct wide band gap with a relatively large 

exciton binding energy at room temperature.[88-90] Moreover, this material is non-

toxic, chemical stable and cheap. All these merits make ZnO a good candidate for 

light-emitting application. Up to now, LEDs utilizing different nanostructured ZnO 

including nanowires, nanorods, and thin film have been realized.[178, 180, 209-211] 

For most of the devices, their luminescent properties mainly rely on the defect related 

emission instead of the band edge emission. Compared with bulk ZnO, the advantage 

of using QDs is the small nanoparticles have much larger surface area and fortunately, 

the defects of ZnO are mostly located on the surface of QDs. However, ZnO 

nanoparticles or QDs are seldom used as the sole emission layer in the light-emitting 
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application because the bare QDs easily agglomerate in solution or atmosphere. For 

instances, ZnO nanoparticles have been used in CdSe-based QD-LEDs as the electron 

transport layer (ETL) and the hole block layer (HBL).[56, 58] Furthermore, some 

studies concerning white light emission that combines emission from light sources 

with PL from ZnO nanoparticles were reported by several research groups.[212, 213] 

In general, by applying the strategy of surface modification by polymers, ZnO QDs 

can exhibit higher quantum yield and better stability in ambient atmosphere; in 

comparison with bare ZnO QDs.[132, 133] As shown in certain previous works, the 

emission color can also be tuned by changing the size of ZnO QDs.[154, 165] In 

particular, Son et al. demonstrated white electroluminescence from heterojunction 

structure of ZnO QDs and poly(9-vinylcarbazole) (PVK); PVK itself is a good organic 

semiconductor.[86] Therefore, polymer/ZnO QDs nanocomposites have great potential 

in the optoelectronic applications, such as light-emitting devices (LEDs). 

In this chapter, PMMA/ZnO QDs nanocomposite prepared via polymerothermal 

method is utilized for light-emitting application. Devices based on this nanocomposite 

thin film are fabricated using usual spin coating technique that does not require 

complicated fabrication steps. The LED device exhibited white color emission. 

Characterizations, such as current-voltage measurement, electroluminescence (EL), 

are performed. To the best of our knowledge, this is the first time that a detailed EL 

study has been carried out on the LEDs with PMMA/ZnO QDs nanocomposite as the 

emission layer.  
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4.2 Experimental details 

4.2.1 Fabrication of LEDs based on PMMA/ZnO QDs nanocomposite 

The two types of LED structures studied in this work are schematically depicted in Fig. 

4-1. In the typical procedure of device fabrication, patterned indium-tin-oxide (ITO) 

glass substrates were used. The ITO substrates were standard cleaned by acetone and 

isopropyl alcohol (IPA) via ultra-sonication for 8 mins sequentially and rinsed by 

distilled water for three times. Pre-heat treatment of the substrates were carried out at 

110 
o
C for 5 mins to remove the residual water; followed by oxygen plasma treatment 

for 3 ~ 4 mins. For device A (Fig. 4-1(a)), the as-prepared solutions (details of formula 

were described in previous chapter) containing zinc precursor were spin-coated 

directly on top of the ITO substrates at different spin speed to form thin films with 

different thicknesses. For device B (Fig. 4-1(b)), prior to spin-coating PMMA/zinc 

solutions, a layer of conducting polymer, poly(3,4-ethylene dioxythiophene): 

poly(styrene sulfonate) (PEDOT:PSS, Sigma Aldrich), was firstly spin-coated on top 

of ITO substrates and followed by heat treatment at 120 
o
C for 30 mins on hotplate in 

ambient atmosphere. The PEDOT:PSS thin film was not visibly damaged by the 

deposition of PMMA and zinc precursor film because the polarities of the solvents (i.e., 

water and anisole) used for each layer are different. Subsequently, all the samples were 

transferred to a conventional oven for heat treatment at 200 
o
C for 1 hr. Finally, 

aluminum (Al) electrodes with thickness about 150 nm was deposited using Edwards 

E-beam Evaporator Auto 306 under pressure below 5e-6 mbar with deposition rate of 

0.07 nm
.
s

-1
. The emission area of the devices was 4 mm × 4 mm.  
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Fig. 4-1 Schematic diagrams of two types of light-emitting devices. a. LEDs based on single 

layer of PMMA/ZnO QDs nanocomposite thin film. b. LEDs based on double layers with 

additional PEDOT:PSS layer between nanocomposite thin film and ITO.  

4.2.2 Characterization of LEDs based on PMMA/ZnO QDs 

nanocomposite 

All the characterizations of LEDs were performed in ambient atmosphere. The 

current-voltage (I-V) characteristics of the devices were measured using HP 4155B 

semiconductor analyzer. The current of devices was obtained by sweeping the voltage 

from negative to positive bias with step of 0.1 V. The electroluminescence (EL) 

measurements were conducted using a PDS-1 photomultiplier tube detector assembly 

coupled with a monochromator. Keithley digital source meter with model number of 

2400 was using to provide constant voltages for devices in the EL measurement. Using 

a multi-fiber, the light emission was collected and transferred to the monochromator 

for analysis.  

 

 

a b

Device A Device B

a b
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4.3 Results and discussion 

The characterization results of LEDs based on PMMA/ZnO QDs nanocomposite were 

discussed from three aspects:  

1. Electrical properties of PMMA/ZnO QDs nanocomposite LEDs 

2. Electroluminescence properties of PMMA/ZnO QDs nanocomposite LEDs 

3. Mechanisms of electroluminescence from LEDs based on PMMA/ZnO QDs 

nanocomposite 

4.3.1 Current-voltage characteristic of PMMA/ZnO QDs 

nanocomposite LEDs 

Fig. 4-2 presents typical current-voltage characteristics of device A with the applied 

bias sweeping between -12 V to 12 V. The I-V curve shows diode characteristic when 

either forward bias or reverse bias is applied. This inversion symmetric behavior is 

mainly due to the similarity of work function for both ITO and Al. The energy band 

diagram of device A is shown in the inset of Fig. 4-2. The work function of ITO is 4.7 

eV, which is 0.4 eV lower than that of Al. Therefore, when a bias voltage is applied on 

the device, carriers can flow through the dielectric polymer layer under the strong 

electric field, regardless of the bias direction. Similar phenomenon was also reported 

by Que et al.[214] in the device of Cu-doped ZnS nanocrystal/PMMA nanocomposite 

as well as by Son et al.[86] in the ZnO QDs based hybrid LEDs. To investigate the 

effect of thickness on the electrical properties of LEDs, PMMA/ZnO QDs 

nanocomposite thin films with same concentration of ZnO QDs but different 

thicknesses were prepared. The thickness of thin film changed from 18 nm to 28 nm 
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when the spin coating speed of PMMA/zinc precursor solutions was varied from 3000 

rpm to 1000 rpm. For thicker thin film, the electric field through the film decreased 

under the same applied voltage, giving lower device current; this is shown in Fig. 4-2. 

Furthermore, the turn on voltages of devices increased with larger thickness. Under 

forward bias, the turn on voltages for the three devices can be deduced from the I-V 

curves, and are approximately 7.44 eV, 8.48 eV, and 8.98 eV, respectively. Similar 

conclusion could also be drawn from the I-V curves when reverse bias was applied 

onto the device.  

 

Fig. 4-2 Current-voltage characteristics of single layer LEDs (device A) with different 

thicknesses of emission layer show inversion symmetric behavior. Reducing the spin speed of 

preparing the nanocomposite thin film, thicker emission layer was fabricated and the current 

of the corresponding device was lower under the same applied voltage. The inset shows the 

energy band diagram of device A. 
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The device B was fabricated by adding a layer of conducting polymer, PEDOT:PSS, 

between ITO and PMMA/ZnO QDs nanocomposite. The I-V characteristics of as-

fabricated LEDs with nanocomposite thin films of different thicknesses are shown in 

Fig. 4-3. The thickness of the thin film was controlled by varying the spin speed; 

similar to the procedures described previously for device A. Compared to the I-V 

curve of device A, inversion symmetric behavior is not observed on device B when the 

applied bias sweeping between -12 V to 12 V. When sweeping from reverse bias of -

12 V, the current remains constant at near zero value before the bias voltage reaches 

the threshold of the device. After the forward sweeping bias crosses over the turn on 

voltage, a dramatic increase in current is observed with increasing applied voltage; 

showing a typical diode characteristic. The inset of Fig. 4-3 shows the energy band 

diagram of device B. The band gap of PEDOT:PSS is 1.9 eV with the energy levels of 

lowest unoccupied molecular orbital (LUMO) and highest occupied molecular orbital 

(HOMO) at -3.3 eV and -5.2 eV, respectively. The HOMO of PEDOT:PSS is 0.5 eV 

lower than the work function of ITO. As a result, the potential barrier for hole 

injection from ITO to ZnO QDs is reduced; thus, lowering the turn on voltages. The 

turn on voltages of the devices are estimated to be 6.73 eV, 8.40 eV, and 8.89 eV from 

thinner nanocomposite film to thicker film, respectively. It is also worthy to note that 

the current of the device is also increased significantly when a high forward bias is 

applied, e.g., 12 V. The LUMO of PEDOT:PSS is 1.4 eV higher than the work 

function of ITO. Therefore, under reverse bias, the electrons generated from ITO have 

to firstly overcome the potential barrier of 1.4 eV between ITO and PEDOT:PSS and 

then, follow by tunneling through the PMMA thin layer. Therefore, compared to 

device A without PEDOT:PSS layer, the electron injection is reduced significantly in 

device B when reverse bias is applied. Moreover, the layer of PEDOT:PSS also works 
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as an electron block layer (EBL) that blocked the electrons transporting from 

PMMA/ZnO QDs nanocomposite to ITO and improved the device performance.  

 

Fig. 4-3 Current-voltage characteristics of double layer LEDs (device B) with different 

thickness of emission layers obtained by varying spin speed. All the I-V curves show typical 

diode behavior only under forward bias. The current remains as constant at small value when 

reverse bias is applied. Turn-on voltage for the LED with thinner emission is lower. The inset 

shows the energy band diagram of device B.  

The charge transport properties of PMMA/ZnO QDs nanocomposite LEDs are very 

complex. It involves transportation of both electrons and holes. Furthermore, it is also 

affected by the properties of materials as well as their interfaces. As mentioned 

previously, the structure of QD-LEDs is adopted from OLEDs because of the 

similarity of these two kinds of devices. Therefore, the charge transport models used 

for OLEDs are also widely applied to explain the I-V behavior of QD-LEDs. 

Generally, the current through the device can be fitted in different ranges of applied 
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voltage using different models, which are thermionic emission (TE) conduction 

model,[215] space-charge-limited-current (SCLC) conduction model,[216] and 

Fowler-Nordheim (FN) tunneling model.[217] The thermionic emission (also 

Richardson-Schottky emission) is temperature dependent charge transportation that the 

thermally activated charges hop over the energy barrier. The TE current is very low 

and, in fact, it only can be identified at low applied voltage as other current is not 

significant. Increasing the applied voltage, more carriers are generated and injected 

into materials from electrodes. The carriers may accumulate in the materials in case of 

energy barriers or trapping states, inhibiting the further injection. The current at the 

equilibrium status is called space charge limited current. The SCLC is mainly 

depended on the applied electric field (or voltage in case the thickness of material is 

constant). When the applied voltage is high enough, the carriers may tunnel through 

the potential barrier following Fowler-Nordheim (FN) relation. Similar to SCLC, FN 

tunneling current is also electric field dependent. The three fundamental carrier 

injection processes can be described as following:  

i. Thermionic emission (TE) conduction model 

Eq. 4–1              
   

  
   

   

   
      

ii. Space-charge-limited-current (SCLC) conduction model 

Eq. 4–2       

iii. Fowler-Nordheim (FN) tunneling model 

Eq. 4–3           
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where    is Boltzmann’s constant,    is Richardson’s constant, T is absolute 

temperature,   is dielectric permittivity,    is energy barrier and q is electronic 

charge.  

Fig. 4-4(a) presents a ln-ln plot of current (I) as a function of the voltage (V) (green 

curve in Fig. 4-3). It shows four distinct regions with different slopes in the ln(I) vs. 

ln(V) curve. However, at low voltage, the I-V curve can be well fitted with the TE 

conduction model, where ln(I) is linearly increasing with V
1/2

, this is shown in the 

inset of Fig. 4-4(a). Due to the small thickness of film, the carrier injection via TE 

mechanism is also accompanied by SCLC model; shown in the first region (α = 1.68). 

With increasing applied voltage, the slope of the curve increased to 2.90, suggesting 

the carriers injection process is mainly following the SCLC mechanism in this region. 

However, when the voltage further increased, the slope of ln(I) ~ ln(V) curve 

decreased to 1.24, indicating the current is nearly proportional to the applied voltage. 

It is probably because of the fact that the ZnO QDs are completely trapped by the 

injected carriers; which lowers the increment of current. A significant increase of the 

slope value (α = 4.10) is observed when the voltage increases more than 5 V. This 

result indicates the presence of FN tunneling: current exponentially increases with the 

applied voltage. According to the Eq. 4-3, this part of curve is replotted as ln(I/V
2
) vs. 

1/V, as shown in the Fig. 4-4(b). The linear relationship confirms the FN tunneling 

effect for the carrier injection in this region.  
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Fig. 4-4 Mechanisms for the typical I-V behavior. a. The ln-ln plot of current as a function of 

the voltage for the device B. It is fitted well with the SCLC model. The inset presents the 

linear relation between ln(I) and V
1/2

 at low voltage, corresponding to TE conduction 

mechanism. b. Plot of ln(I/V
2
) vs. 1/V indicates FN tunneling effect under high applied 

voltage.  
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4.3.2 Electroluminescence (EL) characteristic of PMMA/ZnO QDs 

nanocomposite LEDs 

EL measurements of device A were performed and the emission layer, PMMA/ZnO 

QDs nanocomposite thin film, was deposited with spin speed of 3000 rpm. Fig. 4-5 

shows the EL spectra of the LED with different forward biases, varying from 0 V to 12 

V at room temperature and in ambient atmosphere. When the applied voltages were 

lower than the threshold voltage of the device, e.g., 4V, no light from the emission 

area was detected and the spectra were mainly contributed from the background of 

measurement environment. With the applied voltage increased above the turn on 

voltage of the device, broad spectra covering almost the entire visible range were 

collected. The luminescence intensity of the LED increased with the bias voltage up to 

12 V. The inset of Fig. 4-5 shows a photograph of one LED based on PMMA/ZnO 

QDs nanocomposite operating at 12 V under dark environment; the white emission 

could be perceived by human naked eyes. The photograph was captured using a Canon 

EOS 40D Digital SLR Camera equipped with a Canon Macro Lens EF-S 60 mm and 

the shutter speed was fixed as 30 s. Similar EL spectra were obtained when the bias 

voltage was reversed due to the similarity of the work function of ITO and Al as 

discussed previously.  
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Fig. 4-5 EL spectra of device A under different applied voltage from 0 V to 12 V. The inset 

shows a photograph of light emission under 12 V.  

In order to investigate the color change of the emission, the CIE chromaticity 

coordinates of the LED were calculated from the obtained EL spectra and is shown in 

Fig. 4-6. The chromaticity coordinates of the LED under different applied voltages are 

(x: 0.368, y: 0.372), (x: 0.280, y: 0.322) and (x: 0.305, y: 0.347) for 8 V, 10 V and 12 

V, respectively. (Appendix - III) The red point in Fig. 4-6 presents the chromaticity 

coordinates for standard white color at (x: 0.333, y: 0.333). Therefore, the results 

clearly indicates that the EL emission from the device is very close to white color.  
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Fig. 4-6 CIE chromaticity coordinates of device A under different applied voltage of 8 V, 10 V, 

and 12 V. The red dot shown in the center presented white color in the chromaticity 

coordinates.  

The simpler structure of device A consisting of a single layer of PMMA/ZnO QDs 

nanocomposite (thickness < 30 nm) shows the ability of emitting white color under 

bias, regardless of the direction of the applied voltage. However, the device 

performance was limited by inefficient carrier injection and poor confinement of the 

carriers. Sun et al. reported that using PEDOT:PSS as the hole injection layer helped 

to improve the device performance.[21] Fig. 4-7 showed the EL spectra of device B 

under different applied voltages. The thickness of PEDOT:PSS on top of ITO was 

about 50 nm and that of PMMA/ZnO QDs nanocomposite thin film was about 20 nm. 

Similar to device A, visible EL emission was observed when forward bias was applied 

on the ITO electrode; and the EL intensity increased by increasing the applied voltages. 
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However, unlike device A, there was no light emission under a reverse applied voltage 

due to insufficient electron injection from the ITO electrode. Similar conclusion could 

also be reached based on the current-voltage characteristics. The inset of Fig. 4-7 

shows a photograph of the LED under forward bias of 12 V in the dark environment. 

Compared to device A, the EL emission intensity of device B was stronger. As could 

be seen in the spectra, despite the variation of the EL intensity, no significant changes 

in the spectral shape was observed under different applied bias. The CIE chromaticity 

coordinators of device B were (x: 0.343, y: 0.385), (x: 0.321, y: 0.364) and (x: 0.300, y: 

0.341) under different applied voltage of 8 V, 10 V and 12 V, respectively. The 

chromaticity coordinators are shown in Fig. 4-8.  

 

Fig. 4-7 EL spectra of device B under different applied voltage from 0 V to 12 V. The inset 

shows a photograph of light emission under 12 V. 
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Fig. 4-8 CIE chromaticity coordinates of device B under different applied voltage of 8 V, 10 V, 

and 12 V. The red dot shown in the center represents white color in the chromaticity 

coordinates. 

4.3.3 Mechanisms of electroluminescence from LEDs based on 

PMMA/ZnO QDs nanocomposite 

For EL spectra of both device A and device B shown previously in Fig. 4-5 and Fig. 4-

7, the shapes of all the spectra are similar because the emission layers in both devices 

are the same, although the EL intensity of device B is much higher than that of device 

A under the same forward bias. For our curiosity, it is more interesting to discuss 

about the mechanism of device B which is higher in both current density and EL 

intensity under the same applied bias. To further analyze the emission components, the 
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EL spectra can be deconvoluted into several primary Gaussian-shaped EL bands; 

similar to the analysis methodology used for the PL spectrum in Chapter 3.  

Fig. 4-9 shows the EL spectra of device B replotted as EL intensity vs. photon energy. 

All the EL spectra of device B under different applied voltages of 8 V, 10 V and 12 V 

were fitted with several deconvoluted Gaussian bands as depicted in Fig. 4-9(a-c). The 

R
2
 for all the curve fitting were 0.998, 0.999 and 0.999, respectively. It was found that 

two primary EL bands located at ~ 587 nm (2.11 eV, yellow-orange band) and ~ 485 

nm (2.56 eV, blue band) were present in all the three EL spectra. When the magnitude 

of the applied voltage was higher than 10 V, two more bands with peak position at ~ 

423 nm (2.93 eV, Violet band) and ~ 376 nm (3.30 eV, Near UV band or NUV band) 

emerged in the EL spectra. The EL intensities of all the bands increased with the 

applied voltages. 
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Fig. 4-9 Deconvolution of EL spectra measured at 8 V (a), 10 V (b), and 12 V (c).  

Fig. 4-10(a) plotted the integrated intensity of each EL band as the function of applied 

voltages at 8 V, 10 V and 12 V. The peak positions for all the EL bands with the 
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voltages were shown in Fig. 4-10(b), and the corresponding full width half maximum 

(FWHM) of each band was shown in Fig. 4-10(c). 

 

Fig. 4-10 Evolution of each deconvoluted EL band with the applied voltage; a. integrated 

intensity, b. peak position, and c. FWHM.  
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As could be seen in the Fig. 4-10(a), the yellow-orange and blue bands together 

contributed up to nearly 80 % of the total EL intensity (83 % at 10 V and 77 % at 12 

V). When the voltage was increased from 10 V to 12 V, the intensity of violet band 

also increased significantly while that of NUV band was not that obvious. It was also 

found in other studies that by increasing the applied bias, light emission with shorter 

wavelength could be seen in the EL spectra.[116] As shown in Fig. 4-10(b), the peak 

positions of all the four EL bands were almost unchanged despite the changes of 

applied voltages. Therefore, it may be concluded that all the four EL bands originated 

from recombination between certain bands: either band edge of ZnO QDs or defect 

energy levels, but not from random recombination. Taking the PL spectrum into 

consideration, it is interesting to find that all the three bands shown in PL were also 

presented in the EL spectra, although the peak positions shifted slightly. This further 

confirms that the emission centers in both PL and EL were the same. A summary of all 

the Gaussian bands of PL and EL spectra is presented in Tab. 4-1. In the table, all the 

peak positions, as well as their contributions for the each spectrum, are listed. 

However, the spectral shape of EL significantly differs from that of PL. For example, 

the NUV and violet bands dominated the whole PL intensity only contributed less than 

32 % of the total EL intensity. The blue band, one of the two primary bands in EL, 

only contributed a small portion in the PL. Furthermore, the yellow-orange band 

which was also one of the two primary bands in EL was not even observable in PL 

spectrum.  

 

 

 



Chapter 4 Fabrication and Characterization of Light-emitting Devices based on 

PMMA/ZnO QDs Nanocomposite 

74 

 

Tab. 4-1 Summary of each Gaussian band of PL and EL spectra.  

 
Yellow-Orange Band Blue Band Violet Band NUV Band 

 
Position Intensity

a
 Position Intensity

a
 Position Intensity

a
 Position Intensity

a
 

PL -
b
 -

b
 

2.58 eV 

481 nm 
8.8% 

3.08 eV 

403 nm 
50.3 % 

3.30 eV 

376 nm 
40.9 % 

8 V 
2.04 eV 

608 nm 
34.6 % 

2.51 eV 

494 nm 
65.4 % -

b
 -

b
 -

b
 -

b
 

10 V 
2.14 eV 

579 nm 
49.8 % 

2.60 eV 

477 nm 
32.8 % 

2.95 eV 

420 nm 
11.0 % 

3.28 eV 

378 nm 
6.4 % 

12 V 
2.16 eV 

574 nm 
39.4 % 

2.56 eV 

484 nm 
28.9 % 

2.91 eV 

426 nm 
24.4 % 

3.30 eV 

376 nm 
7.3 % 

a
: percentage of integrated intensity for each EL band. 

b
: Peaks cannot be deconvoluted from the spectra. 

The great difference in PL and EL should be assigned to the different mechanisms for 

EL and PL emission. The PL studies were discussed previously based on possible 

mechanisms responsible for the three PL bands, as depicted in Fig. 3-6. The NUV 

band originated from the radiative transition between electrons from CB of ZnO with 

holes from VB. The violet band was assigned to the recombination of electrons 

trapped at the shallow donor level below CB (Zni) and holes from VB of ZnO.[108, 

163, 193, 218, 219] For the blue band, photogenerated electrons located at CB 

recombined with deep trapped holes at defect level which related to oxygen vacancies 

(VO
++

).[132, 133, 151, 219, 220] However, carriers transport pathways in EL were 

much more complicated because the electrons and holes were not photogenerated 

inside of ZnO QDs. Instead, the electrons were injected from the Al electrode and 

tunneled through the PMMA layer, followed by occupying the CB of ZnO. At the 

same time, the holes were injected from the ITO electrode and overcame the energy 

interval of the work function of ITO and the hole transport layer, PEDOT:PSS. The 

holes further tunneled through the PMMA layer and occupied the deep defect energy 
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levels and VB of ZnO. The energy band diagram of device B without any applied bias 

is shown in the Fig. 4-11(a); all the energy levels for ITO, PEDOT:PSS, ZnO QDs and 

Al were also indicated in this figure. The work function of Al, ~ 4.3 eV under vacuum 

level, was 0.1 eV higher than the CB of ZnO QDs (~ 4.4 eV). Therefore, the electron 

injection from Al electrode to CB of ZnO QDs as well as the shallow donor level was 

relatively easy. However, the hole injection was much more complicated and difficult. 

With a forward bias applied on the device, the holes firstly overcame the potential 

energy barrier between ITO and HOMO of PEDOT:PSS, which was 0.5 eV. With 

further increasing applied voltage, the holes were able to accumulate at the edge of 

PEDOT:PSS and PMMA/ZnO QDs nanocomposite. Following accumulation, the 

holes tunneled through the dielectric PMMA layer under the strong electric field, and 

occupied the deep defect energy levels located near the center of ZnO band gap. The 

recombination between electrons from CB or Zni and holes trapped at deep energy 

levels occurred and light with long wavelength (e.g., red, yellow-orange, and blue 

bands) were emitted. With increasing applied voltage, the holes could further occupy 

lower energy levels, such as VB of ZnO. As a result, emission with short wavelength 

was given out, i.e., violet and NUV bands. As a result, the total EL emission combined 

all the different bands from red to NUV and exhibited white color. Fig. 4-11(b) shows 

the energy band diagram of PMMA/ZnO QDs nanocomposite based white color LEDs 

under high applied voltage. The possible transport pathways of electrons and holes 

were also indicated in this figure. If our proposed hypothesis is correct, the two defect 

energy levels shown in the Fig. 4-11 corresponded to Zni and VO
++

.[108, 163, 220, 221] 

Furthermore, based on the above discussion, it leads us to conclude that the carrier 

injections of the devices were nonequilibrium, therefore, quantum efficiency of the 

light-emitting devices was very low.[21, 86] In the present study, the maximum 
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quantum efficiency of the LEDs was 0.0001 % and is much lower than that of Cd-

based QD-LEDs and OLEDs. Additionally, the EL property critically relies on the 

carrier confinement within uniform ZnO QDs embedded in the nanocomposites. The 

large surface area of ZnO QDs is also required to provide carrier recombination 

centers of higher concentration. Both conditions cannot be achieved in a simple ZnO 

thin film device.[222]  
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Fig. 4-11 Energy band diagram of device B. a. All the energy levels were indicated in the 

diagram of PMMA/ZnO QDs nanocomposite LEDs. b. Under a forward bias, the carrier 

transport pathways were indicated and the possible recombination was also presented.  

From the FWHM of each peak shown in Fig. 4-10(c), it is easily observed that the 

FWHM of blue band changed from 0.80 eV to 0.50 eV when the applied voltage 

increased from 8 V to 10 V. At the same time, the contribution percentage of blue 

band decreased from 65.4 % to 32.8 %. It should be attributed to the appearance of 

violet and NUV bands that are originated from recombination between electrons and 
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holes from VB of ZnO; thus narrowing the blue band and reduced the contribution 

percentage in the total EL intensity. Moreover, the FWHM of violet band also changed 

significantly from 0.41 eV to 0.54 eV when the applied voltage increased from 10 V to 

12 V. The contribution percentage of violet band also increased; thus, the emission of 

white color LEDs was observed to be slightly bluish. It was also observed that there 

was only slight change in the FWHM of yellow-orange band (± 0.02 eV) as well as the 

NUV band (± 0.02 eV). The contribution percentage of NUV band was much lower 

because the hole injection from ITO to VB of ZnO needed more energy and higher 

voltages. Based on our experiments, the LEDs based on PMMA/ZnO QDs 

nanocomposite easily broke down as the strong electric field across the nanocomposite 

thin film generated lots of heat and causing the polymer unstable.  

Similar to device B, device A without hole transport layer, PEDOT:PSS, showed 

broad EL spectra from 350 nm to 800 nm, but the EL intensity was much lower. Fig. 

4-12 showed the deconvolution of the EL spectrum of device A measured at the 

applied voltage of 12 V. The four Gaussian bands were depicted as blue dash curves 

and the blue solid curve was the sum of the four bands. The peak positions of the four 

Gaussian bands were 2.75 eV (451 nm, blue band), 2.45 eV (506 nm, blue-green band), 

1.97 eV (629 nm, red band) and 1.56 eV (796 nm, near infrared band or NIR band); 

from short to long wavelength. The total EL intensity was mainly contributed from the 

blue (33 %) and blue-green (52 %) bands. It was also found that the NIR band together 

with red band contributed less than 15 % of the total EL intensity. Considering the 

background of measurement environment, the peak intensity of NIR band at 796 nm 

were only 2 times higher than the intensity of noise; which was really weak compared 

to the two dominant peaks. Moreover, the NIR and red bands were not even 
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observable in the PL spectrum of this nanocomposite. This could be attributed to the 

different mechanisms for EL and PL as discussed earlier.  

 

Fig. 4-12 Deconvolution of EL spectrum of device A measured at 12 V. 

After carefully analyzing all the four bands, it is suggested that the blue and blue-green 

bands should be attributed to recombination related to double positive charged oxygen 

vacancies (VO
++

), while the red and NIR bands originated from the recombination 

related to deep level near the middle of ZnO band gap (VO or VO
+
).[108, 199, 219, 220] 

The energy band diagram with all the energy levels was shown in Fig. 4-13(a). 

Without hole transport layer (PEDOT:PSS), higher voltage was required to reach 

sufficient hole injection and the hole could not accumulate at the edge of PMMA. As a 

result, the turn on voltage increased and the efficiency decreased. Similar conclusion 

was also obtained from current-voltage characteristics of device A. Fig. 4-13(b) shows 

the energy band diagram when the device is under forward bias and the possible 

recombination pathways are also indicated.  
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Fig. 4-13 Energy band diagram of device A. a. All the energy levels were indicated in the 

diagram of single layer PMMA/ZnO QDs nanocomposite LEDs. b. Under a forward bias, the 

carrier transport pathways were indicated and the possible recombination was also presented.  
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4.4 Conclusion 

Light-emitting devices utilizing PMMA/ZnO QDs nanocomposite thin film as the 

emission layer was fabricated via spin coating technique. Current-voltage 

characteristics of LEDs with single nanocomposite layer showed diode behavior when 

either forward or reverse bias was applied on the device, which represented the so-

called inversion symmetry. The single layer LEDs showed broad emission with 

relatively low EL intensity. By introducing a hole injection layer (HIL), PEDOT:PSS, 

between ITO and the nanocomposite emission layer, the device performance could be 

significantly improved. This is the first time a detailed EL study has been carried out 

on polymer/ZnO QDs nanocomposite. The double layer LEDs showed lower turn on 

voltage and higher EL intensity due to significant improvement of hole injection 

efficiency. In addition, LEDs with or without PEDOT:PSS layer exhibited similar EL 

spectra that covered the whole visible region; and the light emission from both devices 

was observed as white color. The deconvolution of EL spectra indicated the defect 

related energy levels, which correspond to visible EL emission, agreed well with the 

deduction made in PL study (Chapter 3). The quantum efficiency of LEDs was 

considered low due to nonequilibrium carrier injection; however, it can be improved 

through approaches such as introducing a low HOMO electron transport layer (ETL). 

The mechanism for the white light emission indicated that, utilizing the defect 

emission of ZnO QDs, it is possible to obtain emission of white color from one kind of 

QDs instead of mixing different color-emitted QDs. It also needs to be emphasized 

that the device-ready and chemically pure nanocomposite is critical for understanding 

the emission fundamentals; as disruptions or effects of impurities and side-products is 

rendered negligible. 
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5. Polymer/ZnO QDs 

Nanocomposites with Different 

Polymer Matrices and Their 

Application for Light-emitting 

Devices 

5.1 Introduction  

Surface state of ZnO QDs, including the defects or vacancies, is regarded as the main 

factor that determines the visible luminescence. Recently, incorporating ZnO QDs into 

different polymers have been proven to be an effective way to modify the surface of 

QDs and to impart unique properties, such as good chemical and thermal stability, 

good UV absorbance, high PL yield, etc.; beneficial for optical and electrical 

applications.[86, 223-234] The interaction between polymers and ZnO QDs are not 

only influenced by the nature of two components, but also by the preparation process. 

This type of interaction is widely reported in polymer/oxide synthesis system, not 

restricting to ZnO.[235-237] ZnO QDs with surface modified by double layer of MAA 

and PMMA showed blue emission under UV excitation.[132, 151] Tuning the size of 

ZnO QDs in PEGME, Xiong et al. synthesized nanocomposite exhibiting different 

colors from blue to orange.[164, 165] Incorporating ZnO QDs into light-emitting 
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polymers, such as PVK and PPV, the emission from polymers could be quenched by 

ZnO QDs due to carrier separation effect.[167, 238] Despite all these previous works, 

the mechanism of light emission from the ZnO QDs nanocomposites is still unclear 

and controversial.  

In the previous chapter, we employed a new and facile method (described as 

polymerothermal method) to synthesize PMMA/ZnO QDs nanocomposite which 

exhibited strong UV emission but very weak visible emission in PL emission. 

Furthermore, the as-prepared nanocomposite was utilized for light-emitting application 

and the devices emitted white color. Extending from Chapter 3 and Chapter 4, we 

further apply the preparation and characterization methodologies on several polymers 

with representative structures. After surface modification, the nanocomposites showed 

interestingly different optical properties which should be attributed to different levels 

of surface passivation effect towards surface defect state of ZnO QDs. However, the 

method was not suitable for all the polymers; considerations need to be given to 

parameters such as polymer degradation temperature and polymer self-luminescence. 

Based on these considerations, light-emitting devices using several polymer/ZnO QDs 

nanocomposites are also demonstrated.  

5.2 Experimental Details 

5.2.1 Materials 

Polystyrene (PS, Mw = 280,000 g
.
mol

-1
), Poly(9-vinylcarbazole) (PVK, Mw = 50,000 – 

100,000 g
.
mol

-1
), Poly(vinyl pyrrolidone) (PVP, Mw = 10,000 g

.
mol

-1
), Poly(4-

vinylpyridine) (P4VP, Mw = 60,000 g
.
mol

-1
), N,N-Dimethylformamide (DMF, 99.8 %), 

and toluene (≥ 99.7 %) were purchased from Sigma Aldrich and used without 
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purification. Poly(vinylidene fluoride) (PVDF) and chlorobenzene (≥ 99.5 %) were 

purchased from Alfa Aesar. Methanol (CH3OH, ≥ 99.9 %) was purchased from Fisher 

Scientific. 

5.2.2 Preparation of Polymer/ZnO QDs Nanocomposites 

The preparation method for polymer/ZnO QDs nanocomposites is similar to what was 

described previously in Chapter 3. For a better comparison, the concentrations of 

different polymers in the solvents were also controlled as the same, which was 10 

mg
.
ml

-1
. Due to very different natures of the polymer, their solubility in certain solvent 

is completely dissimilar. Therefore, in order to obtain well-soluble polymer solution, 

different solvents were selected for individual polymer. The solvents for different 

polymers were listed in Tab. 5-1. The dissolution process of all the polymers was 

similar to that of PMMA as described in Chapter 3. The polymer/zinc acetate hybrid 

precursor solutions were prepared by adding zinc acetate solution (dissolved in 

methanol with concentration of 10 mg/ml) into different polymer solutions at volume 

ratio of 1: 10, which was the same ratio to PMMA solution. The polymer/ZnO QDs 

nanocomposites were obtained by spin coating or drop casting the as-prepared 

precursor solutions onto different substrates,  followed by heat treatment at 200
o
C for 

1 hr.  
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Tab. 5-1 List of the studied polymers and each solvent for individual polymer. 

Polymer Solvent 
Polystyrene (PS, [CH2CH(C6H5)]n) 

  

Toluene (C6H5CH3) 

 
Poly(vinylidene fluoride) (PVDF, [CH2CF2]n) 

 

N,N-Dimethylformamide (DMF, 

HCON(CH3)2) 

 
Poly(9-vinylcarbazole) (PVK, [C14H11N]n) 

 

Chlorobenzene (C6H5Cl) 

 
Poly(vinyl pyrrolidone) (PVP, [C6H9NO]n) 

 

Methanol (CH3OH) 

 
Poly(4-vinylpyridine) (P4VP, [C7H7N]n) 

 

Methanol (CH3OH) 

 
 

5.2.3 Fabrication of Light-emitting Devices (LEDs) based on 

Polymer/ZnO QDs Nanocomposites 

The LEDs based on polymer/ZnO QDs nanocomposites were fabricated via solution 

process and spin coating technique. The detailed procedures were the same as that of 

the devices fabricated based on PMMA/ZnO QDs nanocomposite; which was 

described in the experimental part of Chapter 4. As discussed in Chapter 4, the device 
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performance of LEDs with hole transport layer, i.e., PEDOT:PSS, was better than that 

of the devices with only nanocomposite emission layer. Therefore, in this section, only 

devices with PEDOT:PSS layer were fabricated. However, spin coating technique was 

not able to give a continuous thin film from PVDF solution. Finally, only PS, PVK 

and P4VP based polymer/ZnO QDs nanocomposites were successfully utilized for the 

light-emitting application. 

5.2.4 Characterization of Nanocomposites and the LEDs 

The polymer/ZnO QDs nanocomposites were characterized via TEM, UV-VIS, PL, 

and AFM. The I-V characteristic and EL of the LEDs based on the nanocomposites 

were studied as well. All the characterization methods and equipments were the same 

as those described in Chapter 3 and Chapter 4.  

5.3 Results and Discussion 

The properties of different polymers vary due to different polymer architectures, 

molecular structures, and functional groups. Therefore, the properties of 

nanocomposites are expected to differ from each other. In this section, the 

characterization results are presented and discussed.  

5.3.1 TEM Characterization of Polymer/ZnO QDs Nanocomposites 

The nanocomposites consisting of ZnO QDs embedded in the different polymer 

matrices were characterized via TEM and the images are shown in Fig. 5-1. ZnO QDs 

with average size of 4 ~ 5 nm are observed in PS (a-i, ii), PVK (b-i, ii), PVP (c-i, ii) 

and P4VP (d-i, ii ) based nanocomposites. The series of x-i on the left show the low 

magnification TEM images, while the higher magnification TEM images are shown as 
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the series of x-ii on the right. It is necessary to point out that TEM characterization 

done on the ZnO QDs in PVDF matrix was unsuccessful due to the immediate 

crimping of polymer film when exposed under high energy electron beam. It is 

because PVDF is a piezoelectric material that caused this phenomenon. Therefore, 

other techniques, such UV-VIS and PL, were used to confirm the formation of nano-

sized ZnO in PVDF matrix and the results are shown in the later part. 
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Fig. 5-1 TEM images of ZnO QDs in different nanocomposites based on PS (a-i, ii), PVK (b-i, 

ii), PVP (c-i, ii), and P4VP (d-i, ii). Series x-i: low magnification; series x-ii, high 

magnification.  

As can be seen in the Fig. 5-1, the ZnO QDs are uniform in size and with the spherical 

shape in the PS, PVK and PVP based nanocomposites. Moreover, the lattice spacing 
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of ZnO could be clearly seen in the higher magnification images. However, the same 

situation cannot be found in the P4VP based nanocomposite. Instead, ZnO QDs in 

P4VP matrix easily aggregate into clusters with size about 20 ~ 30 nm. The magnified 

image presented in Fig. 5-1(d-ii) shows the clusters consist of several nano-sized ZnO 

with size comparable to those synthesized in other polymers. The formation of ZnO 

clusters is mainly due to the film morphologies of P4VP. Fig. 5-2 shows the AFM 

image of pure P4VP thin film spin coated on silicon wafer at 3000 rpm for 60 s. The 

average thickness of film is about 70 nm, as measured via AFM. It clearly shows that 

the surface morphology of P4VP is not uniform, while domains with different sizes are 

formed. During heat treatment, zinc acetate coordinated with pyridine unit is thermally 

decomposed in the domains with P4VP surrounded. Therefore, ZnO clusters consisted 

of several ZnO QDs formed in the P4VP matrix.  

 

Fig. 5-2 AFM image of pure P4VP spin coated on silicon wafer. The dimension of image is 1 

µm by 1 µm.  

Despite certain aggregation observed in  the TEM images, it is consistent with the fact 

that nano-sized ZnO could be synthesized from zinc acetate precursor via 

polymerothermal method in different polymer matrices. It is also indicated polymer 
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surface modification is an effective way to control the size of ZnO QDs and prevent 

them from growing into large particles.  

5.3.2 UV-VIS Absorption Study of Polymer/ZnO QDs Nanocomposite 

UV-VIS absorption spectroscopy is a good approach to diagnose the existence of 

semiconductor nanocrystal in a transparent polymer matrix. Not only the band gap, the 

size of the nanocrystal could also be determined through this method. In Fig. 5-3, the 

UV-VIS absorption spectra of different polymers/ZnO QDs nanocomposites are 

presented. The black curves in each figure show the absorption spectra of each pure 

polymer before (dash dot) and after (solid) heat treatment. The red ones represent the 

absorption spectra of nanocomposites based on different polymers. To further analyze 

the UV-VIS results, all the related spectra are replotted as (αhv)
2
 vs. hv and shown as 

inset figures.  

Similar to absorption spectrum of PMMA/ZnO QDs nanocomposite, the one based on 

PS also shows a strong absorption at the range of 350 nm ~ 380 nm (Fig. 5-3(a)), 

indicating the conversion of ZnO from zinc acetate. The band gap of ZnO QDs is 

about 3.33 eV as deduced from the inset figure. The average size of the QDs is 

calculated to be 6.0 nm and 5.6 nm according to Eq. 3-1 and Eq. 3-3, respectively. 

Similar deduction could also be obtained from P4VP based nanocomposite. Although 

the TEM images show clusters of nano-sized ZnO in P4VP matrix, the UV-VIS 

absorption shown in Fig. 5-3(d) suggested that the ZnO nanoparticles in the clusters 

remains in quantum confinement regime. The band gap of ZnO QDs in P4VP matrix is 

about 3.35 eV and the corresponding diameter of QDs is 5.7 nm and 7.4 nm, as 

obtained from those two models, respectively.  
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Fig. 5-3 UV-VIS absorption spectra of different polymers (black curves) and their 

nanocomposites (red curves). The dash dot curves represent samples before heat treatment, 

while the solid curves indicate samples with heat treatment. Figure a–e represent different 

polymers of PS (a), PVK (b), PVP (c), P4VP (d), and PVDF (e), respectively. The inset 

figures show the replotted spectra as (αhv)
2
 vs. hv for related absorption spectra.  

PVK is the only polymer which is conductive among all the polymers studied in this 

work. In the past decades, PVK was widely used in the optoelectronic devices, for 

instance, OLEDs.[239, 240] The band gap of PVK is 3.5 eV, with LUMO and HOMO 
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at 2.3 eV and 5.8 eV under vacuum level, respectively. Therefore, the UV-VIS 

absorption spectrum of PVK/ZnO QDs nanocomposite included in Fig. 5-3(b) shows 

that the absorption of ZnO QDs is completely overlapped by the strong absorption of 

PVK. From the replotted (αhv)
2
 vs. hv curves of pure PVK and PVK/ZnO QDs 

nanocomposite, the slight difference at the edge might be caused by the embedded 

ZnO QDs. The band gaps of ZnO QDs and PVK are found to be 3.35 eV and 3.46 eV, 

respectively.  

Fig. 5-3(c) shows the UV-VIS absorption spectra obtained from pure PVP and 

PVP/ZnO QDs nanocomposite. The results clearly show that, after heat treatment, the 

absorption coefficient of pure PVP is comparable to that of nanocomposite. 

Nevertheless, there is still slight difference at the absorption onset of ZnO QDs. 

According to the replotted (αhv)
2
 vs. hv curve shown in the inset, the band gap of ZnO 

is estimated to be 3.27 eV, which corresponds to diameter of 7.4 nm. However, the 

average size of ZnO QDs as observed from TEM images is about 2.5 nm. The large 

error in term of calculated size might be caused by the absorption of PVP. Moreover, 

the transparent polymer turned yellowish after heat treatment. Such observation will 

be discussed in the section on PL characterization. 

Although TEM characterization could not be performed on PVDF based 

nanocomposite, UV-VIS absorption confirms the formation of ZnO QDs. As can be 

seen in Fig. 5-3(e), pure PVDF shows optical transparency at the range of 300 nm ~ 

600 nm either before or after heat treatment. However, it is interesting to find an 

absorption peak at the region of 340 ~ 380 nm even when the sample with zinc 

precursor was prepared without heat treatment. This absorption peak should be 

attributed to the formation of ZnO QDs. During mixing process, ZnO QDs probably 

formed due to chemical reaction between zinc acetate with either solvent or polymer. 
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The band gap of ZnO QDs can be deduced from the replotted (αhv)
2
 vs. hv curves 

shown as the inset of Fig. 5-3(e). For the two samples with and without heat treatment, 

their ZnO band gaps are almost the same, i.e., ~ 3.34 eV. For the sample without heat 

treatment, the diameters of ZnO QDs are calculated to be 5.9 nm and 3.9 nm from the 

two equations (Eq. 3-1 and Eq. 3-3). The sizes of ZnO QDs for the annealed sample 

are calculated to be 5.9 nm and 5.7 nm, respectively.  

All the size of ZnO QDs in different polymers based nanocomposites are summarized 

in Tab 5-2. Due to the coupling effect between nearby QDs in the nanocomposites, the 

calculated size is always larger than that obtained from TEM results. However, the 

slight blueshift of absorption band edge and the corresponding size of ZnO confirm the 

formation of QDs in the nanocomposites.  

Tab. 5-2 Summary of the size of ZnO QDs in different polymer matrices.  

 
Effective mass model Meulenkamp TEM 

PS 6.0 nm 5.6 nm 4.0 nm±1.0 nm 

PVDF 
5.9 nm 

5.9 nm (before) 
5.7 nm 

3.9 nm(before) 
-
a 

PVK 5.7 nm -
b 4.0 nm±0.5 nm 

PVP 7.4 nm -
b 2.5 nm±0.5 nm 

P4VP 5.7 nm 7.4 nm 5.5 nm±1.0 nm 

PMMA 5.7 nm 5.7 nm 4.0 nm±1.0 nm 
a
: TEM characterization cannot perform on PVDF/ZnO QDs nanocomposite.  

b
: It is impossible to determine the value of λ1/2 due to complete overlap of absorption spectra 

of pure polymers with that of ZnO QDs.  
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5.3.3 Photoluminescence (PL) Study of Polymer/ZnO QDs 

Nanocomposite 

As discussed in previous chapter on PMMA/ZnO QDs nanocomposite, the PL 

emission of ZnO QDs was significantly affected by the polymer surface modification. 

The interaction between polymer functional groups and ZnO QDs plays an important 

role. Furthermore, certain polymers could also give strong PL emission under UV 

excitation. This phenomenon adds up to the complexity of studying the PL emission 

from the nanocomposites. Nonetheless, PL spectra of ZnO QDs nanocomposites as 

well as the corresponding pure polymers were measured and are shown in Fig. 5-4. 

Similar to previous UV-VIS study, the black curves in each figure show the PL spectra 

of each pure polymer before (dash dot) and after (solid) heat treatment; while the red 

curves represent the PL spectra of nanocomposites based on different polymers.  

Fig. 5-4(a) shows the PL spectra of PS based nanocomposite with ZnO QDs embedded 

and the pure PS. After heat treatment, a PL peak with low intensity appeared at around 

367 nm, which is not found in that of sample without heat treatment. It is probably 

caused by polymer degradation at high temperature annealing. This peak was also 

found in the PL emission spectrum of PS/ZnO QDs nanocomposite shown as red solid 

curve in Fig. 5-4(a). Apart from this peak, it shows strong NUV emission at 387 nm 

which corresponds to PL emission from ZnO band edge. Defect emission originated 

from oxygen vacancies is fully quenched due to the surface passivation effect. Due to 

the delocalized electron configuration on the pendant phenyl group, there should be 

very weak interaction between PS and ZnO, but the pendant phenyl group could fill up 

the surface oxygen vacancies which reduced the defect related PL emission of ZnO. 

Similar deduction could be drawn on the PMMA based nanocomposite. However, the 
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carbonyl group in PMMA chains could somehow coordinate with Zn
2+

 on the surface 

and stabilizing oxygen vacancies of higher concentration than that in PS based 

nanocomposite. The dominant peak at 387 nm (3.21 eV) is close to PL emission from 

the bulk ZnO, indicating that ZnO QDs could easily agglomerate in the PS matrix. The 

coupling effect between nearby ZnO QDs caused redshift of the PL peak position.  
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Fig. 5-4 PL spectra of different polymers (black curves) and their nanocomposites (red curves). 

The dash dot curves represent samples before heat treatment, while the solid curves indicate 

samples with heat treatment. Figure a–e represent different polymers of PS (a), PVDF (b), 

P4VP (c), PVP (d), and PVK (e), respectively. 

PL spectra of pure PVDF and PVDF/ZnO QDs nanocomposite are shown in Fig. 5-5. 

According to the absorption study, the nanocomposite shows an absorption peak at 

NUV region in both samples with and without heat treatment (see Fig. 5-3(e)). For the 
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sample without heat treatment, its PL emission (red dash dot curve in Fig. 5-4(b)) is 

mainly contributed from two parts: the NUV region and the visible region. The NUV 

band is partially influenced by the native emission from pure PVDF as could be seen 

from the black dash dot curve; while the visible emission are related to the defect 

emission from ZnO. It is interesting to find that, after heat treatment, the PL emission 

at the NUV region significantly increases while the defect emission at the blue-green 

region is completely quenched. This phenomenon is similar to the deduction that 

obtained from PS based nanocomposite. However, it should be mentioned that the PL 

peak in the emission of PVDF/ZnO QDs nanocomposite is significantly blue-shifted 

which indicates better quantum confinement of ZnO QDs in the PVDF matrix. It 

might be attributed to the strong interaction between Zn
2+

 on the QDs surface with 

carbon-fluorine bond which has strong polarity that totally passivated the surface of 

ZnO QDs and thus, preventing them from growing into larger particles.  

Fig. 5-4(c) shows the PL spectra of P4VP and P4VP based nanocomposite. TEM 

images show clusters consisting of several ZnO QDs formed within the 

nanocomposite. . The PL spectrum shows that the defect emission is comparable to the 

NUV emission; which is not observed in other nanocomposites. It is believed that in 

the cluster, oxygen vacancy related defect can easily form at the interface of connected 

ZnO QDs; which is similar to bare QDs without polymer surface passivation. 

Moreover, it has been known that the pyridine group could coordinate with Zn
2+

 

located on the surface of ZnO QDs.[241-244] Therefore, the strong defect emission 

might originate from the well protected oxygen vacancies related defect. Additionally, 

it should be mentioned that P4VP itself became a light emitting material after heat 

treatment and the emission spectra overlapped with ZnO emission in the 

nanocomposite.  
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Fig. 5-4(d) shows the PL spectra of PVP and PVP/ZnO QDs nanocomposite. PVP is a 

light emitting material and itself presents a broad emission spectrum with the 

excitation wavelength of 325 nm from He-Cd laser. However, the luminescent 

property of PVP changed after heat treatment. According to the black solid curve 

shown in Fig. 5-4(d), PL spectrum of heat treated PVP presents a strong and broad 

visible emission. As mentioned earlier, the transparent polymer became yellowish 

color after heat treatment, which is probably attributed to polymer degradation. The 

nanocomposite shows similar spectrum as that of pure PVP except in the NUV region 

indicated within the blue circle, which is believed to be contributed from ZnO QDs. 

However, the defect emission of ZnO totally overlaps with the strong emission from 

PVP and it is not reasonable to make further quantitative interpretation from the 

spectra.  

As shown in Fig. 5-4(d), the PL spectra of pure PVK and PVK/ZnO QDs 

nanocomposite before and after heat treatment exhibit similar spectral shape but 

different intensities. The emission range of PVK overlaps with the excitonic emission 

of ZnO at the UV region. Due to the low concentration of ZnO QDs in the 

nanocomposite, the emission from PVK dominates the whole PL intensity. Different 

from other polymers, the PL emission intensity of pure PVK is significantly quenched 

after heat treatment, shown as the black solid curve. It is probably due to the 

destruction of recombination centers at high temperature. However, it is interesting to 

find an opposite trend from observation on the nanocomposite, i.e., the PL intensity of 

nanocomposite is higher than that before heat treatment. It suggested that ZnO QDs 

increases the thermal stabilities of polymer and prevents it from extensive degradation 

at high temperature. Another explanation is that the emission of ZnO QDs became 

comparable with the heat treated PVK in the nanocomposite; thus, the whole PL 
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emission intensity is higher because of the contribution from ZnO QDs.  Energy 

transfer between PVK and ZnO QDs that occurred in the hybrid system will also  

make the interpretation of PL emission more complicated.  

In summary, the PL characterization confirmed the conversion of ZnO from zinc 

acetate in the different polymers based nanocomposites. Moreover, the PL emission of 

ZnO QDs could be easily influenced by the polymer matrices either from the polymer 

itself or from the interaction between polymer and ZnO QDs. Normalized PL spectra 

of all the polymer/ZnO QDs nanocomposites are summarized in Fig. 5-5. Except 

P4VP and PVP based nanocomposites, the rest of the four samples show strong UV 

emission but very weak visible emission due to polymer surface passivation effect that 

reduce the defect concentration on the surface of ZnO QDs. Moreover, interaction 

between functional groups, such as carbonyl (C=O) in PMMA and pyridine group in 

P4VP, with Zn
2+

 located on the surface of ZnO QDs might help to stabilize oxygen 

vacancies. Therefore, the visible emission from PMMA and P4VP based 

nanocomposites is higher than that of nanocomposite based on PS. Besides oxygen 

vacancies related visible emission, zinc interstitial (Zni), a shallow donor below CB of 

ZnO, related defect emission could also be observed in the PL emission of 

nanocomposites. However, the corresponded emission normally showed violet or 

violet-blue that overlapped with the strong NUV emission from free exciton emission 

of ZnO. Nevertheless, the mechanism of PL emission from the polymer/ZnO QDs 

nanocomposites is still unclear. Currently, more studies are required to investigate the 

interaction effect as well as the size effect. It should emphasize that the preparation 

method proposed in this study is free of impurity. The obtained nanocomposites with 

uniform size distribution are suitable for the fundamental study of interaction between 

polymers and ZnO.  
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Fig. 5-5 Normalized PL spectra of polymer/ZnO QDs nanocomposites.  

5.3.4 Characterization of Polymer/ZnO QDs Nanocomposites Light-

emitting Devices  

All the LED devices were fabricated via spin coating technique as described 

previously. However, this technique could not be performed on PVDF based 

nanocomposite due to its poor film forming capability. For PVP, the strong PL 

emission originated from the polymer overlapped with the emission of ZnO QDs. Such 

phenomenon would have confused the interpretation of results in present studies. 

Therefore, only PS, PVK and P4VP based nanocomposites were utilized for light-

emitting devices.  
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EL spectra of the light-emitting device based on PS/ZnO QDs nanocomposite is 

shown in Fig. 5-6, while the current-voltage characteristic of the device is shown in 

the top inset. The thickness of PS/ZnO QDs nanocomposite thin film that used in the 

device is about 50 nm. The turn on voltage is about 13.8 V, which is larger than the 

PMMA based LEDs. Moreover, because of the thicker emission layer used in this 

device, the LEDs could be operated under voltage as high as 20 V without break down. 

Apart from this observation, the I-V characteristic shows similar diode behavior which 

has been discussed previously about the PMMA based LEDs. As can seen in Fig. 5-6, 

the EL spectra shows strong violet-blue emission while the emission from longer 

wavelength region, i.e., orange and red, is much weaker. Compared to the EL spectra 

of LEDs based on PMMA/ZnO QDs nanocomposite, the one with PS as the matrix 

shows stronger blue shift. It agreed well with the deduction obtained from PL emission 

that the deep defect levels (mainly related to oxygen vacancies) are not apparent due to 

strong surface passivation effect. The strong violet-blue emission should be 

contributed from the recombination between electrons near CB and holes from VB of 

ZnO. A photograph of device emitting blue light is shown in the bottom inset of Fig. 

5-6.  
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Fig. 5-6 EL spectra of PS/ZnO QDs nanocomposite based LEDs with different applied bias. 

The top inset shows the current-voltage characteristic and the bottom inset presents the 

photograph of blue light emitting from the device under operation of 20 V.  

Fig. 5-7 depicts EL spectra of LEDs utilized P4VP/ZnO QDs nanocomposite 

(emission layer with thickness about 70 nm). Current-voltage characteristic of the 

LEDs shown in the top right inset of Fig. 5-7 presented similar diode behavior but 

much lower current, when comparing to the previously discussed polymers (PS and 

PMMA) based nanocomposite LEDs. EL spectra exhibited a broad emission with peak 

position within green region. Similar to PMMA based nanocomposite LEDs, oxygen 

vacancies related defect emission dominates the whole EL spectra. It is consistent with 

the deduction obtained from PL study which also indicated the visible emission is 

comparable with NUV emission. Top left inset of Fig. 5-7 presents the photograph of 

P4VP/ZnO QDs nanocomposites based LEDs with applied bias of 20 V. The light 
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emission area is not continuous, which indicates the non-uniform dispersion of ZnO 

QDs as previously observed in TEM images.  

 

Fig. 5-7 EL spectra of P4VP/ZnO QDs nanocomposite based LEDs with different applied bias. 

The top right inset shows the current-voltage characteristic and the top left inset presents the 

photograph of blue light emitting from the device under operation of 20 V.  

Fig. 5-8 shows the EL spectra of devices based on pure PVK with heat treatment and 

PVK/ZnO QDs nanocomposite operating under forward bias of 15 V. The PL study of 

PVK and the nanocomposite already showed the emission of polymer could overlap 

with emission from ZnO QDs. Due to low concentration of ZnO QDs in the 

nanocomposite, the emission of ZnO QDs could only be observed after the emission of 

PVK was significantly quenched because of thermal degradation. The EL intensity of 

nanocomposite is much higher than that of pure PVK which agreed well with the 

observation from PL study. For nanocomposite LEDs, emission from ZnO QDs is 
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indicated in the blue dash dot region. Current-voltage characteristic of corresponding 

devices is shown in top right inset. The left top and bottom insets show the 

photographs of PVK/ZnO QDs nanocomposite LED and pure PVK device, 

respectively. Both of the photographs were captured in the dark environment with 

operated voltage of 15 V; and the emission was perceived as white color.  

 

Fig. 5-8 EL spectra of pure PVK and PVK/ZnO QDs nanocomposite based LEDs under 

applied voltage of 15 V. The top right inset shows the current-voltage characteristic of pure 

PVK (black) and nanocomposite device (red). The left top and bottom insets show the 

photographs of PVK/ZnO QDs nanocomposite LED and pure PVK device, respectively.  

The primary study of electroluminescence for the PS, P4VP and PVK based 

nanocomposite LEDs agreed well with the corresponding PL study. However, much 

more effort are required to further investigate the surface modification effect on the 

device performance. Nevertheless, this part of EL study highlighted the potential of 
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EL wavelength tuning with selection of different polymer matrices based on their 

structures and functional groups. 

5.4 Conclusion  

Polymers, which are polystyrene (PS), poly(vinylidene fluoride) (PVDF), poly(9-

vinylcarbazole) (PVK), poly(vinyl pyrrolidone) (PVP), and poly(4-vinylpyridine) 

(P4VP), with different structures were utilized to modify the surface of ZnO QDs to 

control the surface defect states via ‘polymerothermal’ method. The as-prepared 

nanocomposites exhibited different optical properties due to different surface 

passivation effect on the ZnO QDs as well as the emissions originated from polymers 

themselves. For PS and PVDF based nanocomposites, UV emission from ZnO QDs 

was relatively enhanced and their visible emission was nearly disappeared. Free 

exciton emission with comparable defect emission was observed from P4VP/ZnO QDs 

nanocomposite. PL emission from PVK and PVP totally overlapped with that of ZnO; 

and added complexity for result interpretation. Light-emitting devices utilizing 

nanocomposites based on PS, P4VP and PVK were fabricated and their EL emission 

agreed well with the PL study. The preliminary study shows the EL emission can be 

slightly tuned by the selected polymers. More works are required to investigate the 

interaction mechanism involved between ZnO QDs and polymers inside the hybrid 

system.  
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6. Conclusions and Future 

Recommendations 

6.1 Conclusions 

Replacing toxic materials (Cd, Pb) based QDs in light-emitting devices by cheap and 

non-toxic oxide, such as ZnO, is very important for the further development of QD-

LEDs. Incorporating ZnO QDs into polymer matrices to modify the surface of QDs 

has attracted considerable interest, because not only the properties of polymers, but 

also that of the ZnO QDs can be improved, such as chemical and thermal stability, 

photoluminescence efficiency, etc. In the present work, ZnO QDs were incorporated 

into different polymers by a facile and chemically clean method. Characterizations of 

the as-prepared polymer/ZnO QDs nanocomposites were performed using different 

techniques to study the nanocomposite properties, especially optical properties. Light-

emitting application utilizing the nanocomposites was carried. The results presented in 

this work as well as the main contribution are summarized as follows: 

1. PMMA/ZnO QDs nanocomposite was synthesized via a new and facile method 

that thermal decomposing zinc precursor into ZnO QDs in the presence of 

polymer. The low cost and one-step synthetic method could produce ZnO QDs 

with average size of 4 nm that are homogenously dispersed in PMMA matrix. 

PL of as-prepared nanocomposite exhibited strong NUV emission but very 

weak visible emission. The deconvolution of PL spectrum indicated three 
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emission bands: NUV, violet, and blue bands.. The violet emission was 

assigned to radiative transition between electrons from Zni with holes at VB of 

ZnO, while the blue emission was related to deep defect levels (VO
++

). It 

should be emphasized that the impurity free method, described as 

‘polymerothermal’ method, avoided the effect of Li
+
 and the side-products on 

the properties of ZnO QDs and the nanocomposites; which is very suitable for 

fundamental studies.  

2. Light-emitting devices (LEDs) with PMMA/ZnO QDs nanocomposite as the 

emission layer was realized via low-cost spin coating technique and, to the best 

of our knowledge, such kind of devices was never reported. LEDs with single 

nanocomposite layer exhibited inversion symmetric behavior on current-

voltage characteristics. This means that the LEDs showed diode characteristic 

when a bias voltage was applied to the devices, regardless of its direction. EL 

characterization of the devices showed broad emission but very low intensity. 

By introducing a conductive polymer, PEDOT:PSS, as the hole injection layer 

(HIL) between ITO and the luminescent nanocomposite layer, the device 

performance could be improved significantly as lower turn on voltage, but 

higher EL intensity was achieved in the double layer LEDs. In addition, both 

LEDs exhibited similar EL spectra that covered the whole visible region and 

the light emission from both devices was observed as white color. Analysis of 

the deconvoluted EL bands revealed that the visible emission related defect 

energy levels matched well with the deduction obtained from PL study.  

3. Extending from the nanocomposites with PMMA, other representative 

polymers, including PS, PVDF, PVK, PVP, and P4VP, were utilized to modify 

the surface of ZnO QDs and control the surface defect states. Due to different 
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surface passivation effect on the ZnO QDs as well as the intrinsic properties of 

polymers, the as-prepared nanocomposites exhibited different optical 

properties. For nanocomposites based on PS and PVDF, NUV emission 

combining band edge and near band edge emission of ZnO was relatively 

enhanced but their visible emission was completely quenched. However, for 

P4VP/ZnO QDs nanocomposite, the visible emission found in PL spectrum 

was comparable to the NUV emission. In the case of PVK and PVP, PL 

emission from the polymers totally overlapped with ZnO emission and thus, it 

was not reasonable to further quantitatively interpret the spectra. Nevertheless, 

PS, P4VP and PVK based nanocomposites were further utilized for light-

emitting devices and their EL emission suggested potentially tunable defect 

emission wavelength.  

6.2 Future Recommendations 

The proposed future works here is meant to be concise and could not be exhaustive. 

The work presented in this thesis involves a facile polymerothermal method towards 

the synthesis of polymer/ZnO QDs nanocomposites. Moreover, enriched 

understanding of the optical properties of polymer/QDs nanocomposites have been 

gained. However, the research of nanocomposites should not be restricted to ZnO. 

Meanwhile, there is still plenty of room for improvement of the light-emitting device 

performance.  

1. To better understand the interaction between polymers and oxides 

Luminescent properties of nanocomposites utilizing ZnO QDs embedded in 

different polymer matrices have been discussed in the present work. However, 
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the size of QDs is also a key factor that influences the luminescent properties. 

More details are still required for understanding the effect of interaction 

between polymers and oxides on the size of ZnO QDs formed via 

polymerothermal method. Experimental study concerning the quantum dots 

size effect should be carried out using methodologies similar ours; however, 

additional data on FTIR and XPS should be collected. Besides ZnO QDs, other 

oxides, such as Al2O3, SnO2 and TiO2, can also be studied for further 

understanding the passivation effect on the surface of nanoparticles.  

2. To improve performance of LED devices  

As mentioned in the main text, the external quantum efficiency of studied 

LEDs is relatively low due to nonequilibrium carrier injection. The main issues 

are the low efficiency of hole injection from anode and leakage of holes from 

emission layer to cathode. It can be improved by introducing hole block layer 

(HBL) with lower HOMO, such as SnO2. The band gap of SnO2 is about 3.6 

eV with LUMO of 4.7 eV and HOMO of 8.3 eV. The HOMO of SnO2 is 0.6 

eV lower than that of ZnO, which can effectively confine the holes in ZnO 

emission layer. At the same time, SnO2 is a naturally n-type semiconductor 

which will not affect the electron injection. Alternatively, the efficiency can 

also be improved by introducing polymer matrices with lower HOMO. By 

doing so, not only the efficiency can be improved, but also the turn-on voltage 

of the devices can be reduced. 

3. To explore other applications 

Charge trapping effect in the polymer/ZnO QDs nanocomposite LEDs can be 

further studied through analyzing the I-V characteristics . Such kind of 

nanocomposite layer can potentially be used in the memory devices. In fact, 
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similar bistable devices have been studied using thick PMMA/ZnO QDs 

nanocomposite.[233, 234] Moreover, the trapping effect can be realized not 

only electrically but also via optical pumping. It should be very interesting to 

investigate such kind of optical programmable memory applications.  
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Appendices 

Appendix – I: TGA Analysis of Zinc Acetate 

Dehydrate 

In order to explain the reaction mechanism, TGA analysis for a sample of pure zinc 

acetate dehydrate was done with air flow rate of 60 sccm and heating rate of 8 
o
C / min. 

The typical weight loss vs. temperature curve is shown in Fig. A1.  

 

Fig. A-1 TGA analysis of pure zinc acetate dehydrate.  

The process starts with the thermal dehydration process and the weight loss is 

approximately 16 % which corresponding to the water molecule in the precursor. The 

thermal decomposition process of zinc acetate causes a weight loss of 51.3 % from 
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150 
o
C to 295 

o
C. The calculated theoretical value for weight loss is about 46.7 %. The 

4.6 wt.% difference might be caused by the sublimation of zinc compounds. As shown 

in Fig. A1, the thermal decomposition process starts at about 160 
o
C with very low 

processing rate. When the temperature reaches to 200 
o
C, the decomposition process 

begins to accelerate and the temperature of this value is still moderate for most of 

polymers.  

The mechanism of thermal decomposition process for zinc acetate dehydrate is 

suggested by the following chemical reactions: [1, 2] 

                
    
                     

                 
    
                           

                  
    
                  

             
    
                         

When the temperature increases to approximately 200 
o
C, gaseous products such as 

acetic acid, carbon dioxide and acetone begin to form and evaporate. Khan et al.[3] 

proposed that an intermediate product,              , was involved in the whole 

process. Acetic acid is formed by the reaction between the zinc compounds, 

             , and water molecule from air; while the carbon dioxide and acetone 

was produced by the decomposition of              .  
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Appendix – II: Synthesis of referential ZnO 

QDs 

The referential ZnO QDs were synthesized via sol-gel method. The preparation 

procedure firstly reported by Spanhel and Anderson, which was also widely used by 

other groups, was used in our studies.[4-6] A few modifications were made in our 

synthesis. In the typical procedures, 1.10 g (5 mmol) Zn(Ac)2
.
2H2O was dissolved in 

100 ml of methanol to form a solution with concentration of 0.05 mol
.
L

-1
, while 0.21 g 

(5 mmol) LiOH
.
H2O was also dissolved in 100 ml of methanol. Both of the solutions 

were underwent ultra-sonication for 10 mins to 30 mins to make sure all the solutes 

were dissolved in the solvent and then, cooled to 0 
o
C in the ice water bath. After that, 

solution contains LiOH
.
H2O was rapidly added into the solution of Zn(Ac)2

.
2H2O 

under vigorous stirring at room temperature. The mixture of solutions was transparent 

at the beginning and slowly turned to be milk-like as increasing the reaction time. 

After stirring for 2 h at room temperature, ZnO precipitate was obtained from the 

milk-like ZnO sol via centrifuging at 8000 RPM for 10 mins. The transparent 

supernatant was removed and the ZnO precipitate was redispersed in methanol. The 

wash procedure was repeated twice. The final precipitate was redispersed in methanol 

with desired concentration and stored in sealed bottle at room temperature.  
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Appendix – III: CIE Characteristics 

The color of EL emission can be transformed into the chromaticity coordinates of x 

and y which are defined by the International 1931 Convention on Illumination 

(Commission Internationale de l’Eclairage, CIE). The transformation can be done 

through the following procedures: 

Firstly, the tristimulus values X, Y and Z are calculated from the spectral power 

distribution of EL emission (      ) and the standard color-matching functions 

                      (Fig. A2) by 
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Fig. A-2 Standard observer color-matching functions.  

The tristimulus values are the relative amounts of those three standard color-matching 

functions and the values are adopted to describe the perception of the emission color 

that observed by a standard human eye. By normalizing the tristimulus values, the CIE 

chromaticity coordinates, x and y, can be obtained as follows: 

  
 

     
 

  
 

     
 

The CIE chromaticity diagram shown in Fig. 4-6 or Fig. 4-8 can be defined by using x 

and y as coordinates. The outer curved boundary represents the spectral (or 

monochromatic) color, while the inner part of the diagram is corresponding to the 

mixture of different colors. Specially, the standard white color with chromaticity 

coordinates of x=0.333 and y=0.333 corresponds the point in the middle of the 

diagram (also shown in Fig. 4-6 and Fig. 4-8). 
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