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ABSTRACT 
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This work is related with the development of a cost effective, novel and one-step process, 

called pulsed laser ablation in liquids (PLAL) technique, for the synthesis of high purity, 

stable and less agglomeration nanostructured semiconductors. Nanostructured copper 

oxides (cupric and cuprous oxides) and CdSe were synthesized using the pulsed laser 

ablation in liquids technique. In order to synthesize nanostructured copper oxides, a high 

purity copper target was fixed at the bottom of a glass cell in the presence of deionized 

water mixed with hydrogen peroxide in different concentrations (0, 1, 3 and 5 %). The 

effect of the oxidizing media (deionized water and hydrogen peroxide) on the 

composition, morphology and optical properties of the synthesized nanomaterial 

produced by PLAL were studied. XRD and TEM studies indicate that in the absence of 

hydrogen peroxide, the synthesized nanoparticles were in two phases (Cu/Cu2O) with the 

spherical nanoparticle structure, whereas in the presence of hydrogen peroxide, the 

synthesized nanoparticles exhibited two other phases (Cu/CuO) with nanorod-like 

structure. The optical studies of the material prepared in the presence of hydrogen 

peroxide revealed considerable red shift (0.8 eV) in the band gap energy compared to the 

one prepared in the absence of it.  Also, the synthesized nanoparticles in the presence of 
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hydrogen peroxide showed a reduced photoluminescence intensity indicating reduced 

electron hole recombination rate. The red shift in the band gap energy and the reduced 

electron hole recombination rate make the synthesized nanoparticles an effecient 

photocatalyst to harvest solar radiation. The most relevant spectral lines on the FTIR 

spectrum for the samples were the absorption bands in the region between 450 and 700 

cm-1 which are the characteristic bands of copper-oxygen bonds. The laser ablation 

approach for the synthesis of Cu2O and CuO nanoparticles have unique advantages of 

being a clean method with controlled optical and morphological properties.  

The effect of annealing temperature on synthesized nanostructured copper oxides in 

deionized water was also studied. In the initial unannealed colloidal suspension, the 

nanoparticles of Copper (Cu) and Cuprous oxide (Cu2O) were identified. Further the 

suspension was dried and annealed at different temperatures and we noticed the product 

(Cu/Cu2O) was converted predominantly into CuO at annealing temperature of 300 ºC for 

3 hours.   As the annealing temperature was raised from 300 to 900 ºC, the grain size of 

CuO increased from 9 ±1 to 26 ± 1 nm. The structure and the morphology of the prepared 

samples were investigated using X-ray diffraction and Transmission Electron 

Microscopy. Photoluminescence and UV absorption spectrometry studies revealed that 

the band gap and other optical properties of nanostructured Cu/Cu2O were changed due 

to post annealing. Fourier transform IR spectrometry also confirmed the transformation 

of Cu/Cu2O into CuO which is very encouraging result. To the best of our knowledge, 

such transformation has not been reported in earlier publications.  

Pulsed laser ablation in liquids was also applied to synthesize cadmium selenide quantum 

dots from the commercially available micron sized cadmium selenide powder in acetone 
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medium using the pulsed laser radiation with 250 mJ energy. The thermal agglomeration 

due the nanosecond pulse duration of the laser was successfully eliminated by using 

unfocussed laser beam and thereby providing a favorable condition for the synthesis of 

quantum dots. It is worth mentioning that there is no report of synthesis of quantum dots 

using nanosecond pulsed laser. All previous studies were conducted using very expensive 

and too sophisticated femtosecond lasers. The morphological and optical characterization 

by XRD, HRTEM, optical absorption of the synthesized cadmium selenide quantum dots 

reveal that the material possesses similar characteristics to the one synthesized using 

femtosecond laser pulse. Relative to the cadmium selenide bulk material, the synthesized 

cadmium selenide quantum dots of average size 3 nm showed a blue shift in the band gap 

energy from near infrared spectral region to visible region, making this material capable 

and beneficial for solar energy harvesting applications like photocatalysis and solar cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 



xvi 
 

Abstract (Arabic)      ملخص الرسالة 
 
 

 طالل فرحان احمد قحطان  :االسم الكامل
 

   ستئصال الليزري في السوائلوصالت ذات بنية نانوية بواسطة اإلاشباه م تحضير وتوصيف  :عنوان الرسالة
 

 فيزياء التخصص:
 

 م 2014يناير  :تاريخ الدرجة العلمية
 
 

سيد النحاسيك أكاسيد النحاس ( أك من ية نانوية اشباه موصالت ذات بن إلى تحضير وتوصيف هذه الدراسة تهدف

بواسطة اإلستئصال الليزري في السوائل. لهذا الغرض تم استخدام ليزر نادميوم ياج الكادميوم  ايد والنحاسوز) وسيلين

. سائل مناسبفي  ة مغمور النقاوة ةعالي مادةإلرسال نبضات ليزرية الى نانومتر  532يعمل عند الطول الموجي 

قطعة من معدن النحاس عالي   عوضتم أكاسيد النحاس النانوية   خواص لىدراسة تأثيرالوسط المؤكسد عض لغر

ة (صفر، تراكيز مختلفممزوج بمحلول بيروكسيد الهيدروجين ب  مقطرماء على خلية زجاجية تحتوي  اخل دالنقاوة 

أشارت التحاليل الناتجة من جهاز ة المحضرة بعد فحص الجسيمات النانوي .)من الحجم واحد، ثالثة وخمسة في المائة

من النحاس/أكسيد  جسيمات كروية الشكل إلى تكون  عالي الدقة حيود األشعة السينية وتقنية المجهر األلكتروني النافذ

في حالة التراكيز  من النحاس/أكسيد النحاسيكوجسيمات ذات شكل عصوي  حالة التركيز الصفريفي  النحاسوز

للعينات المنتجة بان  قيمة طاقة الفجوة في حالة التركيزالصفري  الخواص البصرية أظهرت تحاليل االخرى. كما 

ز طيف نفاذ األشعة الحمراء قد في حالة التراكيز االخرى. كما ان جها 2.5الكترون فولت بينما تساوي  3.3حوالي 

 ي حالة التراكيز االخرى. ف أكسيد النحاسيكفي حالة التركيز الصفري و تكون أكسيد النحاسوز اكد

النانوية  النحاس/أكسيد النحاسوز جسيماتمدى تأثير درجة الحرارة على  التعرف على  الى هذه الدراسة أيضاً  هدفت

المقطر. لهذا الغرض تم تحضير اربع عينات ومن ثم تم في الماء  بواسطة اإلستئصال الليزري للنحاس المحضرة

درجة  900و  600، 300لمدة ثالث ساعات عند ثالث درجات حرارية مختلفة ( تجفيفها ووضعها في فرن كهربائي

ك الى أكسيد النحاسي تبدأ بالتحويل سيد النحاسوزالنانوية المتكونة من النحاس وأكأغلبية  الجسيمات  لوحظ ان مئوية). 

درجة مئوية مع  900 الى 600ويستمر هذا التحول بزيادة درجة الحرارة من  درجة مئوية 300عند درجة حرارة 

 زيادة حجم الجسيمات.
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من  الكادميوم ايدسلينل يةتضمنت هذه الدراسة أيضاً إستخدام تقنية اإلستئصال الليزري في السوائل لتحضير نقاط كم

 .جولميجا  250طاقتة   غير مركز الكادميوم في األسيتون بإستخدام شعاع ليزرايد سلينل جسيمات ميكرومترية 

 المنتجة يةلنقاط الكمل و تحليل الخواص البصرية تقنية المجهر األلكتروني النافذ، حيود األشعة السينية يةباستخدام تقن

هذه مما يجعل الكترون فولت)  2.4نانومتر وطاقة فجوة في المنطقة المرئية (  3وجد انها تمتلك حجم متوسط مقداره 

 الخاليا الشمسية. تطبيقاتفي   مفيدة المواد
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1 CHAPTER 1 

INTRODUCTION 

The fabrication of devices at atomic and molecular scale was predicted by physicist 

Richard Feynman in his famous talk entitled “There’s plenty of room at the bottom” at an 

American Physical Society meeting on December 29th, 1959 [1]. The term 

“Nanotechnology” was coined by Professor Norio Taniguchi at the University of Tokyo 

and it has been in use as early as 1974 [2]. Nanotechnology is a technology which deals 

with different structures of matter of the order of 10-9 of a meter. In 2006, 

Nanotechnology was defined by the US National Nanotechnology Initiative as follows: 

“Nanotechnology is development at the atomic levels in the length scale of approximately 

1-100 nanometer range, to provide a fundamental understanding of phenomena and 

materials at the nanoscale and to create and use structures, devices and systems that 

have novel properties and functions” [3].  The term “nano” refers to a billionth (10-9). 

The term “Nanomaterials”  refers  to a ultrafine parts of the material where at least one of 

its  dimensions is in nanometer scale (from 1nm to 100 nm). The nanomaterials are 

classified into three categories: One dimension nanomaterials (thin films), two dimension 

nanomaterials (nano wires, nano tubes and nano rods) and three dimension nanomaterials 

(nanparticles/NPs). The invention and development of high resolution imaging tools such 

as the scanning tunneling microscope (STM), atomic force microscope (AFM), 

transmission electron microscope (TEM) and scanning electron microscope (SEM) play 
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an important role in the characterization of nanomaterials and advancement of 

nanoscience.  

Nanomaterials show different physical and chemical properties from that of its bulk 

counterparts. These unique characteristics arise due to the quantum confinement and the 

increase of surface area to volume ratio which are inversely proportional to particle size 

[4-6]. Hence, synthesis and application of nanomaterials have attracted great attention 

from researchers for their applications in different areas such as sensing, energy 

harvesting and photo-catalysis.  Several methods have been applied to synthesize 

nanomaterials such as wet chemical synthesis, vapor phase condensation, rapid thermal 

decomposition of precursors in solution, sputtering and plasma reactors [7-8]. Some of 

these methods, especially the chemical methods, are capable of producing large 

quantities, but they typically require many steps (pretreatment, mixing, chemical reaction, 

filtration, drying and heat-treatment) [9-10]. Such treatments may alter the material 

purity, promote grain growth, and introduce contaminants. Purification of such 

contamination to obtain nanomaterial with a high degree of purity could add extra cost 

[11-12]. 

Pulsed laser ablation (PLA) is a process in which a pulsed laser beam is applied to 

remove/eject material from a solid surface. There are two kinds of PLA depending on the 

surrounding medium during the interaction between the laser beam and the material. PLA 

of materials in the presence of gases or in vacuum has been used to synthesize a wide 

variety of thin films and this is well known as Pulsed Laser Deposition (PLD) technique. 

On the other hand, PLA of a powder/solid target which is dispersed /immersed in liquid is 

now known as Pulsed Laser Ablation in Liquids (PLAL) [11-14]. 
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1.1 Pulsed Laser Ablation in Liquids Mechanisms 

In general, there are two main approaches to synthesize the nanostructured materials. 

Namely, bottom up and top down approach. Synthesis of nanomaterials using PLAL 

technique falls under top-down approach category. In PLAL technique, the production 

system does not require costly chambers and high vacuum pumps. Also, the preparation 

of well crystallized NPs using PLAL could easily be attained in one-step procedure 

without subsequent heat-treatments. In addition, pure NPs could be produced using this 

technique without the formation of by-products. Furthermore, the entire product could be 

collected in solution and the obtained colloidal solution can be easily handled. Moreover, 

in this technique, the size (micrometer/nanometer), composition (pure metals, 

semiconductors, metal oxides, metal peroxides, alloys, nitrides, carbides, etc.) and 

morphology (particles, cubes, rods, sheets, tubes, plates, flowers, etc.) of the synthesized 

materials depend on incident pulsed laser beam characteristics including pulse duration, 

wavelength, pulse repetition rate, laser fluence and ablation time, in addition to the 

confinement of the liquid medium [12-15]. Finally, it makes it possible to use this 

technique to resize and reshape the synthesized (by PLAL or other methods) colloidal 

NPs by the secondary ablation which will be revealed later during this study. 

Two mechanisms are suggested in PLAL to generate nanostructured materials which are 

summarized in the following sections:   

1.1.1 Thermal Evaporation Mechanism 

When a high intense pulsed laser beam strikes a solid target, most of the beam is 

absorbed by the medium at a localized spot and this absorption of the beam leads to the 
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creation of a high pressure and temperature plasma (laser-induced plasma) at the 

solid/liquid interface. There are two suggested models by Yang et al. and Zeng and 

coworkers for the interaction between the produced plasma and the liquid environment 

which in turn leads to synthesize the nanomaterials. Yang et al. [11-12] proposed that the 

laser-induced plasma evaporates and excites the confining liquid, converting it to plasma 

(plasma-induced plasma). The reaction between these two kinds of plasmas was 

responsible of the production of the nanostructured materials [16]. On the other hand, 

Zeng and coworkers [14, 16-19] proposed that the laser-induced plasma expand 

adiabatically leading to a quick condensing of the plasma which in turn leads to the 

fabrication of clusters. These clusters interact with the liquid medium, resulting in the 

fabrication of nanostructred material. 

1.1.2 Explosive Ejection Mechanism 

In this mechanism, hot nanodroplets are ejected from the target into the surrounding 

liquid at high speed due to the pulsed laser beam which in turn interacts with the liquid 

gradually from the surface. The morphology and the chemical composition of the 

products are governed by the interaction between the ejected nanodroplets and the 

ambient liquid which in turn depends on the medium reactivity and laser parameters [20-

23].  

In addition, PLA of a powder material dispersed in a transparent liquid is used to 

decrease the size of the particles into the nano scale. The synthesized nanoparticles may 

have the same or different shape, phase and composition depending on the interaction 

between the ablated particles and the surrounding medium. In this case, two mechanisms 

are suggested for the ablation of powder targets. The first mechanism is a thermal process 
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in which a pulsed laser beam melts and evaporates the large particles into small species 

(atoms and molecules) which in turn rearrange themselves into nanostructured particles 

that have  the same or different morphology and structure depending on the reactivity of 

surrounding medium and laser parameters [14, 24-29]  The second  is known as  

columbic explosion  mechanism in which laser beam ejects electrons from the outer 

surface of the  suspended particles via photoelectron or thermal effect [14, 29-32]. The 

electrostatic repulsion between the   induced surface charges (positive charges) on the 

different parts of the particles leads to the explosion of the primary particle into many 

smaller parts, a process called fragmentation. This leads to synthesis of ultrafine 

nanoparticles [14, 29-32]. 

1.2 Objectives 
The main objective of this thesis is to synthesize ultrafine nanostructured semiconductors 

using pulsed laser ablation in liquid. The specific objectives are the following: 

1. To design a homemade set up that could improve and achieve efficient 

conditions for pulsed laser ablation in liquids. 

2. To synthesize Cu2O, CuO and CdSe nanoparticles using pulsed laser 

ablation in liquid technique. 

3. To characterize the synthesized nanoparticles using different analytical 

techniques. 
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2 CHAPTER 2 

LITERATURE REVIEW 

The main aim of this chapter is to summarize the recent published literature which have 

attracted great attention on development of PLAL technique and using it to synthesize the 

copper oxides and cadmium selenide (CdSe) nanoparticles. PLA was developed soon 

after the ruby laser was invented in the 1960s [11-12]. Since the early 1980s, PLA of 

materials in the presence of gases or in vacuum has been used to synthesize a wide 

variety of thin films. In 1987, Patil et al. [11] revealed for the first time, the possibility of 

using PLA of a metallic iron as a solid target in deionized water (DW) as a confining 

liquid to synthesize a layer of metastable iron oxides on iron. The potential of using 

PLAL technique for surface oxidation, nitriding or carbiding of metals was examined by 

Ogale [11]. This opened new routes for material processing via PLAL technique. In 1993, 

the possibility of this technique to synthesize colloidal solutions of metalic target in the 

presence of organic solvents and water was reported by Neddersen et al. [13]. In the early 

2000s, researchers started to generate and control the size of nanostructured noble metals 

by pulsed laser ablation in the presence of aqueous solutions and surfactants. Since then, 

PLAL has been applied to synthesize a wide variety of nanostructured materials which 

gained high popularity as these methods allow one to obtain nanomaterial with a high 

degree of purity (as laser beams being a completely clean tool) and one can ablate nearly 

all kinds of materials, as laser beam posses high power density after focusing ( 106~ 1014 

W/cm2) [12-15]. 
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2.1 Copper Oxides Nanoparticles 
Transition metals show unique characteristics like existence of various oxidation states, 

formation of paramagnetic compounds, high melting point, high boiling point, effective 

homogeneous and heterogeneous catalytic activity and all these properties can be 

ascribed to the partially filled d shells. Transition metal oxides form a series of 

compounds with a wide range of unique electronic properties and they have important 

phases such as dielectrics, semiconductors and metals, and could be utilized very well as 

materials for magnetic, electrochromic, optical and catalytic applications [33]. The 

advent of the nanostructured material has brought about the improved attributes in terms 

of magnetic, electronic, catalytic, sensing and optical characteristics compared to their 

bulk counterparts [34-40]. Copper oxide is one of the most extensively studied transition 

metal oxides and finds widespread applications as well. The predominant oxides of 

copper are cupric oxide or Copper (II) oxide (CuO) and cuprous oxide or Copper (I) 

oxide (Cu2O), ignoring the presence of other forms of oxides which are quite marginal. 

From application point of view, CuO is more versatile than Cu2O, where the former is 

widely applied in the fields of solar energy conversion, nanofluid and gas sensors, [41-

43] and the latter is mostly applied in the areas of bacterial disinfection [44] and solar 

cells [45]. Both CuO and Cu2O are p-type semiconductors possessing monoclinic and 

cubic crystal structures respectively and the band gap energy for CuO is in the range of 

1.2 to  2.1 eV while for Cu2O is  in the range of  2.1 to  2.6 eV.  These variations are 

quite evident in the published literature [46-48]. 
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In 1999, Yeh et al. [49] studied the production of Cu NPs by PLA of suspended CuO 

powder in 2-propanol using Nd: YAG nanosecond laser operating either at 1064 or 532 

nm of wavelength.  

In 2008, Amikura et al. [50] reported the synthesis of   Cu4O3 and Cu NPs using PLAL. 

In this study, Nd: YAG nanosecond laser (532 nm wavelength, 6 ns pulsed duration and 

operating at 184-210 mj/Pulse of energy) was applied to ablate Cu plate in DW and 

decane to synthesize Cu4O3 and Cu NPs respectively.  

In 2009, Lin et al. [51] used PLAL (532 nm wavelength, focused nanosecond laser (10 

ns), 5 Hz repetition rate, 100 mj/pulse energy and 60 minutes ablation time) to synthesize 

CuO nanorod from the ablation of Cu target in DW.  By applying electric field during the 

ablation and without focusing, the authors were able to synthesize spin-like CuO. Lee et 

al.[52] produced  spin-like CuO  and cu NPs using 532 nm from Nd: YAG nanosecond 

laser (4-6 ns pulse duration and  8.9 mj/cm2  energy density) for the ablation of 

suspended  CuO powder in methanol.  

In 2010, Niu et al. [53-54] produced  CuS nanowires  using 1064 nm from  Nd: YAG 

laser (1 ms pulse duration, 20 Hz pulse repetition, 106 W/cm2 laser fluence and for 5 min 

ablation time) to ablate Cu target in 1-Dodecanethiol. The authors were able to synthesis 

hollow CuO NPs from the ablation of   Cu plate in water + ethanol using Nd: YAG laser 

(1064 nm, 0.6 ms pulse duration, 1 Hz pulse repetition, 106 W/cm2 laser fluence and 5 

min ablation time).  

In 2011, Nath and Khare[55] used   Nd: YAG nanosecond laser (532 nm, 10 ns) to ablate 

Cu plate in DW. By changing the focusing condition to adjust the energy density, CuO 
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NPs (≤200 nm), CuO/Cu2O and  Cu/Cu2O composites were synthesized at 500 J/cm2, 80 

J/cm2 and  9 J/cm2 respectively. Kawasaki [56] synthesized Cu NPs (10 nm) using pulsed 

laser ablation (164 nm) from suspended CuO powder in acetone. The as prepared Cu NPs 

were converted into Cu2O NPs by oxidation process in the open air. Muniz-Miranda et al. 

[57] used PLAL to synthesize from Cu colloidal suspensions. The authors  used Nd: 

YAG laser (1064 or 532 nm, 10 ns pulse duration, 10 Hz pulse repetition, 2.5 mj/cm2 

energy density and 10-30 min ablation time) as ablation source   to synthesize Cu 

colloidal suspensions by the ablation of Cu plate in aqueous solution. 

However there is no authentic report or published data regarding the effect of oxidizing 

medium and annealing temperature on the properties of copper oxide nanoparticles using 

PLAL technique. Hence, the work in this direction could be considered as a pioneer 

work.     

2.2 CdSe Nanoparticles 
Semiconductors at the nanoscale exhibit unique physical and chemical properties, 

compared to their macroscopic counterparts, and these characteristics are strongly size-

dependent, especially as the particle size gets smaller than the exciton Bohr radius 

(Quantum dots) of the bulk material. Hence, during the last few decades, the 

semiconductor nanocrystals have seen enormous research interests both in basic and 

technological applications.  The most important materials for the optoelectronic 

applications, in general, are Zinc Sulfide (ZnS) [58-59], Zinc oxide (ZnO) [60], Cadmium 

sulfide (CdS) [ 61] and Cadmium Selenide (CdSe) [62] and in particular, CdSe quantum 

dots (QDs), due to their interesting size dependent optical and electronic properties. CdSe 

took over a major role in the vital applications in the field of nano-electronics [63], laser,  
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and biological applications [64-65]. Several methods for synthesis of CdSe QDs, such as 

solution-based synthesis with organometallic and nonorganometallic precursors [66-68] 

and deposition-based synthesis (ionic layer adsorption, chemical bath deposition, atomic 

layer deposition, pulse laser deposition) [69-75] have been reported.  

In 2012, Mahmoud et al. [76] used a chemical method in which 2-mercaptoethanol was 

used as capping agent to synthesize CdSe quantum dots (QDs).  The synthesized CdSe 

QDs have cubic phase with zinc blende structure and average particle size achieved was 

2.3, 3.1, 4.1, 5, and 6 nm and optical band gap energy 2.5, 2.3, 2.2, 2.1 and 1.93 eV 

corresponding to chemical reaction temperature ( 65 ºC , 75 ºC, 85 ºC and 95 ºC, 

respectively ).  

The work and the literature on the synthesis of colloidal QDs using PLAL is very limited 

[77-79]. In 2006, Ruth and Young [77] used PLAL with 600 ns pulsed laser for the 

synthesis of CdSe NPs in different liquids and their product material failed to exhibit any   

photoluminescence (PL) for the excitation wavelength  between 250 and 500 nm. In 

2009, Semaltianos et al [78], were able to get the PL of the CdSe QDs prepared by PLA 

(using laser having 180 fs of pulsed duration) of CdSe target in methanol. However to the 

best of our knowledge and literature available, there is not any single report on synthesis 

of CdSe QDs using nanosecond pulsed laser. Hence, this work is the first of its kind to 

report the synthesis of CdSe QDs using nanosecond laser.  The size-dependent 

photoluminescence and electroluminescence property of II–VI semiconductors family has 

attracted much attention from researchers to study the members of this family in some 

details for both fundamental research and technological applications [80-81].  
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3 CHAPTER 3 

SETUP AND CHARACTERIZATION TECHNIQUES  

3.1 Experimental Setup for Synthesis of Nanoparticles (NPs) 
 

An intense pulsed laser beam from a Q-switched Nd-YAG laser (Brilliant B) operating at 

532 nm wavelength using second harmonic generator was used as an ablation source. 

This laser can deliver maximum pulse energy of 450 mJ with a pulse width of 5 ns and 

operates at a 10 Hz pulse repetition rate. With an appropriate turning prism and lens, the 

laser beam was routed and focused on the sample target. In order to avoid any crater on 

the target surface due to the high intense laser beam, the target was rotated using a 

magnetic rotator whose speed was controlled by a stepping motor. The target was kept in 

the presence of an appropriate liquid medium. The height of the liquid level in the beaker 

was maintained approximately 2-4 mm above the surface of the target in order to avoid 

the laser beam travelling a longer path length through the liquid and hence to minimize 

the absorption loss. The schematic diagram of the ablation system applied for the 

synthesis is depicted in Fig. 3-1. In case of powder targets,   the defocusing setup (Fig. 3-

2) was used to ablate a suspended powder in 40 ml of appropriate liquid for 15 minutes. 

In order to get homogeneous solution, a speed magnetic stirrer was used during the 

experiment. Fig. 3-3 shows a photograph of the focusing arrangement of the setup 

applied in this work.  
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Figure  3-1 Schematic diagram of the focusing arrangement of the setup for synthesis of nanostructured 

semiconductors from solide target using PLAL technique. 
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Figure  3-2 Schematic digram of the defocusing arrangement of the setup  for synthesis of nanostructured 

semiconductors from powder target by PLAL technique. 
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Figure  3-3 Photograph of PLAL setup developed at Laser Laboratory of KFUPM. 

 



15 
 

It is relevant to mention the problems that we faced at the beginning of this work related 

with experimental work which could affect the ablation efficiency. These steps are 

mentioned briefly in the following points: 

1. Adjusting the diameter of the magnetic rotator: 

Fig. 3-4 shows (a) a glass cell, (b) a magnetic rotator, (c) a target and (d) 

the final design (a-c together) that was used in the experiment. The 

diameter of the magnetic rotator (2.5 cm) should be very close to the 

diameter of the glass cell (2.8 cm) to minimize the vibrations  on the liquid 

surface which in turn decrease the reflectance of laser beam from the 

liquid surface and increase the ablation efficiency. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  3-4 Photographs of the essential parts in PLAL: a- glass cell, b- 

magnetic rotator c- target d- (a-c) all parts together. 
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2. Adjusting liquid level above the target surface: 

The ablation efficiency could be affected by the liquid level above the 

target surface. To study this effect, the liquid level was varied from 1 to 10 

mm in height from the target surface, and it was found that the typical 

liquid level should be in the range 2-4 mm as shown in Fig. 3-5. If it is 

less than this range, the ablated material could fly in air due to the 

incomplete confinement for the ablated material by the liquid. On the 

other hand, if it is more than this range, the laser beam could travel a 

longer path length through the liquid and this means more laser energy 

absorption by the liquid. In addition, there is a probability that liquid can 

act as lens and could diverge the laser beam and thus decreasing the 

ablation efficiency.  

Figure  3-5 Photographs of the glass cell and the magnetic rotator with different volumes of liquid. 
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3. The height of the magnetic rotator: 

Two different designs of magnetic holders were used in the experiment as 

shown in Fig. 3-6-a and -b. Design (b) gives better results, because it 

allows one to use 7 ml of liquid while one can use just 3 ml in design (a) 

when typical liquid level above target in both of them is 2 mm. The lesser 

amount of liquid in design (a) means higher concentration of ablated 

material for the same period of time and this means higher absorption, 

reflection and lower ablation efficiency. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  3-6 Photographs of different designs of magnetic rotator. 
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3.2 Characterization Techniques for Synthesized Nanoparticles 
 

After 15 minutes of ablation, the produced colored colloidal suspension of nanostructured 

semiconductors were collected and dried in an oven at low temperature. The structure, 

composition and the morphology of the product material were investigated using X-ray 

diffraction spectroscopy (XRD), Energy Dispersive X-ray Spectroscopy (EDS), Field 

Emission Scanning Electron Microscopy (FE-SEM) and Transmission Electron 

Microscopy (TEM). The optical properties of nanostructured semiconductors were 

investigated using spectroflurometer (PL), UV-Vis spectrophotometer and Fourier 

Transform Infrared Spectroscopy (FTIR). 

3.2.1 X-ray Diffraction (XRD)  

The XRD was carried out using X-ray diffractometer (Shimadzu XRD Model 6000) 

using Cu-Kα radiation, operated at 40kV and 30mA. This system is located in the Surface 

Science Laboratory, Physics Department, King Fahd University of petroleum and 

minerals (KFUPM) and depicted in Fig. 3-7. 
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Figure  3-7 Photograph of the X-ray diffractometer used in this study. 
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3.2.2 Field Emission Scanning Electron Microscopy (FE-SEM)  

 

For surface morphology studies the Field Emission Scanning Electron Microscopy 

(FESEM, TESCAN Ultra-High Resolution) was used by operating at 20kV with different 

magnification powers. This Scanning electron microscope is also equipped with an X-ray 

energy dispersive spectroscope (EDS) detector as shown in Fig. 3-8. This system is 

located in Center of Excellence in Nanotechnology (CENT), KFUPM. 

 

 

 

 

 

 

 

 

 

 

Figure  3-8 Photograph of FE-SEM and EDS systems used in this work. 
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3.2.3 High Resolution Transmission Electron Microscopy (HRTEM)  

FEI Company’s Titan 80-300 CT TEM instrument was employed to perform the 

conventional TEM (CTEM), selected area electron diffraction (SAED), X-ray energy 

dispersive spectroscopy (EDS), and electron energy loss spectroscopy (EELS) analyses 

of the nanostructured semiconductors. The microscope was operated by setting the 

electron beam to 300 keV. All the electron micrographs were recorded on a charged 

coupled device (CCD) camera of model US 4000 from Gatan, Inc. that is attached below 

the projection chamber of the microscope. Whereas the EELS spectra were recorded on 

another CCD camera of model US 1000 attached to end of electron energy filter of model 

GIF Tridiem from Gatan, Inc. The entire data acquisition and analysis were carried out in 

Gatan Microscopy Suite v.1.8.3 . This system is located in the Imaging and 

Characterization Core Lab, King Abdullah University of Science and Technology 

(KAUST) and depicted in Fig. 3- 9. 
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Figure  3-9 Photograph of HRTEM system used in this work. 
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3.2.4 UV-Vis Spectrophotometer for Band Gap Measurements 

The UV-Vis absorption spectrum was obtained with the spectrophotometer (Jasco 670). 

This system is located in Laser Research group, Physics Department, KFUPM and 

depicted in Fig. 3-10. 

 

 

 

 

 

 

 

 

Figure  3-10 Photograph of UV-Vis spectrophotometer used in this work. 

 



24 
 

3.2.5 Spectroflurometer for Photoluminescence Study  

The photoluminescence data were taken using Shimadzu Spectrofluorometer with 1200 

grooves/mm, and with a suitable excitation wavelength. This system is located in the 

Laser Research group, CENT, KFUPM and depicted in Fig. 3-11. 

 

 

 

 

 

 

Figure  3-11 Photograph of Spectroflurometer used in this work. 
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3.2.6 Fourier Transform Infrared Spectroscopy (FTIR)  

In order to confirm the type of bonding in the nanostructured semiconductors, the FTIR 

spectrum was measured and recorded on FTIR spectrophotometer using dry KBr as 

standard reference in the range of 400–4000 cm-1. This system is located in the Chemistry 

Department, KFUPM and shown in Fig. 3-12. 

 

 

 

Figure  3-12 Photograph of FT-IR spectrophotometer used in this work. 
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4 CHAPTER 4 

RESULTS AND DISCUSSION 

In this chapter, results and discussion regarding the synthesis of nanostructured 

semiconductors (copper oxides and CdSe NPs) using PLAL technique are presented. The 

composition, morphology and optical properties of the synthesized nanoparticles are also 

discussed. 

4.1 Synthesis of Copper Oxides NPs  
In this section, the synthesis of copper oxides NPs using PLAL technique is discussed. 

The effects of oxidizing medium and temperature on the composition, morphology and 

optical properties of the synthesized copper oxide NPs are presented in details in the 

following two subsections.  

4.1.1 Effects of Oxidizing Medium  

In this section, the effect of oxidizing media (different concentration of H2O2 mixed with 

DW) on the composition, morphology and optical properties of the synthesized 

nanoparticles is described. The experimental setup depicted in Fig. 3-1 was employed for 

this purpose.  The target used was 1mm thick metallic copper (purity 99.99% Advent 

Research Materials Ltd) and it was fixed on the magnetic rotator which was immersed in 

the liquid medium in the glass cell. Typical energy density and the liquid level above the 

target surface were 3 J/cm2 and 2 mm respectively. In this study, we kept all the 

experimental parameters the same except the concentrations of H2O2 in the DW.  

Different concentrations of hydrogen peroxide (1, 3 and 5% by volume) were added in 
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the DW during the experiment. After 15 minutes of ablation, the synthesized colored 

colloidal suspension was collected and dried at a temperature of 40 oC for 3 hours. The 

products obtained from PLAL process were characterized with the analytical tools such 

as, XRD, EDS, TEM, HRTEM, UV-VIS absorption, Photoluminescence and FTIR. The 

results indicated that the higher concentration of H2O2 favors not only the production of 

Cu/CuO but also reshape the copper oxide nanostructures. As it is evident from Fig. 4-1, 

the suspension of synthesized nanomaterial in the liquid medium show different colors, 

the darkest one on the left side is the synthesized nanomaterial made without the presence 

of H2O2 in liquid medium. 

This dark color is due to the presence of predominant copper and Cu2O in the product 

material and as we use higher concentration of H2O2 in liquid medium, the color of the 

suspension of the synthesized nanomaterial gets lighter, indicating the presence of less 

copper and more CuO, which will be more evident from the subsequent discussions 

below. The possible chemical reactions between the removed copper NPs due to the 

ablation and the liquid medium (H2O/H2O2) are as follows:  

2Cu + 2H2O (hν532 nm ) → 2CuOH + H2 

2CuOH → Cu2O + H2O 

2Cu2O + H2O2  → 4CuO + H2,  

With the increased concentration of H2O2, there could be a significant increase in the 

conversion of Cu2O into CuO as depicted in the following chemical reaction. 

2Cu + H2O2  → Cu(OH)2   and Cu(OH)2     → CuO +   H2O 
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Figure  4-1 The appearance and color of the synthesized nanomaterial samples by varying the concentrations of 

H2O2 in the DW as indicated in the figure. 
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4.1.1.1 Structure and Morphology of Synthesized Material 
 

EDS spectra for a selected 16 µm2 on the surface of the prepared samples are presented 

along with the quantifications annotated in the inset in Fig. 4-2, 4-3, 4-4 and 4-5 

respectively.  

 

 

 

 

 

Figure  4-2 EDS spectrum of the synthesized nanomaterial in  0 % of H2O2 in the DW as indicated on the figure. 
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Figure  4-3 EDS spectrum of the synthesized nanomaterial in 1 % of H2O2 in the DI water as indicated on the figure.  
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Figure  4-4 EDS spectrum of the synthesized nanomaterial in 3 % of H2O2 in the DW as indicated on the figure.   
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Figure  4-5 EDS spectrum of the synthesized nanomaterial in 5 % of H2O2 in the DW as indicated on the figure.  
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The presence of copper and oxygen in the EDS confirms the presence of copper oxide 

and also the results showed the increase of the relative mass percentage of oxygen to 

copper with the increased concentration of H2O2 as clear from Fig. 4-2 through 4-5. The 

additional peak at about 2 keV may be from the coating material. X-ray diffraction 

patterns of the synthesized nanomaterial are shown in Fig. 4-6, -7, -8 and -9. 

  

 

Figure  4-6 X-ray diffraction of the synthesized nanomaterial in 0 % of H2O2 in the DW. 
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Figure  4-7 X-ray diffraction of the synthesized nanomaterial in 1 % of H2O2 in the DW. 
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Figure  4-8 X-ray diffraction of the synthesized nanomaterial in 3 % of H2O2 in the DW. 
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Figure  4-9  X-ray diffraction of the synthesized nanomaterial in 5 % of H2O2 in the DW. 
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In the absence of H2O2 in DW, the two phases present in the synthesized material are Cu 

and Cu2O as shown in Fig. 4-6 and as 1% of H2O2 is added to the liquid medium, the 

Cu2O in the product material disappears and CuO appears and its level in the product 

material increases with the increase of H2O2 from 1% to 5% (Fig. 4-7, 4-8 and 4-9) and 

this result is understandable from the increased oxygen in the liquid medium. The XRD 

results substantiate the results of EDS. In addition to this, it is quite clear from Fig. 4-7, 

4-8  and 4-9 that the FWHM of copper diffraction peaks is smaller than that of cupric 

oxide ones, indicating that the mean crystal size of the copper grains is higher than that of 

cupric oxide.  

In addition to the change of phase composition of the product material with increased 

H2O2 concentration, there is a change of the shape of the nanostructure observed with the 

increased H2O2 concentration. It is clear from the TEM image in Fig. 4-10 with no H2O2 

present, the product material show spherical shape with an average size less than 10 nm, 

whereas the synthesized nanomaterial with 5% H2O2 concentration in DW (Fig.  4-12) 

shows rod-like nanostructure. HRTEM images of product material with 0% and 5% H2O2 

concentration (Fig. 4-11 and 4-13 respectively) show the random orientations of the small 

crystals indicating the polycrystalline nature of the synthesized nanomaterials. In 

addition, the crystallization of the synthesized nanomaterial in 0% of H2O2 is much better 

than that in 5% H2O2 which is in a good agreement with XRD patterns. 
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Figure  4-10 TEM image of the synthesized nanomaterial in 0%  of H2O2 in the DW. 
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Figure  4-11 HRTEM image of the synthesized nanomaterial in 0% of H2O2 in the DW. 
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Figure  4-12 TEM image of the synthesized nanomaterial in  5% of H2O2 in the DW. 
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Figure  4-13 HRTEM image of the synthesized nanomaterial in 5% of H2O2 in the DW. 
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4.1.1.2 Optical Characterization of the synthesized Material 
 

Optical characterization such as absorption, photoluminescence, and FTIR was also 

carried out on the synthesized nanomaterials at room temperature. For all the absorption 

spectra depicted in Fig. 4-14, 4-15, 4-16 and 4-17, the incident laser beam parameters 

were kept constant except that the concentration of H2O2 present in the liquid medium. 

Fig. 4-14 for 0% H2O2 in DW, Fig. 4-15 for 1% H2O2 in DW, Fig. 4-16 for 3% H2O2 in 

DW, Fig. 4-17 for 5% H2O2 in DW. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure  4-14 Absorption spectrum of synthesized nanomaterial  in 0 % of H2O2 in the 

DW. 
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Figure  4-15 Absorption spectrum (A) of synthesized nanomaterial  in 1 % of H2O2 in 

the DI water. The Guassian Peak fit is shown in (B), (C) and (D). 
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Figure  4-16 Absorption spectrum (A) of synthesized nanomaterial  in 3 % of H2O2 in the 

DI water. The Guassian Peak fit is shown in (B), (C) and (D). 
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Figure  4-17 Absorption spectrum (A) of synthesized nanomaterial  in 5 % of H2O2 in the 

DW. The Guassian Peak fit is shown in (B), (C) and (D). 
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In the absence of H2O2 in the liquid medium (Fig. 4-14), the product material show four 

peaks of which the most intense is at 217 nm is due to the inter-band transition of copper 

electrons close to Fermi levels, the broad peak at 641 nm is due to surface Plasmon 

resonance of Cu [55, 82-83] and the absorption peaks at 334 nm 277 nm are due to the 

Brillouin transitions of cuprous oxide [55, 82-83]. With the addition of H2O2 in DW, the 

absorption spectra (A) of the product material as indicated in Fig. 4-15, 4-16and 4-17 are 

broadened indicating the presence of multiple peaks. So we carried out Guassian curve 

fitting on these broad peaks and found three component peaks (peak B, peak C and peak 

D) in the absorption spectra.  Further increase of concentration of H2O2 in DW does not 

make any substantial change in the characteristics of the component peaks except a minor 

change in their relative intensities. As the structure and the shape of the synthesized 

nanomaterial change with the addition of H2O2, the plasmonic resonance peak of Cu at 

641 nm is absent, which supports our earlier results. Peak B and C are respectively at 313 

nm and 359 nm. The peak  at 313 is due to the shape induced charge transfer between 2p 

oxygen orbital and 4s  bands of Cu2+ ions and the peak at 359 nm is due to  O2- � Cu2+ 

charge transfer [55, 84-85].  The origin of peak D needs to be investigated further. 

The band gap energy of the semiconductor material can be estimated using Tauc equation 

[86]: 

( )n
gE A E E� � �                                                                                                             (1) 

Where (� ) is the absorption coefficient, ( E ) is the photon energy, ( A ) is a constant and 

n  takes the value ½ and 2 respectively for allowed direct and allowed indirect transitions.  
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1
2( )gE A E E� � �                                                                             (2) 

From the absorption data, Tauc plots  ( 2( )E� versus E ) are drawn to determine the band 

gap energies of the product materials synthesized with varying concentration of H2O2 in 

DW and are shown in Fig. 4-18 for 0% H2O2 in DW, Fig. 4-19 for 1% H2O2 in DW, Fig. 

4-20 for 3% H2O2 in DW, Fig. 4-21 for 5% H2O2 in DW.  

The Tauc plot shows a linear nature over a wide range of photon energy for n=1/2 

(equation 2) for the ablated material, indicating that the synthesized material is of direct 

band gap semiconductor.                                                  

As it is obvious from the Tauc plots that the band gap energy drastically red shifted from 

3.3 eV (376 nm) in the case of zero percent of H2O2 in DW (favoring Cu/Cu2O) to 

approximately 2.5 eV (496 nm) with the addition of H2O2 in DW (favoring Cu/CuO). The 

minor variation in the band gap energies with increased concentrations of H2O2 in DW 

can be considered as an experimental variation. As transition metal oxides in general, and 

copper oxide in particular are good photocatalysts, the red shift brought about in copper 

oxide by the addition of H2O2 in the liquid medium is quite advantageous for any 

photocatalytic applications. H2O2 in the liquid medium shifted the band gap energy to 496 

nm, which is active in the visible region of the solar spectrum and hence this material 

might be suitable as an effective photocatalyst for harnessing the solar radiation.   
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Figure  4-18 Tauc plot of the synthesized nanomaterial in 0 % of H2O2 in the DW. 
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Figure  4-19 Tauc plot of the synthesized nanomaterial in 1 % of H2O2 in the 

DW. 
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Figure  4-20 Tauc plot of the synthesized nanomaterial in 3 % of H2O2 in the DW. 
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Figure  4-21 Tauc plot of the synthesized nanomaterial in 5 % of H2O2 in the DW. 
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The PL spectrum gives insight to study the efficiency of the charge carrier trapping and 

the electron-hole recombination in the semiconductor. Fig. 4-22, 4-23, 4-24, 4-25 depicts 

the photoluminescence (PL) spectra of the product material of PLAL synthesis process 

Fig. 4-22 for 0% H2O2 in DW, Fig. 4-23 for 1% H2O2 in DW, Fig. 4-24 for 3% H2O2 in 

DW, Fig. 4-25 for 5% H2O2 in DW. The excitation wavelengths are 283 nm and 330 nm 

for the synthesized samples in pure DW (0% H2O2) and different concentrations (1, 3 and 

5 %) of  H2O2  in DW respectively. 

Figure  4-22 Photoluminescence emission spectrum of the synthesized nanomaterial in 0 % of H2O2 in the DW. 
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Figure  4-23 Photoluminescence emission spectrum of the synthesized nanomaterial in 1 % of H2O2 in the DW. 
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Figure  4-24 Photoluminescence emission spectrum of the synthesized nanomaterial in 3 % of H2O2 in the DW. 
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Figure  4-25 Photoluminescence emission spectrum of the synthesized nanomaterial in 5 % of H2O2 in the DW. 
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There are two striking difference between the PL spectra of the resultant materials: (1) 

with addition of H2O2, the resultant material was Cu/CuO and there is an 7 fold decrease 

in the overall PL intensity, which can be seen from the axes of the PL spectra (2) there 

are two PL peaks (360 nm and 416 nm) observed in the case of the resultant material 

(Cu/Cu2O) with no H2O2 in the PLAL synthesis. While the peak at 300 nm is assigned to 

interband transition of the sample prepared in DW, the peak at 416 nm may be due to 

defects. From these observations it could be  inferred that the resultant material 

synthesized in the presence of H2O2 in PLAL process have reduced amount of defects and 

reduced  rate of electron hole pair recombination, which is another positive attribute 

desired in a good photocatalytic material.    

Fig. 4-26 exhibits FTIR spectra of the PLAL product materials. As indicated in Fig. 4-26, 

the broad absorption bands at around 1600 and at around 3450 cm-1 are mainly assigned 

to the stretching and bending modes of the hydroxyls of adsorbed water due to the 

chemisorbed and/or physisorbed H2O on the surface of nanostructured crystals [87]. Fig. 

4-26-a depicts the FTIR spectrum of the sample prepared by PLAL in DW( with no 

H2O2). The wide absorption band around 620 cm-1 is assigned to the characteristic 

vibrational mode of Cu2O [88-90]. No active modes from CuO detected by FTIR can be 

observed as shown in Fig. 4-26-a. In all other spectra, there are one IR absorption peak 

centered around 533 cm-1 revealing the vibrational properties of Cu-O  [91-93]. The 

broad FTIR bands in the zones of 650–1500 cm-1 and1500–3000 cm-1 reflect the 

existence of surface adsorption states on the CuO nanoparticles [94]. These peaks appear 

at 1000-1200 and 1300-1500 cm-1,in the spectra b, c and d in Fig. 4-26 with increasing 

intensity from c to d. 
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Figure  4-26 Typical FTIR spectra of the synthesized product material by varying concentrations of H2O2 in the 

DW.  (a) for  0% H2O2 in DW, (b) for 1% H2O2 in DW, (c) for 3% H2O2 in DW, (d) for 5% H2O2 in DW. 
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The  intensity of these peaks increase by increasing the concentration of H2O2 during the 

ablation process. This observation can be used as an indirect indication to the formation 

of CuO nanoparticles, with increasing amount from c to d. According to the reaction 

2Cu2O + H2O2→ 4CuO + H2, there should be significant increase in the formation of 

CuO by increasing H2O2, as it is observed in the IR spectra. IR-spectroscopy analysis of 

the interaction products upon various H2O2 concentrations show that the appearance of 

the CuO becomes significant after addition of 1% H2O2 (Fig. 4-26-b).  By increasing the 

concentration of H2O2, the formation of CuO increases. 
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4.1.2 Effects of Annealing Temperature 

 

In this section, the effect of annealing temperature on nanostructured pure copper (Cu) and 

cuprous oxide (Cu2O) synthesized using PLAL technique in DI water will be discussed. The 

same experimental setup and parameters mentioned in section 4.1. were used for this 

purpose. The ablated material in the DW was filtered out and annealed in air at three 

different temperatures (300 °C, 600 °C, and 900 °C). In the initial unannealed colloidal 

suspension, Cu and Cu2O NPs were obtained and identified as discussed in section 4.1.1. 

Further we noticed the product (Cu/Cu2O) was converted predominantly into CuO at 

annealing temperature of 300 ºC for 3 hours.   As the annealing temperature was raised from 

300 to 900 ºC, the grain size of CuO increased from 9 to 26 nm. The structure and the 

morphology of the prepared samples were investigated using X-ray diffraction and 

transmission electron microscopy. Photoluminescence and UV-Vis absorption spectrometry 

studies revealed that the band gap and other optical properties of nanostructured CuO were 

changed due to post annealing. Fourier transform spectrometry also confirmed the 

transformation of Cu/Cu2O into CuO.  

4.1.2.1 Structure and Morphology of unannealed/annealed Copper oxides 
NPs 
 

XRD spectra depicted in Fig. 4-27, 4-28, 4-29 and 4-30  show the presence of copper 

(Cu), cuprous oxide (Cu2O) and cupric Oxide (CuO) synthesized using pulsed laser 

ablation. 
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Figure  4-27 X-ray diffraction of Cu/Cu2O prepared by pulsed laser ablation in DW. 
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Figure  4-28 XRD patterns of CuO prepared by annealing Cu/Cu2O at  300 ºC for three hours. 
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Figure  4-29 XRD patterns of CuO prepared by annealing Cu/Cu2O at  600 ºC for three hours. 
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Figure  4-30 XRD patterns of CuO prepared by annealing Cu/Cu2O at  900 ºC for three hours. 
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As it is clear from Fig. 4-27, the XRD pattern for the synthesized material without 

subjecting to any annealing, shows the presence of copper (Cu) and cuprous oxide 

(Cu2O), and as we anneal the material, a further oxidation brings about cupric oxide 

(CuO) and gradually depriving the presence of copper (Cu) and cuprous oxide (Cu2O) as 

the annealing temperature is raised from 300 ºC to 900 ºC. In addition to this, the 

produced CuO became more crystalline with increased annealing temperature. Before 

annealing, the XRD pattern in Fig. 4-27 shows dominant Cu2O (111) and Cu2O (220) 

peaks. When the material is subjected to annealing at 300 ºC, we can only see the traces 

of these Cu2O peaks in Fig. 4-28 and upon subsequent increase of annealing temperature, 

these peaks fully disappear to give way to CuO peaks and becomes more crystalline. This 

result confirms the transformation of Cu/Cu2O into CuO. 

4.1.2.2 Effect of annealing temperature on grain size 
 

In the case of laser ablation, the local temperature momentarily goes quite high and this 

favors the formation of Cu2O from the ablated Cu and oxygen present in the water. The 

chemical reaction,  4Cu + O2 � 2Cu2O  requires only 1000 ºC, which is adequately given 

by the laser pulse. In addition, the non reacting ablated Cu remains as is, in the water 

sample along with Cu2O and this explains the presence of Cu and Cu2O in the material 

before annealing [95]. As this material is filtered from the water and annealed in the 

atmosphere, cuprous oxide (Cu2O) turns into cupric oxide (CuO) by the chemical 

reaction 2Cu2O + O2 � 4CuO   at about 300 ºC and CuO becomes more crystalline with 

the increase of temperature.   
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As expected, the XRD peaks of CuO narrow down with increasing temperature, 

indicating the growth of grain size. The grain size (D) of CuO nanoparticles at 

different annealing conditions was estimated using the familiar Scherrer formula 

[96]
cos
kD �

� �
� .  Where (�) is the full width at half maximum of diffraction peak, (�) is 

the diffraction angle, (�) is the X-ray wavelength  and  ( k ) is the Scherrer constant and 

its value is between 0.9 and 1. The estimated grain size is 9 ± 1  nm, 16 ± 1  nm and 26 ± 

1  nm at 300 oC, 600 oC and 900 oC respectively. It is well known that grain size increase 

due to the coalescence of small grains (agglomeration) or due to Ostwald 

ripening (thermal effect) [97] where the formation of larger particles is more 

energetically favored than smaller particles. This stems from the fact that molecules on 

the surface of a particle are energetically less stable than the ones already well ordered 

and packed in the interior. Large particles, with their lower surface to volume ratio, have 

a lower overall surface energy. Therefore, the number of smaller particles continue to 

shrink while larger particles continue to grow in size [98-99]. The size of the CuO nano 

particles and their increased grain size, observed through the XRD data, are substantiated 

by the TEM images shown in Fig. 4-31, 4-32 and 4-33. 

 

 

 

 

 

 



66 
 

 

Figure  4-31TEM image of unannealed Cu/Cu2O sample. 
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Figure  4-32 TEM image of annealed Cu/Cu2O sample at  600oC. 
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Figure  4-33 TEM image of annealed Cu/Cu2O sample at 900oC. 
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4.1.2.3 Optical Characterization of unannealed/ annealed copper oxide NPs 
 

In this section, we present the effect of annealing temperature on the optical 

characteristics of the synthesized material. The material as prepared, without any heat 

treatment (in the colloidal form) is used as a benchmark to study the variations in the 

optical characteristics with annealing temperature. The absorption spectrum of aqueous 

Cu/Cu2O colloid as prepared is presented in Fig. 4-34 and the four peaks are marked at 

641 nm, 335 nm, 274 nm and 217 nm [55, 82-83]. As mentioned in section 4.1.1.2, the 

broad peak (641 nm) is attributed to the surface plasmon resonance (SPR) of Cu [55] 

(present in the prepared colloid). The weak absorption shoulders centered around 335 nm, 

274 nm are due to the Brillouin transitions of cuprous oxide, whereas the highest peak 

(217 nm) in the spectrum is due to the inter-band transition of copper electrons close to 

the Fermi level [55, 82-83].  
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Figure  4-34 Absorption spectra of Cu/Cu2O nanoparticles prepared  by laser ablation of Copper 

in DW. 
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The band gap energy, the energy difference between the top of the valance band and the 

bottom of the conduction band, is an important characteristic of semiconducting material. 

For Direct Band gap material, plotting (α* E)2 vs. E   linearises this relation.  Hence, we 

can find the band gap energy of the material from the absorption coefficient (α) using 

Tauc plot. From the Tauc plot presented in Fig. 4-35, the band gap energy of Cu/Cu2O is 

estimated to be 3.3 eV. The band gap energy of Cu/Cu2O estimated from our work 

(3.3eV) is about 1 eV more than the bulk Cu2O [46-48].  

In addition to the absorption spectra, we recorded the room temperature 

photoluminescence spectra of unannealed  Cu/Cu2O. A study of the Photoluminous (PL) 

of semiconducting material gives the insight of various pathways of radiative transitions. 

Fig. 4-36 shows the PL spectrum of the unannealed colloidal suspension, where we can 

see two peaks centered around 360 nm and 416 nm. The emission signal was optimized 

for various excitation wavelengths and it was found that 283 nm excitation wavelength 

showed the PL signal maximum. 
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Figure  4-35 Tauc’s plot of as-prepared material. 
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Figure  4-36 Photoluminescence emission spectra of as-prepared sample. 
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In the case of annealed samples, diffuse reflectance spectrum was carried out to find the 

band gap energy. Reflectance is converted into Kubelka –Munk function [100-101].  

Kubelka- Munk function for reflectance is expressed as F(R) = (1-R)2/2R = K/S, where R 

is the reflectance, K apparent absorption coefficient and S apparent scattering coefficient. 

The K and S are related to the true absorption coefficient α and scattering coefficient σ 

respectively as α(ν) = η.K and σ (ν) = χ.S [100-101], where η and χ are constants. The 

diffuse reflectance spectra are shown in Fig. 4-37 where we can see the absorption 

maxima (Kubelka Munk function) peaks at 435 and 459 nm for the annealing 

temperatures at 300 and 600 oC respectively. From the XRD data, it is clear that the 

Cu/Cu2O initially produced by laser ablation is converted into CuO upon annealing. So, it 

is clear that the band gap energy estimated from the diffuse reflectance is for CuO (Fig. 

4-38) for different annealing temperatures. Like in the case of Cu/Cu2O, the band gap 

energies of CuO increase as the particle size gets into nano level. Fig. 4-38-a and b 

depicts comparison of the band gaps of annealed copper oxide at 300 and 600 oC 

respectively.  The semiconductor CuO nanoparticles, with sizes comparable to or below 

their exciton Bohr radius, have distinctive electronic and optical behaviors due to exciton 

quantum confinement phenomena. The UV-Vis absorption result confirms the presence 

of Cu/Cu2O in the solution of colloidal NPs (as-synthesized) and the annealing 

transforms Cu/Cu2O into CuO NPs. 
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Figure  4-37 Kubelka Munk function of annealed samples at (a) 300 ºC , (b) 600 ºC for 

three hours. 
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 Figure  4-38 Energy band gap of annealed samples at (a) 300 ºC and  (b) 600 ºC for three 

hours. 
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The room temperature photoluminescence (PL) spectra of annealed sample, supposedly 

CuO (according to our earlier results) were recorded in the 375-600 nm regions and are 

depicted in Fig. 4-39, 4-40 and 4-41. 

 

Figure  4-39 Photoluminescence emission spectra for CuO prepared by post annealing of Cu/Cu2O at  300 

ºC for three hours. 
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Figure  4-40 Photoluminescence emission spectra for CuO prepared by post annealing of Cu/Cu2O at  600 ºC 

for three hours. 
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Figure  4-41 Photoluminescence emission spectra for CuO prepared by post annealing of Cu/Cu2O at  900 ºC 

for three hours. 
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There are two changes noticed in the PL spectra of the annealed samples in comparison 

to the unannealed one: the excitation wavelength for these samples was found to be at 

237 nm and the emission peak positions have gone through a red shift.  There are two 

kinds of emissions bands in CuO particles. The intense emission in the spectrum 

exhibited at the shorter wavelength (404 nm) is due to the electron hole recombination in 

the valence band, whereas the long wavelength emission at 467 nm can be attributed to 

the oxygen vacancies and Cu interstitials [102-103]. One can notice a third peak (at 428 

nm) develops as temperature increases. This may also be due to defects. The nature of 

this defect needs further investigation. Moreover the relative intensities of these two 

emission peaks (404 nm and 467 nm) vary with the   increase in the annealing 

temperature.  The PL result confirms the annealing transformation of Cu/Cu2O into CuO. 

FTIR analysis was performed to understand the effect of annealing on the structural 

change taking place in the nano- CuO during the transformation from Cu/Cu2O to CuO. 

Six infrared vibrational modes are suggested for CuO which are at 147, 161, 321, 478, 

530 and 590 cm-1 [104-109]. Two vibrational modes are reported for Cu2O which are 

located at 610 and 147 cm-1 [110]. The minor differences between the reported values by 

different works are attributed to the type and the temperature of the sample [111]. Fig. 4-

42-a is the FTIR spectrum of unannealed nano-structured Cu/Cu2O. The peak located at 

620 cm-1 belongs to the vibrational mode of Cu–O in Cu2O phase. This result confirms 

the presence of cuprous oxide (Cu2O) in the as-prepared sample. 
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Figure  4-42 Typical FTIR spectra of the samples: a) as-prepared samples, 

b), c) and d) nanoparticles product annealed at 300°C, 600°C and 900°C 

respectively. 
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Fig 4-42-b, -c and -d are FTIR spectra of annealed CuO generated from the annealing of 

as-prepared samples at 300 oC, 600 oC and 900 oC which show strong vibrational modes 

at 534, 539 and (482, 534 and 585) cm-1 repectively which is in good agreement with the 

vibrational modes of CuO. Moreover, no mode due to Cu2O is seen in these spectra. This 

result confirms the transformation of Cu/Cu2O into CuO. The broad absorption peaks in 

the range of 3500 cm-1 correspond to infrared active –OH group, and indicates the 

existence of water absorbed on the surface of nanocrystals. The presence of this band can 

be clearly attributed to the adsorption of some atmospheric water during FT-IR 

measurements and one around 2370 cm-1 is the infrared active C = O asymmetric 

stretching mode arising from the absorption of atmospheric CO2 on the surface of the 

nanoparticles [87, 94]. 
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4.2 Synthesis and Characterization of CdSe Quantum Dots (QDs) 
 

In this section the synthesis of CdSe QDs will be discussed. CdSe powder was used as a 

starting material with different confining media (acetone, ethanol, methanol, deionized 

(DW) water) to synthesize CdSe colloidal QDs. It was found that with all the confining 

media except acetone,  the agglomeration of synthesized CdSe colloidal QDs were quite 

fast, and start to take place immediately after ablation and get worse with time.  However 

in the case of acetone, the synthesized CdSe colloidal QDs was free from particle 

agglomeration even after 6 months. The synthesized CdSe QDs with acetone as the 

confining medium were characterized using various analytical methods such as, XRD, 

HRTEM and UV-Vis absorption.   

4.2.1 Synthesis of CdSe QDs 
 

The experimental setup depicted in Fig. 3-2 was employed for the synthesis of CdSe 

QDs. CdSe powder was used as the starting material and acetone as the confining 

medium. For this purpose, CdSe powder (micron size) was dispersed in 40 ml of acetone 

and color of this suspension was originally dark black. In order to make the suspension 

homogeneous, a high speed magnetic stirrer was used during the synthesis. The dark 

colored suspension was ablated using 250 mJ energy at 532 nm  wavelength, and after 15 

minutes of laser ablation, the color of the suspension transformed to yellow  and this 

nanostructured yellow colloidal suspension was collected. 
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The colors of the suspension before and after laser ablation are presented in Fig.  4-43 

and the change of color is the first indicator for the formation of CdSe QDs.  

 

 

 

 

 

 

Figure  4-43 The appearance and color of the CdSe before (a) and after the ablation (b). 
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The laser ablation brings about the reduction in the size of the particle dispersed in the 

suspension, with or without retaining the shape, phase and composition depending on the 

interaction between the particles and surrounding medium. In this case, two mechanisms 

are suggested for the ablation of powder target: the first mechanism is a thermal process, 

in which a pulsed laser beam melts and evaporates the large particles into small species 

which in turn rearrange themselves into smaller nanostructured particles that have the 

same or different morphology and structure depending on the reactivity of surrounding 

medium and laser parameters [25]. The second mechanism is the Columbic explosion, in 

which the laser beam ejects electrons from the outer surface of the ablated particles by 

photoelectron or thermal effect. The electrostatic repulsion between the   induced surface 

charges (positive charges) on the different parts of the particles, leads to the explosion of 

the primary particle into many smaller fragments, which leads to synthesis of nano 

ultrafine particles [25, 31-32]. The laser pulses of very short pulse width (femtosecond) 

can favor the Columbic explosion mechanism.  In our case, we used laser with the pulse 

width of 5 nanosecond, we can rule out the second mechanism and the process involved 

in the synthesis of CdSe QDs is probably due to the first mechanism. By using 

femtosecond laser, one can easily generate the ultrafine nanoparticles compared to 

nanosecond pulses due to the two completely different mechanism (Columbic explosion 

and thermal process). In the case of femtosecond laser, thermal induced agglomeration 

cannot take place because the duration of the femtosecond is too short for the thermal 

induced agglomeration. On the other hand, in nanosecond laser, the duration of thermal 

effect is quite significant and there is ample time for the particles to agglomerate and this 

makes the nanosecond lasers quite incapable of producing QDs. In our study, we were 
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able for the first time to synthesize the CdSe QDs by the nanosecond laser without 

focusing the laser beam on the target material and the mechanism of the formation of 

CdSe QDs  can be explained as follows: In the ablation process, the temperature on the 

target rises quite high for the duration equal to that of  the laser pulse, and this rise of 

temperature initially helps to generate  the nanosized particles and as the heat persists for 

a longer time, the agglomeration of the generated particle takes place due to thermal 

effect. It is well known that the temperature of the laser induced plasma is much higher in 

the focused laser beam than the unfocussed one and also the ejection of the particle 

begins in the picosecond time scale. In order to avoid the thermal induced agglomeration 

with the nanosecond laser, the laser beam was defocused and the local temperature was 

reduced and this condition favored the generation of CdSe QDs though the pulse duration 

was in nanoseconds.   

4.2.2 Structure and morphology of CdSe QDs 
 

Fig. 4-44 compares the XRD patterns of  CdSe powder (Fig. 4-44-a) and the ablated 

CdSe particles (Fig. 4-44-b). It is quite evident from Fig. 4-44 that the full width at half 

maximum (FWHM) of CdSe diffraction peaks of the ablated CdSe particles are much 

greater (smaller crystal size) than that of the micron sized original CdSe, indicating the 

reduced grain size due to the ablation process. This result is substantiated by TEM 

images.  Fig. 4-45 shows TEM image of the ablated CdSe and Fig. 4-46 depicts HRTEM 

images using Selected Area Electron Diffraction (SAED) patterns. 
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Figure  4-44 X-ray diffraction patterns: (a) micron sized CdSe powder, (b) CdSe QDs. 
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Figure  4-45 TEM image of CdSe QDs.   
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Figure  4-46 (a) HRTEM image of CdSe QDs (b) Selected area electron diffraction pattern of CdSe QDs. 
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In SAED pattern, the outer and inner rings correspond to the value of d spacing equal to 

0.370 nm (for (100) planes) and 0.350 nm (for (002) planes) respectively. Particle size 

distribution, measured using image processing program of HRTEM is depicted in Fig. 4-

47 and the average particle size was 3 nm.  

 

 

 

 

 

 

 

 

 

 

Figure  4-47 Particle size distribution of CdSe QDs. 
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Figure  4-48 HRTEM image of CdSe QDs.   
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4.2.3 Optical Characterization of CdSe QDs 
 

In semiconducting materials, the band gap energy is one of the key operational 

parameters and this can be modified by doping [112]. Small band gap in the 

semiconductors, promotes the electrons from valance band to conduction band, even at 

room temperature, forming a positive (holes) and negative (electron) charge carriers and 

these electron-hole pairs (excitons) have many properties similar to the hydrogen atom. 

When the size of semiconducting nano particles get to the size of the exciton-Bohr radius 

of the semiconductor, the electronic and the optical properties of the materials become 

size dependent.  In order to compare the particle size of the synthesized CdSe, we 

estimated the exciton-Bohr radius of  CdSe using   the following equation [113-114].: 

2
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                                                            (3) 

Where e  is the elementary charge; 0� , permittivity of vacuum, r� , relative permittivity 

of the semiconductor  and ( )e h

e h

m m
m m


 �
�

 is the exciton’s reduced mass, which depends 

on the effective masses of electron ( em  ) and ( hm )of the hole. The exciton-Bohr radius of 

CdSe was estimated using equation 3 to be 5.3 nm where r�  = 10.2 em  == 0.13 mo and 

hm  = 0.45 mo [113-114]. 

When the semiconductor material gets to the few nano meter scale, the band gap energy 

is blue shifted compared to its bulk counterpart due to quantum confinement. In quantum 

confined conditions, the energy structure of the semiconducting material becomes more 
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and more molecular like making it possible to tune absorption and emission spectra 

[115]. The band gap energy dependence on the size of the semiconducting material is 

evident from the following Brus equation [116] 
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Where, QDsE  is band gap energy of quantum dot, bulkE  is band gap energy of bulk 

semiconductor, R  is the radius of quantum dot; em  is the effective mass of excited 

electron, hm  is the effective mass of excited hole, h is Planck’s constant, e is the 

elementary charge, ϵo is the permittivity of vacuum and r� relative permittivity of the 

semiconductor. Based on this equation, the shift in the band gap energy of the QDs 

depends strongly on the material ( bulkE  and r� ) and the particle size ( R ).  

Fig. 4-49 shows the optical absorption spectrum of ablated colloidal CdSe QDs in the 300 

- 800 nm wavelength range and it is quite clear that the spectrum is deprived of a well 

defined absorption onset, expected in the case of CdSe QDs synthesized by chemical 

methods [76]. However, the absorption spectrum presented in Fig. 4-49 is qualitatively in 

good agreement with the absorption spectrum of the CdSe QDs synthesized by 

femtosecond laser ablation [78-79]. The inset of Fig. 4-49 shows the 2( )E� versus  E  

plot (Tauc plot) for the ablated colloidal CdSe QDs, using the same absorption data. The 

optical band gap energy for the ablated colloidal CdSe QDs estimated from the Tauc plot 

is 2.4 eV. The band gap energy of the ablated colloidal CdSe QDs is much higher than 

that for the CdSe bulk material (Eg = 1. 74 eV) [116], indicating  a prominent blue shift of 

the band gap energy from the near infra red region  (713 nm)  to the visible region (517 
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nm). This blue shift makes the ablated CdSe QDs, suitable for many photocatalytic and 

solar cell applications by harnessing the full spectrum of solar radiation. 

 

Figure  4-49 Absorption spectrum of CdSe QDs and the inset is the estimated band gap 

energy. 
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5 CHAPTER 5 

CONCLUSION 

6 Pulsed laser Ablation in liquid using 532 nm wavelength laser having 10 Hz, 5 ns 

pulse duration was used to produce nanostructured copper oxide from copper in the 

presence of hydrogen peroxide (oxidizing agent) in aqueous solution. This brought 

about some positive attributes in the product material. First of all, the presence of 

H2O2  in the PLAL process favored the production of  (Cu/CuO) with nanorod-like 

structure, which is more versatile in terms of its applications.  Also the presence of 

H2O2 in the PLAL process made a considerable red shift in the band gap energy of 

the synthesized material, and reduced electron hole recombination rate as revealed by 

the photoluminescence spectra.  The red shift in the band gap energy and the reduced 

electron hole recombination rate make the product material an ideal photocatalyst to 

harvest solar radiation.  

7 In addition, we synthesized nano structured CuO by annealing Cu/Cu2O at different 

temperatures via an indirect scheme. Cu/Cu2O was synthesized by  pulsed laser 

ablation of Cu in deionised water. Different techniques (XRD, TEM, UV spectro-

photometery  PL, and FTIR) were applied for the characterization of synthesized 

nano CuO. The optical properties, grain size, band gap and IR absorption band of 

CuO vary with annealing temperature. The synthesized material using this indirect 

method could be applied in developing materials for sensors for various applications 

in industry, medicine and environment.  
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8 Furthermore, the pulsed laser with nanosecond pulse duration was used to synthesize 

CdSe quantum dots of 3 nm grain size, by employing the PLAL technique. The 

synthesized material showed characteristics similar to the ones which is synthesized 

using a laser of femtosecond pulse duration. The prolonged pulse duration in the case 

of nanosecond laser pulse compared to the femtosecond one brings about the 

thermally induced particle agglomeration after the formation of the nanostructured 

particles. This thermally induced agglomeration was successfully eliminated by using 

the unfocussed laser pulse irradiating the commercially available micron sized CdSe 

in the acetone medium.  The band gap energy of the synthesized CdSe QDs measured 

using optical absorption spectrum was 2.4 eV, and this value is in good agreement 

with the value reported for the CdSe QDs synthesized by chemical methods.  Relative 

to the micron sized material, the band gap energy of the synthesized CdSe QD 

showed a blue shift from near infrared spectral region to the visible region, making 

this material capable of harnessing the visible spectral region of the solar spectra in 

applications like photocatlysis and solar cells. It is worth to mention that this work 

has resulted in numerous publications [117-123] in ISI journals which is a good 

testimony of the originality of this work. 
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