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separates the synthesis process into two processes, which include synthesizing each 

organometallic precursor and rapid mixing two precursors with rapid injection in the hot 

reaction temperature. Nucleation and subsequent growth in time were achieved by 

reaction time and quenching of the reaction mixture. Quenching (or rapid cooling) of the 

mixed solution is known to prevent Ostwald ripening during growth, which is a critical 

factor in achieving a narrow size distribution. Following synthesis, QDs are precipitated 

from the growth solution and recast into a suitable solvent. Prior to their use in devices, 

they are usually precipitated and re-dissolved several times in order to eliminate excess 

ligands from the solution. Using hot-injection synthesis methods, it was possible to obtain 

monodisperse CQDs of a variety of materials with 5–10% standard deviation without 

post-preparative size fractionation.[74]  

 

The high-temperature organometallic method and high-injection method has led to a 

dramatic increase in the number of groups to synthesize and investigate many II–VI 

semiconductor CQD systems. Following advances have been made in chemically 

synthesized CQDs with IV–VI, and III–V semiconductors. Each of these classes of 

materials has now been synthesized with narrow size distributions. Synthesis of IV–VI 

CQDs was realized by Murray and coworkers with the preparation of nanocrystalline 

PbSe in size from 3 to 15 nm. [75] Further approaches were explored by chemical 

modifications, where various Pb precursors, including PbO and PbCl2, or Se precursors 

such as Se powder and trioctylphosphine selenide, as well as an array of solvent systems, 

including the non-coordinating octadecene, were employed. [76]  Additionally, in 2003, 

the synthesis of PbS CQDs by the hot-injection method was first reported by Hines and 
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Scholes using the reaction of lead oleate and bistrimethylsilyl sulfide in octadecene. [77] 

Subsequent studies have also used PbO as the Pb source, and bistrimethylsilyl sulfide in 

trioctylphosphine, S in octadecene, or S in oleylamine as the S source. [78] After Hines 

made high luminescent CQDs. A major step toward the preparation of stable and highly 

luminescent CQDs was taken by Hines and Guyot-Sionnest, who passivated the surface 

using an inorganic wider-bandgap semiconductor capping shell. [79] In this thesis, we 

followed the last method which Hines introduced, which is using PbO and 

bistrimethylsilyl sulfide in octadecene solutions. 

Uniform and less dispersed sizes of CQD is essential to produce a closely-packed, high 

quality CQD device. Chemically derived CQD with a uniform solution is crucial for 

systematic characterization of the structural, electronic, and optical properties of 

materials when it is fabricated as a thin film or self-patterned structure. The high 

temperature organometallic method with rapid injection opens a great pathway to the 

uniform, inexpensive and less dispersed CQD synthesis. Using colloidal method as 

explained, CQD has shown many interesting characteristics when it was made as a 

conventional condensed matter device, without losing its nano-size and nanophotonic 

properties.  

 

 

3.3 Properties of PbS CQD 

 

Lead chalcogenide QDs is promising to expand the current absorption spectrum to near 

infrared region of the solar spectrum, due to its considerably lower bulk band gap. PbSe 
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QDs have bandgap tunable from 1.1 eV (QD diameter ~4nm) to 0.4 eV (QD diameter 

16nm), [77] and PbS also can be tuned similarly (bulk PbS bandgap is 0.37 – 0.41 eV). In 

addition, this infrared QDs also strongly absorbs solar photons of higher energy (larger 

absorption coefficient at higher photon energy). 

 

Solar cells based on a Schottky barrier formed at the interface of the PbS or PbSe QD 

films and a metal cathode have been reported, [9, 80-82] with PCEs of up to 2.1% under 

1 sun AM1.5G test conditions. In these devices, it is suggested that photocurrent is 

generated by field-assisted charge separation in the depletion region. PbS has shown 

great performance with Schottky barrier photonic barrier. In addition, PbS QDs have 

generated strong research interest due to the discovery of multiple exciton generations 

(MEG) that possibly could boost quantum dots solar cell efficiency. [83] 

Of particular interest to this work is the prospect of tunable absorption across near and 

shortwave infrared wavelengths. In this section, the synthesis and basic optical 

characteristics of nanocrystal QDs are reviewed.  

 

3.3.1 Material Properties of PbS CQD 

Size affects to various properties of QDs. QDs size can be controlled using reaction 

temperature and reaction time by quenching the reactive solution to the room temperature 

when the desired QD size is reached. QD size can be monitored by measuring the 

absorption spectra of an aqueous solution taken from the synthesized colloid. TEM 

images are also normally used for the successful size and crystallization control. For the 

crystallization of the QDs, XRD is usually used. According to the high-resolution TEM, 
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we can also observe the atomic structure and the distance between the atom layers to 

confirm the crystallization of the QDs. Fourier transform infrared spectroscopy (FTIR) 

spectra, Energy-dispersive X-ray spectroscopy (EDX) and X-ray photo-electron 

spectroscopy (XPS) analysis can be used for ligand analysis. 

 

3.3.2 Optical Properties of PbS CQD 

The quantum confinement effect increases the optical transition energy over that of 

the bulk material. This, in turn, enables the absorption band-edge to be precisely tuned to 

shorter wavelengths by reducing QD size. In the case of PbS (Eg  ~ 0.4 eV) and PbSe 

QDs (Eg ~ 0.3 eV), spectral absorption can be tuned to shortwave infrared wavelengths. 

The absorption spectra for PbSe QDs is a range of core diameters ias shown in Figure 3. 

7. The ease of spectral tunability combined with access to near-infrared and shortwave-

infrared wavelengths make PbS and PbSe CQDs an attractive material for optoelectronic 

device applications. In particular, QDs make an excellent matching with various 

materials, such as semiconductor, oxide, and organic materials.  

One can see discrete states in the absorbance though they are clearly inhomogeneously 

broadened. The lowest energy level is clearly seen and it is labeled as the first exciton 

peak. The first exciton peak is the transition from the unexcited state of the 

semiconductor to having one exciton in the lowest electron state. In this thesis, the plots 

in later chapters denote PbS quantum dots with 950 nm absorbance, which implies that 

the quantum dots have its first exciton peak at 950 nm.  
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Figure 3. 7 Absorption spectra of PbSe QDs as a function of nanocrystal diameter. 

Reproduced with permission from ref  [84]. Copyright © 2003 WILEY-VCH Verlag 

GmbH & Co. KGaA, Weinheim. 

 

3.3.3 Pb-Chalcogenide QDs for Photovoltaics  

Bandgap tunability and favorable electronic properties make PbS QDs attractive for a 

diverse range of optoelectronic device applications. [81, 85, 86] In this thesis, we focused 

on the development of PbS CQD photovoltaic devices, which have seen particularly rapid 

progress as a potential material to surpass the Shockley-Queisser single-junction limits.  

PV efficiency from QDs can be maximized considering a few factors, including 

Schottky junction, bandgap engineering and surface treatment. 
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A. Schottky Junction 

Contacting PbS CQD films with metal electrodes, whether resulting in ohmic or 

Schottky character, plays a crucial role in the operation of electronic and optoelectronic 

devices. Charge transfer depends on the relationship between the alignments of the work 

function of the metal electrode with the energy levels in the PbS film. Forming a well-

controlled Schottky contact to CQD films produces rectifying characteristics, rendering 

the system suitable for using as a photodiode and for photovoltaic energy conversion 

applications. [87] The extraction efficiency of photogenerated non-equilibrium carriers 

from the PbS CQD solid plays a key role in determining the performance of a solar cell.  

The discrete nature of the electronic levels in PbS CQDs, which vary with size and 

surface chemistry, results in a size- and material- dependent optical characteristics. Au 

contacts can readily inject or extract holes into/from PbS CQDs larger than ~ 6 nm in 

diameter, whereas a potential barrier forms at the interface with smaller PbS CQDs. [88]  

 

B. Bandgap Engineering 

In order to increase the energy harvested from the broad sun spectrum, QD size tuning 

(funneling) and heterojunction solar cells are tried from a combination of CQDs of 

differing sizes and thus bandgaps. [89] PbS shows a great tenability in its absorption in 

near IR spectrum due to its low energy bandgap. However, the low energy bandgap 

causes the small open circuit voltage problem and resulting in low power conversion 

efficiency.  
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C. Surface Treatment 

Colloidal synthesized QDs are generally capped by organic ligands that employ 

long chains (Oleic Acid in this thesis) to ensure their solubility. These insulating organic 

barriers between CQDs prevent efficient carrier transport from QD to the electrode when 

it is fabricated as a device. Therefore, much attention has been devoted to the 

development of new ligand strategies that minimize the insulating effect from organic 

chains. One of the brilliant research was performed by Tang et al., and they showed the 

1,2-ethandithiol (ETD) as a great passivating material as a post treatment. They report the 

first inorganic ligand-passivated CQD photovoltaics, achieving 6% solar power-

conversion efficiency. [90] We also used the EDT as a post passivation material in this 

thesis. 

Sargent group at University of Toronto studied the nature of long-living traps in PbS 

QDs and the effect of surface sites on the response time of PbS detectors. [80, 91] The 

treatment of QD films with different molecules can control the surface states and 

consequently response time. They fabricated a device with efficiency around 1.8%. 

There has been much progress in improving the power conversion efficiency (PCE) of 

nanostructured solar cells in the visible light region with reported efficiencies reaching 

6 %, [90] 7.0% with in-organic ligand exchange, [92] and even 8.85 % with band 

alignment with a semiconductor layer and ligand exchanging. [60] Among the QD 

materials, PbS and PbSe QDs possess excellent photosensitivity in the near-infrared 

spectrum. Semiconductor PbS with a bulk bandgap of 0.41 eV offer excellent size 

tunability across the near IR region and can be synthesized with an inexpensive and 

soluble process. We report here the synthesis of size-tunable PbS colloidal QDs. PbS 
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offer strong optical absorption due to the direct band gap. PbS also offers a great potential 

possibility to high efficiency via optimal utilization of the sun's broad spectrum and 

capacity to be band-gap-tuned to spectral positions optimal for efficient visible and 

infrared harvesting ensures that there exist no fundamental obstacles to achieving 

compelling high solar power conversion efficiencies. 

 

The dots used in this thesis are grown by the injection of organometallic reagents into 

a hot coordinating solvent. The PbS QDs span their spectrum to the near-infrared which 

is very useful for photovoltaic and photosensitive devices. In this work the PbS QDs 

without a cap are used, which is strongly confined. 

Solar cells based on a Schottky barrier formed at the interface of the PbS or PbSe QD 

films and a metal cathode have been reported by Luther et al., with PCEs of up to 2.1% 

under 1 sun AM1.5 test conditions. [9] In these devices, it is suggested that photocurrent 

is generated by field-assisted charge separation in the depletion region. One limitation of 

Schottky-based solar cells is the open-circuit voltage (Voc) which is an important factor 

that directly affects the PCE. A heterojunction solar cell incorporating an electron-

transporting/hole-blocking layer between the QDs and the metal cathode could 

potentially allow for a higher Voc. Still there is a challenge in realizing such a device with 

the current mechanism of the device. So we proposed a novel mechanism of a 

ferroelectric domain wall effect and implemented to the PbS-PZT photovoltaic device 

and showed higher Voc.   

To overcome the efficiency limitation of QD device, we proposed a novel mechanism 

for next generation solar cells. CQD uses Schottky or ohmic junction structure for PV 



60 
 

 

devices. If we can use bulk area carrier transportation mechanism which is observed at 

ferroelectric materials, new mechanism can be proposed with hybrid structure. Further 

more, we suggested that spontaneous polarization can improve the carrier transportation 

or hinder the transportation according to the polarization directions. CQD also can 

improve poor ferroelectric bulk DC conduction. Ferroelectrics are basically insulators as 

it has poor bulk carrier transportation and poor solar spectrum absorption by wider 

energy band gap. If CQD and nano-sized ferroelectric particle are mixed with device 

architecture engineering, there is a great possibility of improving solar efficiency. 
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Chapter 4. Synthesis and Fabrication of PZT NPs 
and PbS QDs 
 

 

Overview 
 
     Great efforts have been exerted on the synthesis and fabrication of ferroelectric 

perovskite oxides with the development of thin film deposition techniques. Ferroelectric 

materials can be prepared by various methods. [22, 31, 34, 39, 93-97] There are chemical 

methods, such as hydrothermal methods, chemical solution deposition, sol–gel process, 

and physical methods such as the vacuum deposition method, pulsed laser deposition, 

sputtering. [16, 98] In a big group, it is normally categorized into a physical and chemical 

method. 

      

A. Physical Method: 

     There are several vacuum deposition techniques, which have been proved that this 

technique can obtain precise composition control and also been widely utilized for the 

deposition of high quality ferroelectric thin films, such as molecular beam epitaxy 

(MBE), pulsed laser deposition (PLD), metal-organic chemical vapor deposition 

(MOCVD) and sputtering. [31, 44, 94, 99, 100] 

     Those physical deposition technologies have advantages in their relatively simple 

operation, good composition control and capable epitaxial growth of ferroelectric 

materials. However, it requires bulky and expensive machines, and it is not so compatible 

with suspension nanoparticles. 
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B. Chemical Method: 

     However, the chemical processing method such as hydrothermal or sol-gel methods 

provides suitable properties such as solubility or volatility, control of stoichiometry for 

multi-metallic arrays with inexpensive fabrication costs. Among those, the sol–gel 

method is known to produce materials from solutions either in bulk, coating films, fibers 

or powders, porous materials, ceramics, organic–inorganic hybrids and nanocomposites. 

The sol-gel method also can achieve the good quality with low-temperature processing. 

The significance of the sol–gel method consists in easy-to-modify of processing and 

creation of novel materials. [16, 101] 

 

     This chapter presents a brief overview of the general chemistry of the QDs and sol-gel 

method as well as its use in the fabrication of thin films. Improvements in the properties 

of 2-methoxyethanol based sol-gel films and its application of nanoparticles through 

modification of the precursor chemistry are described as well. Their use in the fabrication 

of thin films will be explained in the following sections.  

 

4.1 Fabrication Techniques 

 

   In early studies of PZT thin films, physical vapor deposition (PVD) techniques were 

used to prepare the films. These included RF magnetron sputtering using a bulk PZT 

target, and reactive RF sputtering of a metal target [34]. Laser ablation [99] and chemical 

vapor deposition (CVD) also have been utilized to prepare these films. [14] 



63 
 

 

   RF magnetron sputtering is the deposition technique which uses the plasma energy to 

deposit a thin film on the substrate from the stoichiometric ceramic target. For example, 

PZT thin films on various substrates are deposited from a PZT ceramic target giving 4W 

power at 20 - 250 °C substrate temperature, at Zhenxing Bi et al.’s study. [102] 

 

 

Figure 4.1 Schematic diagram of a typical laser deposition set-up. 

 

   Pulsed laser deposition (PLD) is the method that thin films are prepared by the 

ablation of one or more targets illuminated by a focused pulsed-laser beam. Smith and 

Turner were the first people to use this technique in 1965 for the preparation of 

semiconductors and dielectric thin films using a ruby laser. [103] PLD was established 

due to the work of Dijkkamp et al. [104] on high-temperature superconductors in 1987. 

Their work showed the principle of PLD, which is the stoichiometry transfer between the 

target and deposited film and high deposition rates of about 0.1 nm per pulse. Since the 

work of Dijkkamp et al., this deposition technique has been intensively attracted for all 

kinds of oxides, nitrides, or carbides, and also for preparing metallic systems and even 
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polymers or fullerenes. A typical set-up for PLD is schematically shown in Figure 4. 1. In 

an ultrahigh vacuum (UHV), chamber, elementary or alloy targets are struck at an angle 

of 45° by a pulsed and focused laser beam. The atoms and ions ablated from the targets 

are deposited on substrates during the operation. Mostly, the substrates are attached on 

the surface parallel to the target surface at a target-to-substrate distance of typically 2 -10 

cm. [99] 

 PLD has advantages in the viewpoint that there is little difference in the composition 

between the target material and the deposited film, and that it is possible to crystallize the 

films at relatively low substrate temperatures. This is because atoms ejected from the 

target has a relatively high energy compared with that of thermal evaporation. And even 

materials with a high melting point can be easily deposited if the materials strongly 

absorb the laser light. This is both versatile and expensive technology, resulting it being 

used mainly for research, not on an industrial level. 

   Metal-organic chemical vapor deposition (MOCVD) is a popular thermodynamic 

technology used in a semiconductor process. MOCVD uses ultra-pure gasses injected 

into a reactor and finely deposits a very thin layer of atoms onto substrates with a high 

temperature. It has an advantage of high flexibility for deposition from semiconductors, 

metals to dielectrics. [105] However it is highly toxic, a source material is very 

expensive, and environmental disposal costs are high. Normally in a semiconductor 

factory where MOCVD equipped, it needs huge facilities of scrubber and disposal lines, 

which adds to the increasing cost. Figure 4.2 shows the principle of an MOCVD process. 
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Figure 4. 2 Schematic diagram of MOCVD principle for PZT thin films. 

 

     MOCVD process has a few steps. First, the chemicals are vaporized and transported 

into the reactor with other gasses. Then, the critical chemical gas-phase-reaction takes 

place. And it turns the chemicals into the desired crystal on the substrate. Second, on the 

attached molecule crystal, the same structure of the molecules stack up and this is called 

epitaxy, of which the name comes from the Greek meaning “arrangement” or “order”. 

This accumulated layer will form thin films. During the process, desorption will also 

occur, but if the absorption rate is higher than desorption, the thin film will grow. 

     Physical techniques such as sputtering, MOCVD and PLD was used for PZT thin film 

fabrications. [31, 34, 41, 100, 106] These techniques formed high-quality PZT thin films, 

such as epitaxial growth, layer by layer stacks on the substrates. However this is 

expensive and does not have much room to change the method, so it is less interesting for 

soluble nanocomposites fabrications. 
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4.2 Sol-gel Method 

 

   Among the chemical method, the sol-gel method has been widely studied[16]. The 

sol–gel technology has specially developed within the last two decades. Considering the 

micro- or nano- structures, the sol–gel method can be applied from porous materials, 

dense materials such as glasses and ceramics to nano-composites. It is also known that 

this method enables solution based and low-temperature processing, which has 

advantages of low prices, less substrate damage and the fact that it is easy-to-handle. The 

sol–gel method is good candidate solution process which can be applied for bulk 

heterojunction (BHJ) devices using colloidal based material or organic based material. 

[16] We consider sol-gel is the most applicable to nano-composite with a feasible 

process. So, this section will explain a brief overview of the general chemistry of sol-gels, 

the types of PZT sol-gels, and their synthesizing processes. 

 

     Metal Alkoxide is one of the popular methods to make sol-gel precursors because it can be 

transferred easily to non-organic materials, and it is easy to fabricate. Furthermore, it has less 

toxicity and easily melts in the solution with alcohol ligands. An alkoxide consists of an 

organic group bonded to a negatively charged oxygen atom. They can be written as RO−, 

where R denotes an organic substance or alkyl radical (such as methyl (CH,), ethyl 

(CH2CH,) or others). Likewise, metal alkoxide can be written as M(OR)n where M (Metal) is 

combining with one or more of R (alkyl group) with the help of oxygen. The formula is as 

below for sol-gel process. Here ‘n’ denotes valence number. 

 

MXn + nROH    M(OR)n + nXH      (4.1) 
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     The first step is to make alkoxide. When the covalent halogen compound which is MXn 

reacts with alcohol, alkoxide with a stronger covalent force will be made. This process 

normally occurs when metal or non-organic material is mixed in the organic solution with a 

certain reaction temperature. Normally a few different metals attend the process of alkoxide 

to make a complex compound material. This alkoxide state is also called ‘sol’ which is a 

uniform mixture of solution. 

     The next step is hydrolysis. Hydrolysis mechanism will make alkoxide to gel and the 

formula is as below. The gel is the state of being linked together to make a wide connection 

between alkoxides. Metal alkoxide hydrolysis makes one or more alkoxy group to a hydroxyl 

group. At this time, alcohol will be generated as a reaction product. The hydrolysis consists 

of replacing one OR group on the alkoxide with a hydroxyl ion (OH), releasing an alcohol 

molecule in the process.  

 

M(OR)n + nH2O    M(OH)n + nROH      (4.2) 

 

     Most of the alkoxy will form hydroxide or hydrated oxide easily when it gets in contact 

with water. Oxide materials will, therefore, be condensed to hydroxyl group as shown below.  

 

2M(OH)n    2MOn/2  +   nH2O      (4.3) 

 

     Throughout the process (4.1), (4.2) and (4.3), 2M(OH)n  will be formed as a final product 

with 2MOn/2 and nH2O being produced last. 2M(OH)n also written as M-O-M denotation. 
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   By definition, condensation releases either alcohol or water, depending on the initial 

compounds. We can say that condensation is the reverse reaction of hydrolysis. If hydrolysis 

and condensation reactions of the metal alkoxide exceed the level, macro-molecules 

containing many M-O-M segments will form and depending on the reaction speed (normally 

by reaction temperature), form precipitates or extend throughout the solution which will 

eventually become a highly viscous or solid gel. These reactions can take anywhere from the 

duration of < 1 second to weeks. 

 

 

 

 

Figure 4. 3 General schematic diagram of sol-gel formation and the resulting material 

and the devices in this thesis. 

 

     The hydrolysis and condensation reactions are a reversible process. The speed of the 

reaction depends on the concentration of the initial compounds as well as the reaction 
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temperature. If the hydrolysis and condensation reaction reaches equilibrium with its reverse 

reaction, the solution will never be the gel in a sealed container. We call it as a stable sol 

solution in this paper. By varying the amount of water or alcohol, it is possible to control the 

speed of each reaction and shift the equilibrium in either direction. More importantly, it is 

possible to ‘stop’ the hydrolysis/condensation reaction in the solution and make a stable sol 

solution in the sealed container. ‘Stop’ in the sentence above means to inhibit the reaction 

because the solution is easily changed to gel by the humidity from the outside of the 

containers or in a room environment. If one were to add water to a stable sol, this would 

increase the speed of the forward reactions, and would shift the equilibrium toward 

hydrolysis. If enough water is added to the solution, the sol-gel solution will become a gel. 

This gelation is actually desirable for the fabrication of thin film spin coating, but we think 

that gelation is not good for nanoparticle synthesis. Because theoretically gelation will make 

a big chunk of the link between metal alkoxide as shown in Figure 4.3. 

     There are various processes and chemicals for sol-gel methods. In this research, we tried 

two major sol-gel methods which are acetic acid based sol-gel and 2-methoxyethanol based 

sol-gel. 

 

A. Acetic Acid Based Sol-Gel: 

     The first approach was an acetic acid based system of which we referred the synthesis 

method from Chao Liu et al. [107] In this method ferroelectric PZT precursor liquid was 

prepared. The basis of the acetic acid sol-gel rests with the property of an acetic acid to slow 

the hydrolysis and condensation reactions of transition metal alkoxides by forming more 

stable metal alkoxo-acetylates [101]. The original solution is prepared by dissolving lead 

acetate trihydrate [Pb(C2H3O2)2-3H2O] in acetic acid [CHCOOH]. And the solution usually 

refluxed overnight. Then 50% - 90% of the acetic acid was distilled to minimize the amount 
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of water in this Pb starting reagent. The zirconium propoxide [Zr(O(CH)CH)] (70 wt% in 

propanol) and the titanium isopropoxide [Ti((CH)CHO)4] were then added to the acetic acid 

and lead acetate. To prevent the humidity from outside, all the process was proceeded in the 

inert flask with Ar gas. Slightly higher lead concentration (normally 10% higher) was 

intended to compensate the loss of Pb in the subsequent thermal treatment. The solution was 

stirred at 50 °C overnight to reach a transparent form. For a trial of the nanoparticle, 

ammonia was slowly added with Ar gas to bubble through this mixture solution, pH of this 

solution was increased to allow the nanoparticulate precursor to grow slowly. While this 

acetic acid method was believed to be a comparably stable and well controlled reaction, still 

there are the difficulties of PH, humidity control and a drawback in its long reaction time.  

 

B. 2-methoxyethanol Based Sol-Gel: 

     A second sol-gel process is based on the solvent 2-methoxyethanol. In this method, a 

ferroelectric PZT precursor liquid was prepared and consecutive PZT nanoparticles were 

fabricated by inert gas annealing and ultra-sonication processes. The ratio of Zr : Ti = 53% : 

47% was chosen from the ratio which would show the best ferroelectric properties. [25, 32] 

The precursor materials were lead acetate trihydrate, zirconium propoxide and titanium 

isopropoxide. These precursors were dissolved into 2-methoxyethanol. A typical synthesis 

was started with dissolving 0.4M of lead acetate trihydrate (Pb(CH3COO)2-3H2O; 99.5%, 

SigmaAldrich, USA) in 2-methoxyethanol at 80 °C for 2 hours. We weighed 0.4M of lead 

acetate and added 10% more to recover the evaporation loss. [108] Before dissolving in the 

2-methoxyethanol solution, lead acetate powder was weighed and dried at 125 °C for 1 hour 

to remove the water from the acetate. 2-methoxyethanol was injected with a syringe into a 

vacuumed flask. Magnetic stirring was used for 30 min to get a uniform solution. 
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     After lead acetate was dissolved into the solution, 0.4 M titanium isopropoxide 

(Ti[OCH(CH3)2]4 ; Aldrich, USA) was added to the lead-dissolved solution. In order to 

make sure that all titanium and the lead solution was well mixed, the mixture was stirred 

vigorously. When all the lead and titanium were dissolved in the 2-methoxy ethanol, then 

only a transparent solution remained. This transparent liquid was the lead titanate precursor 

solution. Using the same method, 0.4 M of zirconium propoxide (Zr(OCH2CH2CH3)4, 70 

wt. % ;Aldrich, USA) was mixed into the lead titanate precursor solution. The solution was 

stirred at 80 °C until it turned into a transparent and uniform solution. This PZT precursor 

solution was a morphological mixture of each Pb, Zr and Ti material.  

     As for the hydrolysis and catalyst, deionized (DI) water and nitric acid (HNO3) was added 

to the PZT solution in the following manner. After preparing 1:1.5 of the molar ratio for PZT 

and DI water for hydrolysis, nitric acid was added into this PZT solution. The solution was 

prepared by adding ethylene glycol to produce PZT thin film devices with higher viscosity. 

Any additives such as DI water, nitric acid or ethylene glycol was not added to the main 

colloidal solution when we make PZT nanoparticles, because it was considered not helpful to 

the formation of nano-sized particles with the complex linked gel solution. 

     The 2-methoxyethanol reacts with the metal alkoxides to act effectively as a multi-ligand 

agent which prevents the complete hydrolysis of the metal alkoxides with the addition of 

water. For this method, it is comparably easy to control the hydrolysis and condensation 

reactions. So we put in more focus on the 2-methoxyethanol based sol-gel method. In this 

thesis, all the PZT thin film made from a sol-gel spin coating or PZT nanoparticle devices 

was made by 2-methoxyethanol based sol-gel method. 
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Figure 4. 4 Spin coating method.  

 

 

     The advantage of spin coating is the level of control it provides since the thickness of the 

layers can be controlled by adjusting the spinning speed and duration, without having to 

change the solution. In this research, synthesized PZT sol-gel solution was spin coated on 

CTO such as ITO and FTO substrates. Spin coating speed for PZT sol-gel was 3500 rpm for 

30sec at one-time coating. The coated device was annealed at 600 °C and spin coated again 

to increase sufficient thickness of the film.  
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4.3.2 Thermal Processing 

After spin coating and drying the PZT sol on the substrate, a high-temperature thermal 

treatment is required for crystallization. After drying the film, the amorphous metal-organic 

gel should convert to an amorphous layer of inorganic metal oxide compounds. In this stage, 

still amounts of organic carbon might be left in the film which will inhibit the proper 

crystallization of the film during the annealing.  

     The method of thermal processing is important. The film need to be annealed at 500 °C– 

700 °C for crystallization for PZT. While the film is cooling down back to room temperature, 

perovskite PZT structure is formed.  So, several times spin coating the PZT thin film device 

was annealed at air atmosphere at 580 °C or 600 °C for 30 min. And the film devices were 

cooling down naturally down to room temperature in the furnace. When PZT film is baked at 

the high temperatures, normally 580 °C or 600 °C, the PZT layer will melt down and will 

become crystallized when the temperature is going down. When we quench the PZT thin film 

at a temperature of 400 °C or above, the film was not crystallized well. 

   One more important factor in this thermal process is the substrate. ITO knew that endures 

up to 300 °C, below glass up to 400 °C while PZT needs over 500 °C for crystallization. 

However, we successfully fabricate PZT thin film device with ITO and FTO (F:SnO2). FTO 

is generally known that it is more stable and will not degrade when it is annealed at high 

temperature compared to ITO or ZnO substrates and showed high crystallization. [109] 
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Figure 4. 5  Cross section of the ferroelectric PZT capacitor 

 

     Figure 4.5 depicts the structure of a PZT thin film capacitor. The bottom electrode is ITO 

or FTO on the glass, and on top of that, the PZT thin film was spin-coated. Like other metal 

depositions, thermal evaporation was used for Al (or Au) deposition on PZT capacitive 

device. Al electrode was thermally evaporated on the device at the pressure level of 6 × 10-6 

Torr with 0.3 – 0.8 Å/s deposition rate, using 0.06 cm2 dumbbell shape shadow mask. The 

details and results are discussed in Chapter 4. 

 

 

 

4.4 Fabrication of PZT Nanoparticle Film Devices 

 

     There was a story about a ceramist who could make very light but thermally enduring 

china with lots of tiny air bubbles inside the pottery in ancient Korea and Japan. They made a 

multi-pore china and annealed it with straws in a sealed kiln. Burning straws would consume 

all the oxygen inside a kiln, and china would be fired with burning charcoal. In this rare 

oxygen environment, the carbon element in china cannot be changed to carbon dioxide (CO2) 

and left a residue inside. Following that, oxygen annealing in an unsealed kiln would make 
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the carbon residues out as a form of carbon dioxide to make the micro-pores of the china. The 

HRSI(High-temperature reusable surface insulation) tile which used on the bottom of the 

space shuttle also made by similar ways. HRSI was composed of high purity silica fibers. 

Ninety percent of the volume of the tile was empty, giving it a very low density (9 lb/cu ft or 

140 kg/m3) making it light enough for spaceflight. We could not confirm more detail facts 

and couldn’t confirm the real process of ceramics from other document references or another 

source of materials, but this is the starting idea of making PZT nanoparticles. 

     We followed conventional PZT sol-gel method to make the PZT sol. Before adding DI 

(Deionized) water for the hydrolysis, the precursor solution was heat-treated in an inert gas 

atmosphere and the temperature was around 380 °C – 500 °C. Without any oxygen, an 

organic material composed of carbon compounds cannot be removed even by high heat 

treatment, because at high temperatures, oxygen is needed to combine with carbon and be 

removed from the solution as a form of carbon dioxide (CO2). So only black carbon ash 

residue will be left between PZT inorganic compounds and occupy space between metals 

which were originally was metal alkoxides. After this process, black PZT ash was annealed at 

580 °C or 600 °C. In this stage, residual black carbons will be removed as a form of CO2 and 

make a blank space between PZT nano-crystals. 

     Though the particles are small, it is quite easy to agglomerate at high temperatures. So, 

ultrasonication was used for separating each nano-sized particles. Figure 4.6 shows the 

mechanism of PZT nanoparticle formations. 
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Figure 4. 6  Schematic diagram of the mechanism of PZT nanoparticle formation and inert 

gas contributions  

 

     Sol precursor consists of a metal alkoxide, M-O-M structure. This is surrounded by 

organic materials with ROH in the schematic above. These sol precursors were heat treated in 

the nitrogen filled glove box, then organic materials changed to black carbon powder. 
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Following oxygen annealing will remove residual black carbon as a form of CO2. The final 

material will be nano-sized PZT powders. 

     If we kept the hydrolysis and condensation process in PZT precursor solution, a white 

precipitated gel was formed. This white precipitated gel was centrifuged at 4500 rpm for 

45min to extract PZT nano-composites. Then the PZT nano-composites were treated under 

an Ar or N2 gas flow furnace at 500 – 700 °C for 1 hour and turned into black colored 

powder. It is the same procedure in Figure 4.6 and it is assumed that the black color is from 

the carbons converted from organic compounds surrounding the PZT nanostructures. The 

only difference is the PZT material which is ‘gel’ this time. After the secondary annealing 

process at 600 °C under oxygen rich ambient for 30 min, the carbons surrounded PZT 

nanostructure was disappeared and the same light yellow color powder was the final 

products. Finally, in order to separate the PZT crystalline nanoparticles, ultra-sonication was 

followed.  

 

 

 

Figure 4. 7  TEM image of the final product from (a) PZT gel and (b) PZT sol, after the 

nanoparticle synthesis process explained in Figure 4.6. 
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     Figure 4.7 (a) is the TEM image of the light yellow powder made from PZT gel after 

hydrolysis and centrifuge it for separating from sol solution. Because this is made from a gel 

compound, the powder is big in size in TEM image.  Figure 4.7 (b) is the TEM image of the 

light yellow PZT nanoparticles made from PZT sol based solution which made without 

hydrolysis process. The size of the particle was nano-sized and had a uniform distribution. So 

we can confirm that a PZT nano-sized particle can be produced without hydrolysis more 

effectively. And following ultrasonication separates particles much more effectively. 

     With the successfully synthesized PZT NPs, we drop cast water-based PZT NP solution 

on the ITO substrate. Since PZT NPs is already cooled down to the room temperature when it 

is formed as a nano-size particle, any temperature-sensitive substrate can be used such as a 

flexible or ITO coated glass substrate. 40mg/mL concentration of PZT NP and DI water 

solution is used for drop cast. 0.1 mL solution is dropped on the ITO substrates using a 

syringe each time. After dropping the PZT NP solution, the device is dried on 80 °C hot plate 

for 5 min. It is repeated until the 2 mL of PZT NP solution is deposited on the substrate. The 

final device is the ITO/PZT-NP/Al capacitive structure device. In this case, the thickness of 

the PZT NP film is 10 µm on the ITO substrate. We will discuss the details and results in 

Chapter 5. 

 

 

4.5 Synthesis of PbS Quantum Dots 

 

     PbS nanocrystals were synthesized by a method derived from other research group and 

confirmed its quality by checking the optical properties later. [77] The synthesis of PbS 

nanocrystals was performed in two flasks, one for lead (Pb) solution and the other for sulfide 
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(S) solution. The lead oleate precursor was prepared in situ by heating PbO in oleic acid 

(OA) at concentrations 0.2M under Ar at 160 °C for 1 hr. A solution of 

bis(trimethylsilyl)sulfide (TMS) in octadecene (ODE), a non-coordinating solvent, 

corresponding to a molar ratio of 2:1 Pb/S was prepared in another flask and injected into the 

vigorously stirring lead oleate solution at 160 °C. Trioctylphosphine (TOP) has also been 

used as the dilution solvent for the TMS without any perceivable effect on the resulting 

nanocrystals. Given that TOP is basic in chemical nature and much more reactive than ODE, 

it could play a greater role in the nanocrystals growth than has been observed. A typical 

synthesis involved 0.09g PbO dissolved in 4 mL OA, into which 42 µL TMS in 2 mL ODE 

was injected. The heating mantle was lowered away from direct contact to the reaction flask 

immediately after the target reaction time and target temperature for nanocrystals growth, for 

example at 120 °C / 5 sec. The solution in the flask was quenched with acetone cooled in the 

refrigerator. In addition, the whole flask was emerged in the iced water for about 10 min, in 

order to stop the reaction rapidly and reduce the PbS size distribution. 
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Chapter 5. Photovoltaic and Ferroelectric 
Properties of Pb(Zr0.53Ti0.47)O3 Thin Films under 
Dark and Illuminated Conditions 
 

5.1 Overview 

 

     Thin films of Pb(Zr0.53Ti0.47)O3 (PZT) were prepared by the sol-gel method. The 

photovoltaic response of the film under dark and illuminated conditions was investigated 

using capacitor type devices with Aluminum (Al) as top and FTO bottom electrodes. A 

metal/ferroelectric/metal (MFM) structure was used for electrical property measurements 

and the film was characterized by I–V, photocurrent, P–E hysteresis and optical 

transmission and absorption. Voc and Isc are 0.15 V and 0.18 µA/cm2 respectively. 

Remnant polarization (Pr = 0.5 µC/cm2, Ec = 125kV/cm)  was also observed for the PZT 

thin films. The value of the optical band gap was found to be 3.0 eV. The results are 

discussed with the energy band gap model.  

 

 

5.2 Background 

 

     PZT is not only a ferroelectric material but also optically transparent in visible range, 

therefore using PZT makes a device for optical applications such as optical MEMs, a 

photo sensor or photovoltaic device are a smart choice. [20-22, 44, 96, 110] Recently, 

PZT thin films on ITO substrates has been studied for its use in photovoltaic (PV) 

applications, hybrid with organic.materials.  [111] Nevertheless, not so many studies 
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were performed, because of the difficulty to coat PZT sol-gel solution on ITO substrate, 

(mostly the degradation of ITO while heat treatment). One successful device fabrication 

was done by Cao, et al. [19] They demonstrated that the insertion of an n-type cuprous 

oxide (Cu2O) layer between the PZT film and the cathode Pt contact in an 

ITO/PZT/Cu2O/Pt cell leads to the short-circuit photocurrent increasing 4.80 mA/cm2 

and 0.42 V for Voc. while ITO/PZT/Pt layer showed 40 µA/cm2 range, 0.56 V for Voc. 

This was one of the successful achievements from PZT on transparent conductive oxide 

(TCO) substrate. However, they used copper oxide layer on the PZT thin film, and pure 

TCO/PZT/Al structure was not reported yet, as we know of. Nevertheless, TCO has its 

difficulties in high-temperature heat treatment. We also fabricated the photovoltaic 

capacitor device through high-temperature treatment and checked the basic electrical and 

optical properties for the further progress of PZT NPs and PZT thin film hybrid devices 

which will be discussed in the next two chapters. In this research, we made FTO/PZT/Al 

structure device and measured the I-V, photocurrent and leakage current as electrical 

properties. Also, we measured transmittance, absorption to check the optical properties of 

the device. As we know of, FTO/PZT/Al structure is not much studied and we report this 

structure for the first time. 

     As we discussed in Chapter 2, ferroelectric materials have spontaneous polarization 

inside the material. We also discussed that this built-in polarized field is responsible for 

the PV effect in ferroelectrics. [23] Furthermore, we discussed that the control of this 

field can be used to tune their photovoltaic properties in the previous chapter. So, we 

checked the ferroelectricity first through P-E hysteresis loop, to see if there was a 

ferroelectric spontaneous polarization in the PZT thin film on FTO substrate. 



83 
 

 

     Molecular structure and electrical properties of PZT are sensitive to the Zr : Ti ratio 

[31, 41]. Thus, the choice of composition is crucial by the particular application. So, we 

used the ratio of Zr and Ti as 53 : 47, which is well known for the best ferroelectric 

morphology for the PZT. [25] 

     The effect of annealing, morphology and its relation to molecular structures and 

ferroelectric properties, was reported earlier in Chapter 3. We chose transparent electrode 

with ITO and FTO, and the substrate was better for PZT thin film device. Finally, the 

purpose of this work was to study the photovoltaic and ferroelectric properties of these 

films under dark and illuminated conditions, and future application for the advanced PV 

devices using ferroelectric PZT layers. 

 

 

5.3 Experiment 

 

     To prepare the PZT (Zr : Ti = 53 : 47) films, the sol-gel solution was prepared in a 

fume hood using 2-methoxyethanol sol-gel method. Zr-propoxide and Ti-isopropoxide 

were added to the solution to intermediate heating and cooling. The final concentration of 

the solution was prepared in 0.4 M (molar). The detailed synthesizing method is the same 

as in Chapter 3. Figure 5. 1. (a) shows the summary flow chart for the PZT sol-gel 

synthesis.  

For J-V and photo-current measurement, 600 nm thick PZT films were prepared by 

spin coating on commercially available FTO/glass substrates. As-grown films were post 

annealed in a furnace at the temperatures of 580 °C for 30 min. 100nm of Al was 
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thermally evaporated at a vacuum level of 6 × 10-6 Torr, with a deposition rate of 0.3 – 

0.8 Å/s, and the deposited al electrode has a 0.06 cm2 size with a dumbbell like shape.  

 

 

 

 

Figure 5. 1 (a) PZT sol-gel synthesizing method for PZT thin film device. (b) Sawyer-

Tower circuit and peripheral equipment setup 

 

     Siemens 500D X-ray Diffractometer was used for XRD analysis. The measured X-ray 

peak was compared to JCPDS card and confirmed the material structure. A source meter 

and a computer were used to measure the photocurrent and I-V characteristics and 

acquisition of data under dark and illuminated conditions. The sample was illuminated 

from the top using a Xe light source with an air mass filter. The intensity of illumination 

was calibrated as AM 1.5 (100mW/cm2). All the measurements were carried out using a 

top-bottom capacitor configuration and the light source was illuminated from the bottom 

of the FTO substrate. The voltage bias was applied to the bottom electrode and the 
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current was measured using a source meter (Keithley 2400), which was interfaced to a 

computer for data acquisition. 

     Hysteresis characteristic was measured by the home made Sawyer-Tower circuit and 

the data was acquired by an oscilloscope which was connected to the computer. The 

Sawyer-Tower circuit setup was shown in Figure 5.1 (b). This method was introduced in 

1930 for the first time, but it is still very practical for the characterization of ferroelectrics 

and study of fundamental phenomena such as spontaneous polarization, remnant 

polarization, coercive-field and polarization reversal mechanisms. The circuit consists of 

two capacitors, one is the ferroelectric sample (Cf) and another is a reference-capacitor 

(Cr). They are in a series, where Cr is chosen much greater than Cf so that the voltage 

drop across Cr is much less than the voltage drop across Cf  (sample). So the drive 

voltage Vd is almost equal to the voltage across Cf. The voltage across the Cr, which 

gives polarization of the sample, is applied to vertical plates of the oscilloscope and the 

drive voltage after safe attenuation is applied to horizontal plates of the oscilloscope to 

measure the electric field across the sample. [17] For the optical properties, Spectrometer 

(Stellarnet) was used for measuring optical properties such as absorption and 

transmittance. 

 

 

 5.4 Results and Discussion 

     As we discussed in Chapter 2, PZT has different phases according to the ratio of Zr/Ti. 

When Zr is less than 50 %, the phase is in tetragonal phase. If Zr ratio is at around 53 % 
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tetragonal and rhombohedra will be mixed and if a higher ratio of Zr is in rhombohedra 

phase (Figure 2. 10 in Chapter 2).  

 

 

 

Figure 5. 2 XRD pattern of sol-gel synthesized PZT(53:47) powder and PZT/FTO. And 

“▼” represent the FTO peaks. 

 

Figure 5.2 displays an XRD pattern in the pure PZT film on FTO-coated glass, 

showing that the PZT film has a polycrystalline perovskite structure. [112] Peaks from 

the PZT powder show that the sol-gel derived PZT was made as a perovskite structure. 

The triangular mark, ▼, is FTO peaks in the figure. The powder was annealed at 580 °C 

for 30 min. Figure 5.2 shows the phase was transitioned to the rhombohedra phase. We 

observed (101) as the main peak from the PZT powder, which represents the crystal is 

mainly rhombohedra structure. [113] Still we observed small peak height of (100), which 

is a tetragonal phase. 
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     Figure 5. 3. (a) displays the representative current density−voltage (J−V) characteristic 

of the ferroelectric photovoltaic (FE-PV) devices, recorded under 1-sun which is 

AM1.5G (100 mW/cm2) illumination where Al electrode size was 0.06 cm2. The dark 

current passes through origin when applied voltage is zero, and there is a generated 

current under illuminated condition. 

 

 

 

 

Figure 5. 3 (a) J−V characteristic of the ferroelectric FTO/PZT/Al photovoltaic devices. 

(b) Comparision of full-switching and non-switching currents, and Diode rectifier type 

Schottky line and high filed enhanced Schottky line was displayed respectively. 

 

The device processing the structure FTO/PZT/Al exhibited characteristics with a short-

circuit current (Jsc) of 0.18 µA/cm2 and an open-circuit voltage (Voc) of 0.16 V. This has 

a fill factor of 0.25, resulting in power conversion efficiency (PCE) of 0.000007%.  The 

value of generating power is quite small as we could see with other ferroelectric PV 
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devices. [23, 114] We think this is from the lattice mismatch between FTO and PZT 

which will be discussed in Chapter 6. 

Figure 5. 3. (b) shows the leakage current density versus voltage for a PZT thin film, 

with initial polarizations by changing the polarity of the applied voltage . The curves of 

the full-switching current and the non-switching current is very different. We put FTO as 

an anode, Al as a cathode. Current was measured after applying +1 V (Full-switching) or 

-1 V (non-switching) to the FTO electrode, by step of 0.02 V increment and 0.1 sec 

waiting time. When the electric field is applied as a minus to the FTO (Polarization up), 

then the remnant polarization is not zero and shows high current hump at about 4V, while 

sweeping up the voltage, and it is marked as “Full-switching”. When the initial electric 

field plus (polarization down), then the current showed normal I-V curve and marked as 

“Non-switching”. In the non-switching current in Figure 5. 3. (b) shows not ohmic but a 

Schottky type current. [43] The leakage current density with Schottky characteristics at 

low electric field can be explained by; 

 

  𝐽𝐽 = 𝐽𝐽𝑟𝑟 �1 − exp (− 𝑞𝑞𝑞𝑞
𝑚𝑚𝑘𝑘𝐵𝐵𝑇𝑇

)�     (5.1) 

 

where Jr is the reverse leakage current, V is the applied bias voltage, q is the electronic 

charge, KB is the Boltzmann’s constant, T is the absolute temperature, and m is an 

ideality factor equal to unity for a perfect diode. [115] In high electric field region above 

25 V in this experiment, the formula cannot explain, and the curve diverges. It is similar 

to the leakage current at high electric field area and called high-field enhanced Schottky. 
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In FTO/PZT/Al device, low field Schottky behavior was seen under 25 V. Above the 25 

V, it showed high field enhanced Schottky curve.  

 

 

 

 

Figure 5. 4 (a) Photocurrent of PZT(53 : 47) thin film deposited on FTO substrate. (b) 

Schematics of energy band gap comparison among ITO/PZT/ITO, FTO/PZT/Al and 

Pt/PZT/ITO. 

This means that Schottky emission model applies in a temperature domain around 300 

K. [43] The existence of the Schottky barrier is important that it can contribute to the 
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photovoltaic effects, in addition to the bulk photovoltaic effect in ferroelectric PZT thin 

films. [43, 116] 

     Figure 5. 4 (a) shows the photoresponse of FTO/PZT/Al structure capacitor device. 

When the device was exposed to Xe lamp with an AM1.5G (100 mW/cm2; 1-sun) 

condition, there was a photocurrent flow through the PZT thin film. Current was 

observed when the light was illuminated PZT device, and the no current was seen when 

the light is off.  

Figure 5. 4 (b) shows the energy band diagram for ITO/PZT/ITO, FTO/PZT/Al and 

ITO/PZT/Pt structure. As displayed in Figure 5. 4 (b), energy bandgap difference 

between the two electrodes is the highest at ITO/PZT/Pt, and lowest at ITO/PZT/ITO 

structure. We can compare the current level of three devices and match with energy band 

diagram. From the Figure 5. 3. (a), Isc was measured 0.18 µA/cm2 where Voc was 0.15V, 

for FTO/PZT/Al device. For the reference, we compared with ITO/PZT/ITO device. Bin 

Chen, et al. fabricated ITO/PZT/ITO structure device using the same Zr and Ti 

morphology ratio, which was Pb(Zr0.53,Ti0.47)O3, and the ITO/PZT/ITO structure 

photocurrent is a pA range, which is very small. The Isc measured 0.4 pA/cm2 where Voc 

was 0.25 V. So, FTO/PZT/Al shows the more than 400 times higher photocurrents than 

ITO/PZT/ITO structure. [20] Cao made ITO/PZT/Pt structure and showed 40 µA/cm2 for 

Isc and 0.56 V for Voc. [19] Considering the Al work function is around 4.1 eV, that of 

sputtered ITO is 4.25 eV and the FTO work function is 4.4 eV, ITO/PZT/Pt structure 

shows more than 200 times photocurrent compared with ITO/PZT/Al device. 

Schematic energy band gap is shown in Figure 5. 4 (b). Compared to ITO/PZT/ITO, 

FTO/PZT/Al structure has a slope of a PZT energy band gap because of the FTO and Al 
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work function difference. Likewise, ITO/PZT/Pt structure has a steeper slope because of 

the wide difference of energy band gap between Pt and ITO. This schematic can explain 

why we think that these electrode band gap differences make the photocurrent 

differences. From this comparison, we could presume that the photocurrent is more 

related to the ferroelectric metal Schottky junction, rather than PZT bulk photovoltaic 

effect. 

 

 

Figure 5. 5 P-E hysteresis loop of FTO/PZT/Al capacitor. . Remnant polarization Pr is 

0.5 µC/cm2, when coercive electric field Ec is 125 kV/cm. 

 

We measured the J-V and photocurrent to observe that ferroelectric FTO/PZT/Al 

capacitor has good photoresponse and power generation properties. Furthermore, the 

leakage current shape indicates that the device has s Schottky junction inside. [43] 

Ferroelectric device normally has low photocurrent and low photo harvesting efficiency. 

However, if we confirm that PZT, on the TCO substrate, has both photovoltaic(PV) and 



92 
 

 

ferroelectric properties, then it can be easily used to the next step of PV devices, which is 

ferroelectric-quantum dots hybrid devices. 

 

 

 

Figure 5. 6  Optical spectra of FTO/glass and FTO/PZT. (a) transmission, (b) absorption, 

(c) plot of [αhν]2 vs. hν in order to find energy bandgap of PZT, which is 3.0 eV. 

 

 Figure 5. 5 is the P-E hysteresis of the PZT thin film to FTO substrate and Al electrode 

at room temperature. The hysteresis shape is not as sharp as PZT thin film coated on the 

PZT/Pt/Si structure. [117] Still, this device shows coercive electric field (Ec) of 125 

kV/cm and remnant polarization (Pr) of 0.5 µC/cm2. This means that the PZT thin film 
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still has an internal polarization and form a strong internal field inside the film. We think 

the small polarization effect is from the lattice mismatch between FTO and PZT crystal, 

compared to that of SiO2/Pt or SRO substrate. [118, 119] 

 

     Next, we studied the optical properties of the PZT thin film.  Figure 5. 6 shows the 

UV−VIS light transmission graph for glass, FTO/glass substrate and PZT films deposited 

on the FTO-coated glass, respectively. The optical band gap is calculated to be 3.0 eV for 

the PZT/FTO/glass chip, which is the compatible with the value we suggested above. For 

a direct band gap semiconductor, the optical energy band gap Eg can be estimated from 

absorption α(hν) using the following relation; [120] 

 

αhν = A (hν – Eg)2        (5.2) 

 

Where A is proportionality constant and hν is the photon energy. The absorption 

coefficient α(hν) can be calculated by the relation ln(1/T)/d, where T is the transmittance 

and d is the thickness of the film. The optical band gap of the deposited films can be 

estimated by plotting (αhν)2 as a function of hν, and extrapolating the linear region of 

(αhν)2 to the energy hν, where (αhν)2 corresponds to zero (David and Mott 1970, Tauc 

1974, Tan et al 2005). Measuring the absorption and transmission gave us the proper 

energy band gap of the PZT thin film, which means that the UV light will be observed in 

this device and excite the carriers. 
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5.5 Conclusion 

PZT synthesized successfully by a sol-gel method, and the resulting PZT thin film 

shows crystalized perovskite structures. ITO/PZT/Al MFM device was fabricated and 

ferroelectric internal field and photosensitive properties were observed. We also confirm 

Schottky barrier in the device and energy band diagram was explained comparing with 

other research group results. Optical Transmission and Absorption was measured and the 

energy bandgap was calculated. We tried to fabricate well crystallized PZT thin film for 

the next step, which is synthesizing the PZT  nanoparticles, and novel concept of the 

device using PZT materials. We will discuss the PZT nanoparticle device in Chapter 5 

and a new concept of the photosensitive device in Chapter 6, based on the successful 

fabrication of Al/PZT/FTO in this chapter. 
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Chapter 6. Ferroelectric Devices using Lead 
Zirconate Titanate (PZT) Nanoparticles 
 

 

6.1 Overview 

We successfully demonstrated the synthesis of lead zirconate titanate nanoparticles 

(PZT NPs) and the ferroelectric device using synthesized PZT NPs. The crystalline 

structure and the size of the nanocrystals were studied using X-ray diffraction and 

transmission electron microscopy (TEM), respectively. We observed < 100 nm of PZT 

nanoparticles and this result matched dynamic light scattering measurement (DLS). The 

solution based low-temperature process was used to fabricate PZT NP based devices on 

ITO substrate.  The fabricated ferroelectric devices were characterized by using various 

optical and electrical measurements and we verified ferroelectric properties including 

ferroelectric hysteresis and ferroelectric photovoltaic effect. Our approach enables low-

temperature solution-based processes that could be used for various applications. To the 

best of our knowledge, this low-temperature solution processed ferroelectric device using 

PZT NPs is the first successful demonstration.  

 

 

6.2 Background 

 Ferroelectric thin films and nanometer scale materials show extreme promise for 

numerous applications including nonvolatile memories, [121, 122] energy harvesters, 

[123, 124] field emission transistors (FET), [125] sensors and actuators. [44] For 
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decades, ferroelectric thin films on various substrates were researched extensively. 

Recently, the bulk photovoltaic effect (BPVE) of the ferroelectric materials also has 

attracted a lot of interest, [18, 118] because it enables a solar cell with an extremely 

large photovoltage, which is ‘above the materials bandgap’. [111, 126, 127] 

 

Among ferroelectric materials, lead zirconate titanate (PbZrxTi1-xO3, PZT) thin 

film and NPs are a well-known ferroelectric material that has attracted a wide interest 

due to its excellent ferroelectric, piezoelectric and photovoltaic properties. [17, 128] 

PZT thin film and nanostructures can be fabricated using various methods such as 

MOCVD, sputtering, hydrothermal process and the sol-gel method. [94, 129, 130] 

Among those, the sol-gel reaction method has been widely used in preparing 

ferroelectric PZT materials because of its easy and inexpensive synthesizing process. 

[101, 131] However, PZT synthesized by sol-gel method need high crystallization 

temperatures. Usually, the thin film is treated above 600 °C for better ferroelectric 

properties. [132] This high temperature hinders the hybrid structure with other material 

which has cracks or inter-diffusion problems. [133, 134] This high-temperature process 

also prevents the use of an indium tin oxide (ITO) substrate or flexible polymeric 

substrates. To obtain a high quality ferroelectric properties, a good lattice match with 

the substrate is important. Therefore, expensive substrates, including SrRuO3, MgO or 

SrTiO3 are widely used. [135] One of the possible solutions to address this issue could 

be nanostructured PZT materials. Due to its small dimension, the PZT nanostructures 

can be prepared as a colloidal solution while it keeps a good crystallinity and 

ferroelectric properties.  
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Recently, the discovery of perovskite ferroelectric nanomaterials opened up a great 

possibility of application for ferroelectric devices. There have been various 

nanostructures such as nanoparticles, nanorods, and nano-patterned structures using 

PZT, BaTiO3, and SrTiO3. [136-138] Those ferroelectric nanomaterials exhibit very 

different characteristics in its domain dynamics, coercive field and spontaneous 

polarization response. [30, 139-141] Since PZT ferroelectric materials require quite a 

high temperature in the sol-gel synthesis process, colloidal PZT NPs enable a low 

temperature solution based device fabrication. There have been several reports 

regarding PZT nanoparticle synthesis and sub 10 nm size of synthesized free-standing 

PZT particles are reported. [142] Recently, PZT NP was studied for its size, structure 

and domains, using XRD, FTIR, TEM and PFM. [107, 131, 143]  However, there are 

more needs to understand properties of PZT NPs for various applications. In addition, 

if we synthesize the nanoparticles without losing ferroelectricity or photovoltaic 

properties, we can expand the ferroelectric device to various substrates, structures, and 

nano-scale applications.  

In this study, we synthesized nearly free-standing nanocrystalline PZT particles in 

the size regime of about 30 nm – 100 nm. We introduced a modified sol-gel approach 

removing a gelation process and introducing an inert gas treatment in order to 

synthesize nanoscale PZT material. We have investigated the underlying chemistry in 

the hydrolysis-condensation of conventional PZT sol-gel method and characterized the 

synthesized PZT nanoparticles (PZT NPs) in order to have a further understanding on 

the structural evolution from sol to gel to crystalline nanoparticles. Synthesized PZT 

nanoparticles were fabricated as a photo sensing device with ITO substrates and Al 
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electrode. The fabricated devices show a clear difference in the electrical properties 

between PZT thin film and PZT nanoparticles. We also fabricated photo sensing 

devices by PZT NP sizes. The devices closely packed by smaller NPs shows well 

crystalized photo generating properties independent of the substrate structure. We 

discussed that size-dependent-ferroelectric-properties were originated from the 

nanoparticle surface effect.  

 

 

6.3 Experiment 

6.3.1 PZT Bulk and Nanoparticle Synthesis   

In our synthesis process, we start with the synthesis of PZT sol-solution by a sol-gel 

method in order to fabricate a bulk PZT thin film and PZT NPs. The precursor materials 

were lead acetate trihydrate, zirconium propoxide, and titanium isopropoxide. And the 

solution of these precursors is 2-methoxyethanol. The synthesis starts with dissolving 0.4 

M of lead acetate trihydrate (Pb(CH3COO)2-3H2O; 99.5%, SigmaAldrich, USA) in 2-

methoxyethanol at 80 °C for 2 hours. When we weighed 0.4 M of lead acetate, an extra 

10% was added to recover the evaporation loss. [97, 108] In order to dissolve the lead 

acetate trihydrate, 2-methoxyethanol was injected by a syringe into the vacuumed flask 

while the magnetic stirring was used for 30 min to get a uniform solution. [144] After 

dissolving lead acetate in the solution, 0.4 M titanium isopropoxide (Ti[OCH(CH3)2]4 ; 

Aldrich, USA) was added to the lead-dissolved solution. After a vigorous stirring process, 

the mixed precursor solution became clear and transparent. Using the same method, 0.4 M 

of zirconium propoxide (Zr(OCH2CH2CH3)4, 70 wt. %; Aldrich, USA) were mixed into 
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the lead titanate precursor solution. The solution was stirred at 80 °C until it turned into a 

clear and transparent solution again. We choose the ratio of Zr : Ti = 53 : 47, which is near 

the morphotropic phase boundary (MPB),  for the best ferroelectric properties in this work. 

[37-39] 

 

 

Figure 6. 1  Flow chart of sol-gel methods for bulk and nanoparticle PZT synthesis, and 

resulting Transmission Electron Microscopy (TEM) images. (a) A Method for PZT sol-gel 

solution for bulk material-Sample 1, (b) new synthesis approach for PZT NPs- Sample 2 

and 3 (c) TEM  images of PZT particles (Sample 1) synthesized by sol-gel and followed 

by the grinding method. (d) TEM picture of large size PZT NPs (Sample 2), and (e) small 

size PZT NPs (Sample 3).  
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After the preparation of the PZT precursor solution, three different synthesis methods 

were developed to prepare different PZT materials. One of those is the PZT sol-gel solution 

for the bulk PZT film (S1), and the others are the PZT NPs with different sizes (S2 for 

large PZT NPs, S3 for small PZT NPs). Synthesis of all three samples starts with the same 

precursor materials, but the processes are different as shown in Figure 6. 1 (a) and (b). A 

2-methoxyethanol based sol-gel solution was spin cast after hydrolysis in order to form a 

bulk PZT films (S1), as described in the literature. [108] And a new sol based approach 

was used to create the large and small size of PZT NPs (S2 and 3).  

Figure 6. 1 (a) shows the process of the sol-gel method for PZT bulk material (S1). In 

order to synthesize PZT NPs (S2 and S3), we adopted a new approach to the PZT precursor 

solution. As shown in Figure 6. 1 (b), we skipped the hydrolysis process that requires 

deionized (DI) water and nitric acid (HNO3). Hydrolysis process benefits the spin casting 

process to create a thin film PZT, because the higher viscosity of the hydrolyzed solution 

enables better control of the film thickness. However, hydrolysis also accelerates the 

gelation in the solution, resulting in the micron size agglomeration of metal-organic 

compounds in the solution. [16, 101] Therefore, we skipped hydrolysis to maintain smaller 

PZT particle sizes. Instead of the gelation process, the prepared PZT precursor solution 

was transferred into inert condition, and heat treated. The PZT sol precursor was treated at 

380 °C in the nitrogen-filled glove box for 30 min. This process changed the liquid 

precursor to black colored powder. It is assumed that this black color of the resulting PZT 

material is originated from the carbon molecules that was converted from the organic 

compounds. Therefore, the black colored powder consists of carbon and PZT compounds 

in nano-scale. Then we carried out the secondary annealing process at 600 °C under 



101 
 

 

oxygen-rich ambient for 30 min. After this annealing process, the resulting PZT material 

becomes a bright yellow colored powder. We assume that the carbons surrounding PZT 

nanostructure disappeared, and the PZT nanostructure became a perovskite structure 

because of the high annealing temperature [131]. Finally, an ultrasonication process was 

used after the PZT powder was dissolved in DI water. The ultrasonic energy can break the 

weak-bonding of the PZT nanostructures and effectively separate the nanoparticles from 

the agglomerated PZT nano powders. We also observed the sonication time is related to 

the nanoparticle size. In this work, we used the 2-hour sonication time to produce the large 

size PZT NPs (S2), and 48-hour sonication time for small size PZT NPs (S3).  

Figure 6. 1 (c) shows that the particles become the size of a micrometer scale after 

oxygen-rich annealing, without the inert gas heat treatment. After the sintering process, we 

used mechanical grinding with a molar and a pestle to make PZT powders and the resulting 

powders are micrometer scale. However, we successfully synthesized PZT nanoparticles 

(under 100 nm) using our new approach as shown in Figure 6. 1 (d) and (e). Larger sizes 

of PZT NPs in Figure 6. 1 (d) are from the two hour ultra sonicated sample, and smaller 

size of PZT NPs in Figure 6. 1 (e) are produced by 48 hour ultrasonication process. 

 

 

6.3.2 Device Fabrication and Measurement  

As discussed earlier, we fabricated devices using a PZT sol-gel based bulk film (S1) and 

the two different types of colloidal PZT NPs, which are large size PZT NPs (S2) and small 

size PZT NPs (S3), in this study. In order to measure the properties of ferroelectrics and 

photoelectric, we fabricated Metal-Ferroelectrics-Metal (MFM) structure capacitive 
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devices on an ITO substrate. For the bulk PZT films (S1), the sol-gel solution was spin-

casted onto a patterned ITO glass with a sheet resistance of 15 ohms-cm2, (Thin film 

devices Inc.) and annealed at 600 °C for 30 min for the crystallization. The aluminum 

electrode (100nm thick) was thermally evaporated, resulting in ITO/bulk-PZT-film/Al 

device structure. For the PZT NPs (S2 and S3) thick film, PZT NPs in an aqueous solution 

was drop-casted on the patterned ITO glass while the glass substrate was heated at 80 °C. 

We used 1.5 ml of PZT NP solutions (40 mg/ml in DI water) to cover the 1.6 cm2 size 

substrate for one time drop casting. Multiple drops used to ensure well-packed thin film 

deposition. Then, the same thermal evaporation process with a shadow mask created 

aluminum electrodes as shown in Figure 6. 2 (a). And the active area of this fabricated 

MFM device was 0.06 cm2. 

 Figure 6. 2. (b) and (c) shows the cross-sectional scanning electron microscope (SEM) 

images of a large size PZT NPs (S2) and a small size PZT NPs (S3) MFM device, 

respectively. The thickness of both PZT NPs is both around 10 µm. As seen in the SEM 

images, we observed smoother surface profile. It is hard to tell the size of the nanopzrticles 

for S2 and S3 samples, since they are all aggregated during the fabrication process. 

However, the rough texture and uneven surface profile of the device using S2 indicates 

more porous film structure due to the wide size variation of PTZ particles. 
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Figure 6. 2  (a) Schematic diagram of the fabricated PZT device, with the active device 

area of 0.06 cm2.   Scanning Electron Microscope pictures of the cross section of ITO/PZT-

NPs/Al structure devices with (b) large size PZT NPs (S2) and (c) small size PZT NPs 

(S3). The insets show the magnified cross section morphology of the fabricated PZT NP 

based devices. 

 

     To investigate the crystalline structures of the synthesized samples, an X-ray 

diffraction (XRD) study was carried out using a Siemens 500D X-ray Diffractometer with 

high-intensity CuKa radiation and 2θ step interval of 0.02. The measured X-ray peak was 

compared to JCPDS card and confirm the material structure. Transmission electron 

microscopy (TEM) images were taken with a Phillips CM-200 using an acceleration 

voltage of 200KV. Field emission scanning electron microscopy (FESEM) images were 

taken with a JEOL 6330F scanning electron microscope. Ferroelectric hysteresis was 

measured using Sawyer-Tower circuit, an oscilloscope (Tektronix TDS3014B) and a 
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function generator (Tektronix CFG253) that supplies a 130 Hz 20 Vp-p voltage signal. 

Reference capacitor was 10 µF, and a 130 Hz triangular waveform was used for the P-E 

hysteresis measurement. The I-V and photocurrent measurement was carried out using a 

source meter (Keithley 2400) and a LabView based custom data acquisition program. The 

photoresponse was measured under a one sun power (100mW/cm2) illumination using a 

150W Xe lamp (Oriel) with AM1.5G filter.  

 

 

6.4 Results and Discussion 

 

6.4.1 Material Properties 

Ferroelectric PZT materials can have two phases of the perovskite structure, which are 

a tetragonal and rhombohedral unit cell structures near the MPB. [35] Figure 6. 3 (a) shows 

the comparison between X-ray diffraction peaks of all the synthesized PZT samples. The 

two XRD patterns in Figure 6. 3 (a) are taken from PZT NPs and a bulk PZT film coated 

on ITO substrate. After the annealing process, peaks from both of  PZT NPs S2 and S3 

shows (101) and (201) peaks (JCPDS card No. 70-4260). [36] These XRD results confirm 

that the synthesized PZT NPs have the same rhombohedral crystallization as the PZT 

powder with micron scale, even though the diameter of particle sizes are below 100 nm. 

However, bulk PZT thin film (140nm thick) on the ITO substrates shows the main peak of 

(100) and (110) which can be interpreted that the perovskite on the bulk film is the mixture 

of tetragonal and rhombohedral. 
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Figure 6. 3  (a) XRD diffraction pattern of bulk PZT powder synthesized by sol-gel method 

and PZT NPs synthesized by our new approach. “” and “▼” marks represent FTO and 

ITO peaks respectively. bulk PZT on ITO sample was only 140nm thick. (b) Measured 

DLS data shows the size distributions of two different samples (S2 and S3) and the peak 

values are 105 nm and 24 nm for S2 and S3, respectively. TEM images of PZT NPs are 

from (c) S2 with short ultrasonication time (2 hours), and (d) S3 with long ultrasonication 

time (48 hours).  

 

TEM images of the PZT NPs under different synthesis conditions (S2 and S3) are 

shown in Figure 6. 3 (c) and (d). Figure 6. 3 (c) shows the PZT NPs after the sonication 

time duration of 2 hours. We observed 100 nm or larger nanoparticles with this 2 hour 

ultra-sonication treatment. As shown in Figure 6. 3 (d), longer ultra-sonication treatment 
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time enabled much smaller nanoparticle sizes (near 30nm). We assume that the vibrational 

energy provided by ultra-sonication can separate the agglomerated nanoparticles. In 

addition, we carried out Dynamic Light Scattering (DLS) measurement to confirm the 

distribution of the nanoparticle sizes. As shown in Figure 6. 3 (b), the measured data are 

well matched with the TEM images for both S2 and S3 samples. Peak values from the DLS 

data are 105 nm for S2 and 24 nm for S3. All these characterization results confirm that we 

have successfully synthesized PZT materials in a form of bulk or nanoparticles. Moreover, 

the simple ultra-sonication treatment enables PZT nanoparticles’ size control depending on 

its treatment time. 

We tried various PZT nanoparticles by Zr and Ti ratios. Figure 6. 4 shows TEM images 

and selected area electron diffraction (SAED) patterns of synthesized PZT NPs from 

different Zr and Ti ratio conditions. We confirmed that the synthesized PZT NPs with the 

ratio of Zr : Ti = 20 : 80, 35 : 64, 53 : 47, 65 : 35 and 80 : 20 show good crystal structures 

by SAED pattern. However, in Figure 6. 4 (d) and (e), 65 : 35 and 80 : 20 ratio of the PZT 

NPs shows the less crystallized nanoparticles and shows less crystallized SAED pattern 

compared to the others. SAED patterns for that two ratios is polycrystalline proved by the 

circular pattern from SAED, rather than the point pattern from the well crystalized SAED. 

This shows that the higher ratio of the Ti (less ratio of Zr) tend to well crystalized, when 

we synthesize PZT NPs.  We chose the ratio of Zr : Ti = 53 : 47, which is near the 

morphotropic phase boundary (MPB), for the best ferroelectric properties for all devices in 

this paper. Figure S 1 (b) shows the TEM image from PZT NPs (S2, 53 : 47). The image 

also shows the aligned domain structure from the PZT NPs. 
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Figure 6. 4  TEM images and SAED patterns of PZT NPs by different Zr and Ti ratio. (a) 

Zr : Ti = 20 : 80, (b) Zr : Ti = 35 : 65 (c) Zr : Ti = 53 : 47, (d) Zr : Ti = 65 : 35, and (e) Zr 

: Ti = 80 : 20. All samples are after the 2 hour sonication. (f) Domain walls structure in 

PZT NPs (53 : 47) with the high resolution TEM images. 
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In Figure 6. 4. (f), domain structure was observed from the PZT NPs (53 : 47) after 2 

hours of sonication. Through this TEM image, we can confirm that the PZT NPs are consist 

of domains which is the size smaller than the PZT NPs. This means that the domain size is 

also confined by the nanoparticle size. Bulk domain area will be separated and form a 

smaller domain size and the domain size is less than the PZT NPs size which is less than 

100 nm in this thesis. When we make a PZT thin film device on the substrates, the domain 

and grain size is from 1 – 10 μm. [145] With PZT NPs, we can expect much less size (less 

than 100 nm in this thesis) of the domains and photo induced could face more frequent 

domain walls, then conventional PZT thin films. 

 

6.4.2 Ferroelectric Properties of PZT Thin Film and PZT NPs 

   Ferroelectric materials have spontaneous polarization when there is no external electric 

field. This polarization direction changes when the external electric field is higher than a 

coercive field (Ec). Electric fields higher than Ec will align the domains in one direction. 

In this case, the aligned domain will remain even after the external electric field is removed. 

If we apply the external field in the opposite direction again, the alignment of the domain 

will flip over and align with the opposite direction. This is called the domain inversion 

process. [146] 

We used the same PZT based MFM devices to confirm ferroelectricity as described in 

Figure 6. 2 (a). We studied ferroelectric P-E hysteresis by bulk PZT film and PZT NPs (S2 

and S3). We observed the small size PZT NPs showed a saturated hysteresis. A bulk PZT 

film device fabricated on the ITO shows 0.6 µC/cm2, where coercive field, Ec is 134 kV/cm 

as shown in Figure 6. 5 (a). 
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Figure 6. 5 Hysteresis of (a) ITO/bulk-PZT-film/Al, (b) ITO/PZT-NPs(S2)/Al and (b) 

ITO/PZT-NPs(S3)/Al structure.  

 

   The overall shape of ferroelectric hysteresis from the bulk PZT film (S1) device shows 

week saturation in its hysteresis response. We assume that it is due to a very thin film 

thickness (~140 nm) and poor crystallization of PZT thin film due to the lattice mismatch 

between PZT (a = 0.404 nm) and ITO film  (a = 1.022 nm). [147] Therefore, a PZT thin 

film on an amorphous ITO/Glass substrate is difficult to show the saturated hysteresis. 

[117] Figure 6. 5 (c) shows the hysteresis of ITO/PZT-NPs(S3)/Al device. The PZT NP 

device shows a saturated ferroelectric hysteresis compared to a bulk PZT film on ITO, 

because the PZT NPs are crystalized during the synthesis process. However, we observed 

relatively small polarization value ( ~1.5 nC/cm2) and coercive field value (Ec ~5.5 kV/cm). 

In Figure 6. 5. (b) similar polarization and Ec values are shown with a large size PZT NPs 

(S2), which is ~ 1.5 nC/cm2 and coercive field od Ec ~5.5 kV/cm. However, the shape 

shows less saturated and distorted. We cautiously explain this distorted data is less compact 

PZT NPs film device from S2 samples, and comparably porous structure makes electrically 

imperfect. 
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Both of the PZT NPs shows small values of polarization. We assume that this small 

polarization comes from the aqua-solution based fabrication process, which is difficult to 

control the direction of ferroelectric domain and polarization. The domain orientation, such 

as c-domain or a-domain, can be affected mainly by lattice constants, and thermal 

expansion rate between PZT and substrates.  

 

 

 

Figure 6. 6 Displacement current of (a) bulk PZT film on ITO substrate, and (b) PZT 

NPs on ITO substrate. Displacement current was measured using 5 kHz triangular 

waveform and sweeping up and down from -30 V to +30 V. 

 

However, the synthesized PZT NPs is a free standing form and they cannot be grown on 

the substrate, but randomly deposited on an ITO substrate. [145, 148] Even though the 

individual nanoparticles are well crystallized, the PZT film using very small and random 

domain structures exhibits relatively small hysteresis response. To confirm this assumption, 

we need further investigation with PFM study to observe domains structures in the PZT 

NP film. In addition, we did not observe the better hysteresis from large PZT NPs (S2) and 
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more details including displacement current measurement are discussed in Figure 6. 6. 

However, those results show that the synthesized PZT NPs has the ferroelectric properties. 

And this opens a potential to use PZT NPs for nanoscale ferroelectric switching 

applications. 

Figure 6. 6 shows displacement currents of bulk PZT and PZT NP devices, using 5 kHz 

triangular waveform (amplitude 5 V) and sweeping up and down from -30 V to +30 V.  in 

Figure 5 we discussed the hysteresis for bulk PZT film on ITO and PZT NPs sample using 

S3. Figure 6. 6 (a) and (b) show the corresponding displacement currents of bulk PZT film 

and PZT NPs (S3), respectively. Both of the structure shows there is a dipole reversal 

process at the peak voltages. It should be noted that the crystal texture of the PZT films 

grown on ITO layers is relatively poor, resulting in relatively not saturated hysteresis shape, 

and differences in peak position and heights from the displacement current measurement. 

However, PZT NPs are already well crystallized before fabricating a device, and shows 

saturated hysteresis (Figure 5 (c)). The displacement current of PZT NPs is also shown 

higher dipole reversal process. (Figure 6. 6. (b)) 

 

6.4.3 Optoelectronic Properties of the Devices 

One of the fascinating properties of the ferroelectric PZT material is its bulk 

photovoltaic effect. The absorbed photons create electric dipoles in the ferroelectric 

domains, and it produces an internal electric field across the device, resulting in open 

circuit voltage. We measured the photo response current under a dark and 1 sun (AM1.5G 

spectrum) power illumination. As shown in Figure 6. 7, PZT NP based devices by NP sizes 

show photo response, but the generated current levels were different. The measured 
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photocurrent was around 2 nA and 20 nA for the S2 device and S3 device, respectively. 

(Figure 6. 7) 

 

 

 

Figure 6. 7 Measured photoresponse from PZT NPs devices (S2 and 3) under gated light 

illumination using a solar simulator (1 sun power, AM 1.5G). The gray and white zones 

represent dark (off) and 1 sun illuminated (on) conditions, respectively. 

 

 In a ferroelectric polar system such as the PZT, the photon induced exciton is expected 

to be localized and tightly bound. [10, 14] Therefore, such an exciton in the bulk of the 

PZT is expected to recombine quickly, resulting in a small net photo effect. So a larger 

photocurrent could be originated from the particles with high surface to volume ratio. 

However, as we observed in the SEM image shown in Figure 6. 2, the PZT film quality 

between S2 and S3 samples are very different. S2 sample has larger size variation and more 

irregular particle shapes, it causes not a dense PZT film structure and shows poor 

photoelectric properties.  
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Figure 6. 8  The dependence of the photo-current and photo-voltage on the light intensity. 

(a) Time based photocurrent while the light intensity increased from 100 W to 150 W to 

200 W. (b) Photovoltage dependence by light intensity from 250 W to 75 W with a step of 

-25 W. 

 

Photocurrent and photovoltage is known from the polarization-induced internal electric 

field instead of a p-n or Schottky junctions, [149] and the internal field enhanced the carrier 

separation, which is generated while the light is emitted in the ferroelectric material. We 

think the high intensity of the light can generate more carrier in the ferroelectric material 

and will show the higher value of the photo-current. 

We further studied the photocurrent of PZT NPs by light intensity. Figure 6. 8 shows the 

time based photocurrent change when the light intensity is increased. The photocurrent 

shows higher values when the light intensity is increased. It is reported that the Voc is 

proportional to the light intensity in a ferroelectric bulk material by Koch et al. [150] Figure 

6. 8 (b) shows the Voc under the different light source intensity. In contrast to the bulk 

ferroelectric ceramics, we observed that the Voc level is not significantly changing while 
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we increase the light intensity. It should be noted that, the ferroelectric structure in our PZT 

thin film is not exactly same as the single crystallin ferroelectric materials that were studied 

earlier. In this study, we used a ~10 μm thick PZT NP layer between two electrodes. We 

presume that the a single crystalline ferroelectric materials with bigger domain seize show 

the Voc change as a bulk photovoltaic effect. However our system (30 nm- 100 nm NPs) 

didn’t  show the same result. We cautiously assume this is from the reason that randomly 

aligned domains (dipoles) make a small internal field in macro scale device and the dipole 

strength in the small PZT NPs could be saturated under lower power illumination.  

 

 

Figure 6. 9 Leakage current of bulk PZT film (S1), large size PZT NPs (S2) and small size 

PZT NPs (S3) MFM devices respectively. 

 

One more interesting study from PZT NP is leakage current. Figure 6. 9 shows the 

leakage current of the bulk PZT film (S1), the large size PZT NPs (S2) and small size PZT 

NPs (S3). Compared to the S2 which is larger PZT NPs, S3 shows higher leakage level. 
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We presume that higher leakage current of S3 is from less porous and closely packed 

structure of the nanoparticle film. The leakage current is not symmetry for all devices and 

this can be explained by Schottky emission or Fowler-Nordheim tunneling (FN). [151]   

 

  

 

 

Figure 6. 10 J-V characteristics of fabricated devices under light illumination (1 sun power 

AM1.5G solar spectrum). (a) J-V plots of the devices using sol-gel derived PZT bulk film 

(S1), larger size PZT NP (S2) and smaller size PZT NP (S3). (b) log-scale plots of J-V 

measurements to compare the open circuit voltages from the devices using PZT bulk (S1), 

larger size PZT NPs (S2) and smaller size PZT NP device (S3).  

 

 

From both PZT NP based devices, we observed decreased current while increasing the 

bias voltage on the negative side of Figure 6. 9. We need further investigation for better 

understanding of this unusual results. However, we observed that the ferroelectric 
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nanoparticle should explain with subtle care, because it will not follow Schottky or Fowler-

Nordheim graph curvature. 

We further investigated the ferroelectric photovoltaic effect of synthesized PZT 

materials using J-V measurement under 1 sun illumination (100 mW/cm2). Figure 6. 10. 

(a) and (b) shows the current density−voltage (J−V) characteristics of the ferroelectric bulk 

film (S1) and PZT NP (S2, 3) devices. The measured short circuit current and open circuit 

voltage of bulk PZT film on ITO substrate (a Jsc of 138 nA/cm2 and a Voc of 0.15 V) are 

comparable to the reported properties by other research groups. [117] The photovoltaic 

device using sample 2 (S2) shows 74 nA/cm2 of short circuit current and  0.34 V of open 

circuit voltage. The short circuit current density of the device using sample 3 (S3) was 129 

nA/cm2 and it is comparable to the device using PZT bulk material (S1). However, we 

observed 5 times larger open circuit voltage (0.78 V) than the device using bulk PZT film 

(S1) on the ITO substrates. We explain that the higher Voc effect is from the lattice-free 

crystallization effect from the PZT NPs in the film. As we observed in Figure 5, The PZT 

NP shows a better saturated hysteresis characteristics due to the pre crystalized 

nanostructures before the device fabrication process. This is one of the reasons that we 

could achieve better photovoltaic properties using PZT NPs. The difference between S2 

and S3 samples could be from the number of domains between two electrodes as well as 

their sizes from the nanostructures. However, it should be noted that the film quality and 

roughness could affect the photovoltaic properties of devices using S2 and S3 materials. 

This result shows a promising property of the PZT NPs that can potentially increase open 

circuit voltage when they are used with a solution based photovoltaic devices such as 

organic or colloidal quantum dot based photovoltaic cells, with wide choices of substrates.   
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6.5 Conclusion 

 

We have demonstrated a successful synthesis of PZT nanoparticles using a modified sol-

gel method, and ferroelectric properties of the devices using the synthesized PZT 

nanoparticles. The two-step annealing process under inert and oxygen rich ambient enabled 

to create PZT nanoparticles. We also successfully controlled the PZT NPs size by ultra-

sonication time. Using PZT NPs synthesized in a new method, we successfully fabricated 

ferroelectric devices on the transparent ITO substrates, using a solution-based fabrication 

process without high-temperature annealing process. The fabricated devices using PZT 

NPs exhibit superior ferroelectric and photosensitive characteristics to the PZT bulk film 

device. Moreover, the fabricated PZT NP photovoltaic devices show increased open circuit 

voltage due to its increased number of ferroelectric crystals across the device. The PZT 

NPs can offer low cost, a solution-based fabrication process that can be used in various 

applications such as NFERAM, hybrid solar cell devices and other ferroelectric device that 

can be fabricated on amorphous or flexible substrates. It opens the great possibility to 

fabricate a new concept of devices with nano-scale mixture. It also predicts a possibility of 

the hybrid device with various materials, such as organic materials and semiconductor 

nanocrystals. To the best of our knowledge, this is the first demonstration of ferroelectric 

devices using PZT NPs.  
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Chapter 7. Improvement of Efficiency of 
Ferroelectric PZT Photovoltaic Device with PbS 
Quantum Dots 
 

 

7. 1 Overview 

 

Ferroelectric Pb(Zr, Ti)O3 (PZT) thin films and PbS quantum dots (QDs) hybrid device 

are made for photovoltaic application, using an solution based fabrication process. The 

wide band gap of ferroelectric PZT can enables a high open circuit voltage. The colloidal 

PbS quantum dot provides a tailored absorption spectrum and an excellent light harvesting 

property, resulting in increased short circuit current. We present a hybrid photovoltaic 

device based on PZT thin film with a PbS quantum dot layer. With combination of PZT 

and PbS QDs, the short circuit current has increased by 8000 times, while maximizing the 

open circuit voltage. The overall power conversion efficiency was 0.75 % and this is more 

than 50 times higher than a PZT film only photovoltaic device. 

 

 

7.2 Background      

 

Upon discovery of the ferroelectric photovoltaic effect, [1, 2] ferroelectric photovoltaic 

(PV) have attracted increasing interest. [3-5] Recent studies have reported that the power 

conversion efficiency (PCE) of ferroelectric PV devices can be considerably enhanced by 

engineering the ferroelectric domain architectures and interfaces. [3, 6, 7] However, the 
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ferroelectric PV effect remained a scientific study rather than any application for PV 

devices, because of the low conductivity of ferroelectric materials and comparably poor 

PCE. There have been several reports that shows improved photovoltaic properties using a 

hybrid approach with ferroelectric materials and organic/inorganic materials.[3, 8] These 

works shows that the ferroelectric materials can boost the open circuit voltage of the 

photovoltaic device while increasing the short circuit current using a well matched light 

harvesting material.  

   Colloidal quantum dots offer several advantages for photovoltaic applications such as 

wide and tunable spectrum [9, 10]  low fabrication costs associated with solution 

processing, [11, 12] high electron mobility compared to polymer base PV, [13] broad 

absorption in the near-infrared, [14] and carrier multiplication. [15-17] PbS QDs have been 

well studied due to its broad spectrum for light harvesting. [13, 15, 18-21] PbS based 

photovoltaic device showed a great potential using surface treatment [22] or structure 

engineering, such as funnel structure [23] or energy bandgap engineering. [16, 24] 

However, the small bandgap of PbS QDs limits its open circuit voltage, which is typically 

less than 0.3 V. [25]  

   In this report, we present a new approach to fabricate a hybrid PV device using 

ferroelectric Pb(Zr, Ti)O3 (PZT) and colloidal PbS QDs. Both PZT and PbS QDs can be 

prepared by chemical synthesis methods and they offer all solution based processes for 

device fabrication. This approach addresses the issues of poor light harvesting property of 

PZT and the small open circuit voltage of PbS PV device by taking advantages of two 

different materials. Our novel hybrid structure demonstrates a great improvement in PCE 

compared to the conventional ferroelectric photovoltaic devices. 
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7.3 Experiment 

 

7.3.1 PZT Synthesis by Sol-Gel Method 

Among the various fabrication method for PZT thin film, we chose a 2-methoxyethanol 

based sol-gel method. The sol-gel method has attracted due to its advantages of inexpensive, 

easy control of Zr and Ti morphology ratio and control of hydrolysis. [152] The 2-

methoxyethanol reacts with the metal alkoxides to act effectively as a chelating (multi-

ligand) agent which prevents the complete hydrolysis of the metal alkoxides with the 

addition of water. For this method, it is comparably easy to control the hydrolysis and 

condensation reactions. So we put in more focus on the 2-methoxyethanol based sol-gel 

method. In this study, all the PZT thin film was made by 2-methoxyethanol based sol-gel 

method. 

Sol-gel derived PZT ratio was Zr : Ti = 53% : 47%, which was chosen from the ratio 

which would show the best ferroelectric properties. [32] The precursor materials were lead 

acetate trihydrate, zirconium propoxide and titanium isopropoxide. These precursors were 

dissolved into 2-methoxyethanol. A typical synthesis was started with dissolving 0.4 M of 

lead acetate trihydrate (Pb(CH3COO)2-3H2O; 99.5%, SigmaAldrich, USA) in 2-

methoxyethanol at 80 °C for 2 hours. We weighed 0.4 M of lead acetate and added 10 % 

more to recover the evaporation loss. [97, 108] Before dissolving in the 2-methoxyethanol 

solution, lead acetate powder was weighed and dried at 125 °C for 1 hour to remove the 

water from the acetate. After that, 2-methoxyethanol was injected with a syringe into a 

vacuumed flask. Vigorous magnetic stirring was used for 30 min to get a uniform solution. 
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After lead acetate is dissolved into the solution, 0.4 M titanium isopropoxide 

(Ti[OCH(CH3)2]4 ; Aldrich, USA) was added to the lead-dissolved solution. In order to 

make sure that all titanium and the lead solution was well mixed, the mixture was stirred 

vigorously. When all the lead and titanium dissolved in the 2-methoxy ethanol, then only 

a transparent solution remained. This transparent liquid was the lead titanate precursor 

solution. Using the same method, 0.4 M of zirconium propoxide (Zr(OCH2CH2CH3)4, 70 

wt. % ;Aldrich, USA) was mixed into the lead titanate precursor solution. The solution was 

stirred at 80 °C until it turned into a transparent and uniform solution. Finally, a 2-

methoxyethanol based sol-gel solution was prepared for the device fabrication, without any 

hydrolysis or additives. 

 

 

7.3.2 Synthesis of PbS Quantum Dots  

We used inexpensive, solution processed and a colloidal method for PbS QDs synthesis. 

In the present work, lead sulfide (PbS) QDs capped by oleic acid (OA) were synthesized 

by a method similar to that described by Hines and Scholes [77] . Figure 7. 1 shows the 

apparatus and process of colloidal synthesis for PbS QDs, explained above. (1)  In a three-

necked flask, a mixture of lead oxide (PbO) and oleic acid dissolved in octadecene (ODE) 

was heated to 125 ºC for 1 hour to form lead oleate. (2) After the solution is melt well and 

transparent, a solution of bis(trimethylsilyl) sulfide (TMS) in octadecene was rapidly 

injected to lead oleate to induce nucleation and growth of the PbS quantum dots. (3) After 

waiting for about 15 – 20 seconds, the flask was quenched in the iced water bath with 

vigorous stirring. Resulting PbS QDs was centrifuged several times to get PbS QDs capped 
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by OA. The colloidal PbS QDs with a core diameter of approximately 3.4 nm and capped 

by OA were synthesized by a colloidal method and dried in the N2 atmosphere. Finally, 

the dried QDs were mixed with chloroform again and ready for the device fabrication. 

      

 

 

Figure. 7. 1. A cartoon that explains the brief process of colloidal synthesis for PbS QDs. 

(1) PbO is melted in OA and ODE solution,  resulting lead oleate solution, (2) TMS in 

ODC solution is rapidly injected in the lead oleate solution while vigorous stirring, (3) 

Quenching in the ice bath for QD size control. 
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7.3.3 Fabrication of PbS QD and PZT Hybrid Photovoltaic Device 

The patterned indium tin oxide (ITO) coated glass substrates were purchased from Thin 

Film Devices, Inc. (sheet resistance of 15 ohms-cm2) and cleaned sequentially before use. 

The ITO-coated glass substrates were cleaned with acetone and methanol before it is 

treated ozone cleaning.  

For the PZT PbS hybrid photovoltaic devices, prepared PZT sol-gel solution was then 

spin cast at 3500 rpm for 30 sec on the pre-cleaned ITO. Uniformly coated thin film PZT 

was annealed at 600 °C for 15 min for PZT crystallization. On the top of the perovskite 

PZT layer, a thin layer of poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) 

(PEDOT:PSS, Baytron PVP AI 4083) was spin-coated at 5000 rpm for 30 sec onto the 

PZT/ITO glass and then baked at 120 °C for 30 min. Then PbS QD solution was spin-cast 

on the substrates at 1500 rpm for 15 sec. 1,2-ethanedithiol (EDT) solution were spin-cast 

by passing them through a 0.45 µm filter and spin-cast at 1500 rpm for 15 sec after the PbS 

deposition. The concentration of the EDT is 40 µl in 1 ml acetonitrile solution, and this 

concentration was optimized after the several trials in various concentrations. EDT treated 

PbS film was followed by a rinse with pure acetonitrile. On the top of the PbS QDs thin 

film, we deposited a diluted PbS QD solution again. EDT treatment procedure was repeated 

in order to make a dense film of an ITO/PZT/PbS/Al structure. The top electrode was 

deposited by thermal evaporation of the 100 nm thick film of Al. A shadow mask with an 

area of 0.06 cm2 was aligned perpendicular to the patterned ITO. [153] For the reference 

devices, ITO/PZT/Al and ITO/PbS/Al photovoltaic devices were fabricated with the same 

method explained above. Figure 7. 2 shows the cartoon of step by step fabrication process 

of PZT thin film and PbS QDs double layer.  
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Figure. 7. 2 Schematic of the standard layer-by-layer spin-coating process starting from 

PZT thin film to 1st, 2nd PbS and following EDT treatment. 

 

We applied the EDT ligand exchange, because treating with EDT concentrations lower 

than 0.25 M led to a dramatic improvement in both Voc and Jsc. It is believed that EDT 

treatment leads to replacing from oleic-acid-capped nanocrystal to thiol capped 

nanocrystal. This ligand exchange will lead to shrinkage in the film while EDT is 

replacing OA and making cracks on the nanocrystal thin film. [82] These cracks may 

become filled with Al during top contact deposition, leading to shorting in the device. So 
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when we make PbS photovoltaic device, we spin coat twice in order to prevent these 

cracks. 

 

 

7.3.4 Electrical and Optical Characterization and Measurement 

 

 

 

 

 

Figure. 7. 3 Schematic of the Sawyer-Tower measurement system for P-E hysteresis. In 

this thesis, a reference capacitor, Cr is 10 µF with 20 Vp-p triangular waves from the 

function generator. 

 

To investigate the crystalline structures of the synthesized ferroelectric PZT, X-ray 

diffraction (XRD) was performed on a Siemens 500D X-ray Diffractometer with high-
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intensity CuKa radiation and 2θ step interval of 0.02. The measured X-ray peak was 

compared to JCPDS card and confirm the material structure.  

For the absorption of the PZT/PbS-QDs and PZT photovoltaic devices, 

Spectrophotometer (Stellar Net Inc.) with a halogen lamp was used. A blank spectrum was 

taken before each measurement and subtracted from the experimental spectrum. 

Transmission electron microscopy (TEM) images were taken with a Phillips CM-200 using 

an acceleration voltage of 200 kV. Field emission scanning electron microscopy (FESEM) 

images were taken with a JEOL 6330F scanning electron microscope.  

To investigate the PZT/PbS-QDs hybrid power conversion efficiency (PCE) 

characteristics, all device characterizations were performed under ambient conditions. 

Photovoltaic devices are measured with a Keithley 2600 under a Xe arc lamp equipped 

with filters to simulate the AM 1.5G (100 mW/cm2) spectrum using a solar simulator 

(Oriel).  The current–voltage characteristics were recorded using a LabView based 

custom data acquisition program. For EQE measurement, devices were illuminated by a 

monochromator (SpectraPro-275, Acton Research Corporation) in steps of 10 nm. 

   

7.4 Results and Discussion 

 

7.4.1 Material Properties 

A. Ferroelectric PZT 

To confirm the perovskite structure of PZT thin film on TCO substrates, Indium Tin 

Oxide (ITO) or Fluorine doped Tin Oxide (FTO), XRD and P-E hysteresis were 
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measured using a TCO/PZT/Al device. As shown in Figure 7. 4 (a), we confirmed the 

crystalline structure of the PZT film on TCO. The bulk PZT powder (top) from the same 

sol-gel solution shows clear peaks. We also observed XRD peaks (middle and bottom) 

from an 800 nm-thick and a 140 nm-thick PZT films on a TCO/glass substrates, 

respectively. The upper XRD pattern in Figure 7. 4 (a) shows that (101) is the main peak 

from the PZT powders, which represent the crystal is rhombohedra structure. (JCPDS 

card No. 70-4260) [30] The lower XRD pattern shows the main peaks with (100) and 

(101) which is the mixture of rhombohedra and tetragonal in the film. It should be noted 

that the weak XRD data is due to the very thin sample thickness. Meanwhile, XRD 

pattern of the middle shows a more crystalized pattern, but this device showed poor 

current generation compared to the thin PZT layers, when we measured J-V 

characteristics. We presume that the higher crystallization of the thick PZT film enhanced 

the insulating characteristics of the ferroelectric PZT on the TCO substrates. PZT 

thickness of 140 nm shows the best current-voltage generation. Therefore, we chose thin 

PZT films (140 nm) on ITO substrate for the photovoltaic device. 

Figure 7. 4 (b) is the P-E hysteresis from the PZT thin film on the ITO/glass substrate. 

Polarization is 0.9 µC/cm2, where the coercive field, Ec is 180 kV/cm. This result is 

comparable to the result from another research group. [117] Hysteresis loop is not 

saturated at the electric field higher than Ec. We think this non-saturated hysteresis loop 

is because of the lattice mismatch between the PZT and ITO/glass structure. PZT thin 

film is not easy to be made because of the lattice mismatch between PZT and ITO lattice 

constant. [147] However, we confirmed that the PZT/ITO glass device we fabricated 

shows a perovskite PZT properties. 
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Figure 7. 4 (a) XRD comparison between PZT crystalline powder, thin film on FTO and 

ITO/glass substrate, (b) P-E Hysteresis form PZT thin film on ITO substrate. 

 

B. PbS Quantum Dots  

 

Figure 7. 5 (a) Absorption spectra of PbS QDs, where the QD absorption peak is located 

at 970 nm. (b) TEM image of PbS QDs, which is the size of 3.4 – 4.0 nm scale. The inset 

is the High-resolution TEM image of one of the QDs shown in (b) and the atomic 

distance represents 2.95 Å. 
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To confirm that the synthesized PbS QDs are the nano-crystallized semiconductor for 

PZT/PbS-QDs hybrid device, we measured an absorption spectroscopy and took  

transmission electron microscopy (TEM) images. Figure 7. 5 (a) shows the absorption 

spectrum of PbS QDs capped with OA. Peak absorption point from the PbS QDs is 970 

nm. Since the absorption spectrum of QD depends on the quantum dot size, we calculated 

the diameter of the PbS quantum dots. With the optical band gap (1.28 eV = 1240/970 

nm) of synthesized PbS QDs, we calculated the diameter (d in nm) of PbS QDs following 

the empirical equation developed by Iwan Moreels et al. [154] The diameter size of the 

quantum dots calculated from the absorption peak is 3.2 nm. The measured diameter 

from TEM image is around 3.4 – 4.0 nm with OA capped PbS QDs (Figure 7. 5 (b)), 

which is a little larger diameter than absorption spectrum. We think that the size 

difference is from the ligand surround of PbS QDs, and the size seems a little bigger from 

the TEM images. [62] We measured the distance between the PbS atomic crystals, which 

is 2.95 Å from the inset of the high resolution TEM images. This reveals its high-

crystalline nature and it is matched with bulk PbS crystal. [155] 

 

7.4.2 Device Structures 

Figure 7. 6 (a), (b) shows schematics of a PbS QDs deposited on the conventional PZT 

thin film and a ferroelectric PZT photovoltaic device, and PZT thin film device for 

reference. For the PZT/PbS-QDs hybrid device, PZT thin film with a thickness of 140 nm 

was prepared on transparent ITO coated glass by a sol–gel and spin-casting method, and 

then a PbS QDs thin film with a thickness of 200 nm was deposited on the PZT/ITO/glass 

structure by spin-coating, as shown in Figure 7. 6 (c).  
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Figure 7. 6 Device structure cartoons of (a) ITO/PZT/PbS/Al hybrid device, and (b) single 

layer PZT on ITO substrate, respectively. Cross-sectional SEM images of (c) 

ITO/PZT/PbS/Al multi-layer, and (d) single layer PZT photovoltaic device. 

 

The ITO layer is adopted here not only to act as a window layer for the incident light but 

also to form a Schottky barrier at the PZT/ITO interface. [19, 156] For the collection of the 

light-induced charges, Al electrodes were thermally evaporated on the top surface of the 

PbS-QDs/PZT/ITO/glass sample. As a reference sample, a typical Al/PZT/ITO/glass 

capacitor was prepared under identical conditions, as shown in Figure 7. 6 (d). When 

optoelectrical properties are measured, all the light source is incident from ITO/glass side. 
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Figure 7. 6 (c), (d) shows cross-sectional scanning electron microscopy (SEM) images 

of the two structures. The SEM imaging reveals each thin layer of PZT and PbS QDs. Since 

PbS QDs layer was spin-cast two times, double layer from the SEM image was observed 

in Figure 7. 6 (c). Because of the lattice mismatch between the PZT and ITO/glass structure, 

we could not observe a large grain structure from the PZT thin film. However, the PZT 

film shows a well-coated layer, and crystallization, which was also checked by XRD and 

P-E hysteresis in Figure 7. 4. 

 

 

7.4.3 Photovoltaic Properties of PZT/PbS-QDs Hybrid Device 

Using the same devices, J-V (current density-voltage) characteristics were measured 

under AM1.5G illumination at 100 mW/cm2. Figure 7. 7 (a) shows the best performing J-

V characteristics of each device and it is summarized at Table 1. The PCE of ferroelectric 

PZT only device is comparably low as anticipated (0.8 × 10-4 %), and Jsc and Voc were 

0.68 µA/cm2 and 0.6 V with a fill factor (FF) of 18.5 %, respectively. We believe that the 

lowest efficiency is originated from the limited light absorption due to its wide bandgap 

(3.1 eV) and the ferroelectric insulating property. The PbS QD only device shows 0.37 % 

of PCE, with Jsc = 10.6 mA/cm2, Voc = 0.1 V and a FF of 35.5 %. It should be noted that 

the low efficiency compared to the best reported PbS only device is due to the non-

optimized device structure and the fabrication process. Compared to the PZT only device, 

the PZT/PbS-QDs hybrid device shows a significant increase of Jsc (from 0.68 µA/cm2 to 

6.0 mA/cm2), while not much degrading high Voc. 
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Figure 7. 7  J-V characterization of (a) PZT/PbS-QDs hybrid devices, and that of PZT, 

PbS for comparison. J–V characteristics measured in AM 1.5G solar simulated light for 

the best-performing results. (b) J-V hysteresis of PZT/PbS-QDs hybrid devices, when the 

polarization is up and down. (c) Plots of Voc and Jsc by each device of PZT, PbS and 

PZT/PbS-QDs. 

 

We achieved almost 4 orders of magnitude larger current than the PZT only device by 

taking advantages from ferroelectric PZT and PbS-QDs. The measured PCE was 0.75 % 

and this corresponds to an improvement by more than 5 orders of magnitude compared to 

the best device based on a PZT only device, and by 60 % to the PbS QD only device. Figure 

7. 7 (c) shows the average values of Voc and Jsc, with error bar from a dozen of devices. 
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The average Voc of PZT only, PZT/PbS hybrid and PbS only devices are  ~ 0.8 V, ~ 0.4V 

and ~0.2V, respectively. And the average Jsc of PbS only, PZT/PbS hybrid and PZT only 

devices are ~ 6 mA/cm2, ~ 0.35 mA/cm2 and a few hundred nA/cm2 respectively. Overall, 

we achieved a 0.75 % of PCE using the hybrid structure and it is more than 50 times larger 

value compared to the reported PCE from an ITO/PZT/Pt device (0.011%). [3]  

 

Table 1. Device performance for single and hybrid solar cells and respective reference 

devices 

 

 

Figure 7. 7 (b) shows the J-V curve by the polarization up and down. A decreased 

photocurrent (square-line in Figure. 7. 7 (b)) can be observed when the PZT/PbS-QDs thin 

film is in a remnant polarization-down state, in this case, the direction of the depolarization 

field due to the alignment of remnant polarization is downward. On the contrary, an 

increased photocurrent (circle-line in Figure. 7. 7 (b)) occurs when the PZT/PbS-QDs thin 

film is in the remnant polarization-up state. The maximum values of the Voc and Jsc were 

measured from the polarization-up state in this study. This result implies that the hybrid 

device can be applied not only for the photovoltaic device but also for the ferroelectric 

memory devices, under the light illumination. (or photovoltaic and ferroelectric memory 

properties at the same time) 
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Figure 7. 8.  Comparison of absorption (blue line) and external quantum efficiency 

(EQE, red dots) for the (a) single layer PZT, (b) PZT/PbS-QDs hybrid and (c) single 

layer PbS-QD devices respectively. The hybrid device consists of PZT thin film and PbS 

quantum dots, which is ITO/PZT/PbS-QDs/Al structure.  

 

Figure 7. 8 (a), (b) and (c) shows the absorption spectra and the external quantum 

efficiency (EQE) from PZT only, PZT/PbS-QD hybrid and PbS QD only devices, 

respectively. The PZT/PbS-QDs device consists of a 140 nm PZT thin film and a 194 nm 

PbS QD film on the transparent ITO coated glass. The transparent ITO layer serves as a 

window for the incident light and creates a Schottky barrier at the PZT/ITO interface. 

[33, 34] The other reference samples were fabricated under the same condition and 

compared. In Figure 7. 8 (a), due to the wide bandgap of PZT (3.1 eV) and poor electrical 

conductivity, the PZT only device shows a very low EQE value at its absorption 

spectrum. Figure 7. 8 (c) shows the measured data from PbS only device and it shows 

well matched EQE corresponding to its excitonic peak at 970nm. The PZT/PbS-QDs 
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hybrid device (Figure 7. 8 (b)) shows a similar EQE curve to the PbS only device. 

However, it has a reduction of EQE value in its shorter wavelength range. We believe the 

PZT layer absorbs most of the light at the shorter wavelength regime and these generate 

very small photocurrent current (0.68 µA/cm2). However, one should note that the EQE 

extends to NIR, primarily due to the absorption of the PbS QDs. This shows that light 

absorbed by both PZT thin film (UV) and PbS QDs (NIR), contribute to the photocurrent. 

Comparing PCE from home-made ITO/PZT/Al device (0.00005%), the novel device was 

improved about 10,000 times. When we compared with ITO/PZT/Pt device (0.011%), 

PCE was improved more than 50 times. [118] 

 

7.5 Conclusion 

 

In summary, we have introduced the PZT/PbS-QDs hybrid device as a novel 

architectural platform for ferroelectrics and solution-processed quantum dots 

optoelectronics and solar cells. Using solution based PZT thin film and PbS QDs, we 

demonstrated a simple and inexpensive fabrication method with improved photo-carrier 

efficiency. This approach enables to take advantages of ferroelectric PZT materials and 

PbS QDs for the high open circuit voltage and short circuit current, respectively. The 

hybrid device showed a significant improvement in short circuit current compared to PZT 

only device and achieved the best power conversion efficiency of 0.75 %. 
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Chapter 8. Summary and Future Work 

 

Ferroelectrics are very attractive materials because they have remnant polarization, 

piezo electric properties and photosensitivity with high open circuit voltages. Quantum 

dots also interest a lot recently because of its wide absorption range, tunable wavelengths 

by its sizes, soluble process and easy, inexpensive synthesis method. This thesis 

discussed our investigations of the ferroelectric thin films, ferroelectric nanoparticles and 

quantum dots on their hybrid devices and a variety of functional properties. We have 

suggested novel devices using PZT nanoparticles and hybrid photovoltaic devices made 

by ferroelectric PZT and PbS quantum dots on ITO substrates. Considering the potential 

applications, the major functional properties of PZT thin films and nanoparticles have 

been carefully examined focusing on their structural, electrical and optical properties 

where ferroelectric and photosensitive behaviors of PZT nanoparticle films and 

semiconductor properties of PZT/PbS Quantum Dots device were put many efforts in 

most of the study. 

In this thesis, we have shown mainly two devices to achieve solar power via very low 

cost techniques. First device is PZT nanoparticle photosensitive device which has 

advantages of low temperature, low cost and soluble process. The second device is 

PZT/PbS-QDs hybrid photovoltaic device introducing the possibility of the high Voc 

from ferroelectric materials and high current from semiconductor nanocrystals, which 

showed the enhancement of power conversion efficiency. To understand the background 

and underlying physics related to our approach, we reviewed the theoretical aspects of the 
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ferroelectric and semiconductor nanocrystal materials, and its properties and applications 

in Chapter 2 and Chapter 3 respectively.  Then, in the following chapter, several growth 

parameters are discussed to explain their specific influences on the growth of ferroelectric 

thin films and ferroelectric nanoparticles. Furthermore, the importance of growth 

temperature and surface treatment of the quantum dots are emphasized that the 

photovoltaic efficiency was influenced by the quantum dots growth and the surface 

conditions. 

In chapter 5, we demonstrated a simple PZT based device and its characteristics. 

perovskite PZT thin film photovoltaic devices have been fabricated by the sol-gel 

method, with 600 °C under oxygen-rich environment, in order to compare the 

conventional technology to the following PZT nanoparticles we introduced in the next 

chapter. Basic optical and electrical properties were measured and analyzed. With those 

basic data, we could understand material and device properties like ferroelectric 

hysteresis, energy bandgap, and photosensitive properties of the PZT materials and its 

devices. We also showed a Schottky metal contact between ferroelectric and ITO layers 

provides a high Voc at the interface of PZT and ITO.  

Then, we extended our research to a low-temperature device fabrication method using 

PZT. Our approach was to prepare a nanostructured PZT materials that is prepared in a 

solution. Sol-gel synthesis has been used successfully to produce PZT nano-size powders 

having a 30 – 100 nm size and a narrow particle size distribution (Chapter 6). It has been 

found that the chemical hydrolysis condition from a sol-gel process, inert gas treatment, 

the treating temperature and ultra-sonication energy given to the nanoparticles are the 

most important parameters in determining the nano-phase formation and particle size.  
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With synthesized PZT nanoparticles, we introduced novel photosensitive device and 

showed that the new aspect of the PZT materials when it is in the nano-size particles, for 

the first time. Ferroelectric characterization clearly exhibited the abrupt polarization 

switch near the coercive fields even in the nano-scale, and values of remnant polarization 

with +Pr = ~ 1 nC/cm2 and Ec = ~ 10 kV/cm. Ferroelectric nanoparticle films have 

shown the potential for the applications of a novel or new generation devices, with great 

potential for low temperature fabrication as a substrate-free device, such as a flexible or 

an organic substrate devices, without considering lattice matching.  

Finally, in Chapter 7, the combination of attractive properties of PZT/PbS-QDs 

systems prospects for a potentially novel or new generation devices. Novel studies on the 

integration of those two materials showed the great improvement of photo-generated 

current due to quantum dots and Voc improvement due to ferroelectric PZT layer. 

Resulting efficiency improvement was more than 50 times compared to the conventional 

PZT photosensitive device. In this chapter, we also describe the growth of highly oriented 

PbS quantum dots by a colloidal method. We have also shown the feasibility for a high 

open circuit voltage formed at the interface between the ferroelectric thin film and ITO 

substrate.  

Consequently, future research work embraces investigations on PZT nanoparticles 

since it has more interesting properties such as piezoelectricity and pyroelectricity. 

Furthermore, nano-scale ferroelectric materials can be applied any micro or nano size 

devices such as FET, MEMs, acoustic and photosensing devices. We showed the PZT 

nanoparticles are synthesized with pre-heating and it can be fabricated on any room-

temperature substrates without considering the substrated lattice match which is 
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important for the ferroelectric crystallization. For example, PZT NPs can be made on a 

flexible substrates such as a conductive tape, or on a nano-scale substrates such as FET 

channels, MEMs cantilevers and inside organic nanostructures. 

Especially, we showed that ferroelectric-quantum dots (FE-QDs) device for the first 

time, as we know of, further efficient power conversion structure and the device could be 

accomplished, taking advantages from ferroelectrics and quantum dots. If we can control 

more sophisticated way, the nano-scale heterojunction device also could be interesting. 

We showed not only the advantages from the photovoltaic efficiency, we also showed 

that the device have a ferroelectric polarization effect from the device. I think that it also 

can be researched dynamic devices using the polarization effect. For example, FET 

device is a switch using gate and source/drain voltages. However, if we use ferroelectric 

materials for the gate insulator layer, then we have another controlling factor of the FET 

device using its ferroelectric polarization effect. 
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