
   

  
 

UNIVERSITI PUTRA MALAYSIA 
 
 
 
 
 
 

STRUCTURAL AND OPTICAL PROPERTIES OF GRAPHENE-BASED 
ZINC SELENIDE COMPOSITES PREPARED VIA MICROWAVE-

ASSISTED HYDROTHERMAL METHOD FOR PHOTOVOLTAIC AND 
PHOTONICS APPLICATION 

 
 
 
 
 
 
 
 
 
 
 
 

LEE HAN KEE 
 
 
 
 
 
 
 
 

FS 2019 33 
 
 



© C
OPYRIG

HT U
PM

STRUCTURAL AND OPTICAL PROPERTIES OF GRAPHENE-BASED ZINC 
SELENIDE COMPOSITES PREPARED VIA MICROWAVE-ASSISTED 

HYDROTHERMAL METHOD FOR PHOTOVOLTAIC AND PHOTONICS 
APPLICATION 

By 

LEE HAN KEE 

Thesis Submitted to the School of Graduate Studies, Universiti 
Putra Malaysia, in Fulfilment of the Requirements for the Degree of 

Doctor of Philosophy 

April 2019 



© C
OPYRIG

HT U
PM

 

All material contained within the thesis, including without limitation text, logos, 
icons, photographs and all other artwork, is copyright material of Universiti 
Putra Malaysia unless otherwise stated. Use may be made of any material 
contained within the thesis for non-commercial purposes from the copyright 
holder. Commercial use of material may only be made with the express, prior, 
written permission of Universiti Putra Malaysia. 
 
Copyright © Universiti Putra Malaysia 

 



© C
OPYRIG

HT U
PM

i 
 

Abstract of thesis presented to the Senate of Universiti Putra Malaysia in 
fulfilment of the requirement for the degree of Doctor of Philosophy 

 
 

STRUCTURAL AND OPTICAL PROPERTIES OF GRAPHENE-BASED ZINC 
SELENIDE COMPOSITES PREPARED VIA MICROWAVE-ASSISTED 

HYDROTHERMAL METHOD FOR PHOTOVOLTAIC AND PHOTONICS 
APPLICATION  

 
 

By 
 
 

LEE HAN KEE 
 
 

April 2019 
 
 

Chair  : Josephine Liew Ying Chyi, PhD   
Faculty  : Science 
 
 
The global energy demands will more than supply by the year 2040. In order to 
resolve this problem, the energy should be generated by using renewable 
source or reduce the energy consumption. Zinc selenide (ZnSe) has been 
widely used in applications such as LED, solar cell and other. There were 
researches on enhancing ZnSe properties by doping or mixing with other 
materials but there is not much reports on forming graphene-based ZnSe 
composite. In this research, graphene-based zinc selenide composites were 
synthesized via microwave-assisted hydrothermal method. Microwave-assised 
hydrothermal method was employed as it can greatly reduce the energy 
consumption, cost and time. Home made hydrothermal autoclave was used to 
charge the precursor and heated in the microwave oven. Through this method, 
the energy consumption, cost and reaction time were drastically reduced by 
99%. The optimized condition to synthesis graphene-based ZnSe composite 
was using 0.100 mole of NaOH, 2ml of diethanolamine (surfactants) heated for 
3 minutes under 700 W microwave irradiation power. The structural, 
morphological and optical properties of graphene-based zinc selenide 
composites were then characterized with X-Ray Diffraction (XRD), Fourier 
Transform Infrared Spectroscopy (FTIR), Raman Spectroscopy, Field Emission 
Scanning Electron Microscope (FESEM), Atomic Force Microscope (AFM), 
Diffuse Reflectance Spectroscopy (DRS) and Photoluminescence (PL) 
Spectroscopy. For ZnSe/GO and ZnSe/GNP composites, cubic ZnSe was 
grown on the GO or GNP sheets which was observed in the AFM image. The 
spherical shape of pure ZnSe changed to nanoflakes as GO or GNP was 
added in as precursor. The purity of ZnSe formed was reduced from 100 % of 
ZnSe to 86.3 % as concentration of GO or GNP added was higher. The 
electron density in the sample was then determined via Fourier mapping. The 
electron density occupied the empty spaces within the cubic structure of ZnSe 
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as GO or GNP was added. From Raman spectra, it can be confirmed that 
ZnSe/GO and ZnSe/GNP composites were formed. The intensity ratio between 
D band and G band (Id/Ig) was ~1 for ZnSe/GO composites and ~0.3 for 
ZnSe/GNP composites. The chemical bonding of GO and GNP was 
determined via FTIR technique where C=C, C-O, CH3, C-H and –COO- bonding 
were found in ZnSe/GO and ZnSe/GNP composite. The optical band gap of 
ZnSe is 2.64 eV. The band gap changed to 2.62 eV and 3.02 eV as GO and 
GNP were added, respectively. The sample was excited by a wavelength of 
290 nm where the PL emission peak for all samples were centered at ~466 nm. 
The samples were tested on the photovoltaic and photonic applications. The 
solar efficiency was increased from 0.19% (pure ZnSe) to 1.61 % when GO 
was added and 11.88 % when GNP is added. In addition, it has been proved 
that graphene-based ZnSe composite managed to generate femtosecond 
pulse of ~540 fs which can become a promising materials in photonics 
application such as micro- or nano-machining technology, non-linear imaging 
and microscopy and micro- and nano-surgery technology. Modification of ZnSe 
to form ZnSe/GO and ZnSe/GNP composite will change the electron density, 
morphology and optical properties. This research provides a fundamental 
knowledge to support the properties required for photovoltaic and photonics 
application.  
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Permintaan tenaga secara global akan melebihi bekalan tenaga pada tahun 
2040. Untuk menyelesaikan masalah ini, tenega harus dihasilkan dengan 
sumber boleh diperbaharui atau mengurangkan penggunaan tenaga. Zink 
selenida (ZnSe) digunakan dalam applikasi seperti LED, panel solar dan lain-
lain. Terdapat penyelidikan unuk meningkatkan sifat-sifat ZnSe dengan 
mengedopkan atau memcampurkan bahan lain, tetapi jarang ada kajian untuk 
membentukkan komposit ZnSe berdasaskan grafin. Dalam kajian ini, komposit 
zink selenida berasaskan grafin telah disediakan dengan kaedah hidroterma 
dengan bantuan gelombang mikro. Autoklaf hidroterma khas telah digunakan 
untuk menempatkan pelopor dan dibakar dalam ketuhar gelombang mikro. 
Dengan menggunakan kaedah ini, pengunaan kuasa, kos dan masa tindak 
balas telah dikurangkan secara drastik iaitu 99 %. Keadaan optimum untuk 
sintesis komposit ZnSe berasaskan grafin adalah dengan menggunakan 0.100 
mol NaOH, 2 ml dietanolamina (surfaktan) yang dibakar 3 minit di bawah kuasa 
gelombang mikro 700 W. Sifat-sifat struktur, morfologi dan optikal komposit 
ZnSe berasaskan grafin telah dikaji dengan Pembelauan Sinar-X, Spektroskopi 
transformasi Fourier inframerah, Raman spektroskopi, mikroskop elektron 
imbasan pancaran medan, mikroskop daya atom, spektroskopi reflektansi 
meresap dan spektroskopi fotoluminesen. Untuk komposit ZnSe/GO dan 
ZnSe/GNP, ZnSe kubik telah tumbuh di atas lapisan GO atau GNP dimana ia 
boleh diperhatikan dalam imej AFM. ZnSe berbentuk sfera telah bertukar 
menjadi serpihan-nano apabila kepekatan GO atau GNP ditambahkan sebagai 
pelopor. Ketulenan ZnSe telah berkurang dari 100 % ke 86.3 % apabila 
kepekatan GO atau GNP bertambah. Ketumpatan elektron dalam sampel telah 
dikaji dengan pemetaan Fourier. Ketumpatan elektron telah menduduki ruang 
kosong dalam struktur kubik ZnSe apabila GO atau GNP ditambahkan. 
Daripada spektrum Raman, ia dapat mengesahkan terbentuknya komposit 
ZnSe/GO dan ZnSe/GNP. Nisbah keamatan antara jalur D dan jalur G (Id/Ig) 
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bagi komposit ZnSe/GO adalah ~1 dan komposit ZnSe/GNP adalah ~0.3. Jadi, 
ini dapat memastikan GO dan GNP ada dalam komposit. Ikatan organik bagi 
GO dan GNP ditentukan dengan teknik FTIR dimana ikatan C=C, C-O, CH3, C-
H and –COO- ditemui dalam komposit ZnSe/GO dan ZnSe/GNP. Jurang jalur 
optik ZnSe adalah 2.64 eV. Jurang jalur bertukar ke 2.62 eV dan 3.02 eV 
apabila GO dan GNP ditembahkan masing-masing. Sampel telah 
dirangsangkan dengan panjang gelombang 290 nm dan puncak pelepasan PL 
untuk semua sampel berpusat di ~466 nm. Komposit grafin berasaskan ZnSe 
telah dikaji untuk aplikasi fotovoltan dan fotonik. Kecekapan suria meningkat 
daripada 0.19 % (ZnSe tulen) kepada 1.61 % apabila GO ditambah dan 11.88 
% apabila GNP ditambah. Tambahan pula, ia telah dibuktikan bahawa 
komposit ZnSe berasaskan grafin mampu menjana nadi saat-femto ~540 fs 
dimana ia boleh dijadikan bahan yang menjanjikan aplikasi fotonik seperti 
teknologi pemesinan mikro dan nano, imej tidak linear dan mikroskopi, 
teknologi pembedahan mikro dan nano. Modifikasi ZnSe untuk menjadi 
komposit ZnSe/GO dan ZnSe/GNP akan mengubah sifat-sifat ketumpatan 
elektron, morfologi dan optik. Kajian ini menyediakan pengetahuan asas untuk 
menyokong sifat-sifat yang diperlukan untuk aplikasi fotovoltan dan fotonik. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background of the study 

Nanotechnology and nanoscience research is getting more attention with new 
technology era. The term “nano” means it is in a very small unit which is one – 
billionth of a unit. When it is applied into materials, it will drastically change 
properties such as physical, chemical, mechanical, morphological, optical, 
electrical and other properties. This is due to the smaller particles with bigger 
surface area to volume ratio. Thus, it will improve the absorption or even 
electron transfer of the material when it is in nano-size. When it is applied in 
semiconductors, it exists in 0D (quantum dots), 1D (quantum wires), 2D 
(quantum wells) and 3D (nanoparticles) (Grimes et al., 2008). When it exists in 
different dimension, the carriers in the materials (electrons and holes) will form 
discrete levels between the conduction and valance bands in the 
semiconductors (Grimes et al., 2008). 

Other than that, the concerns regarding the impact of the current technologies 
to synthesize semiconductors which will harm the environment are getting 
more attention as well. Therefore a environmental friendly synhesis technology 
should be developed for a better future. The synthesis technology should be 
highlighted on the reduction on energy consumption, manufacturing cost and 
the reaction time when producing the semiconductors. Worldwide research 
should be focused on using cleaner or greener method to fabricate 
semiconductors for future generation. When energy consumption is high, it 
favors the formation of greenhouse gaseous and air pollutants which lead to air 
pollution, global warming and climate change (Zhang and Zhao, 2009). 
Moreover, the total current power produced by the world is 15 TW and it is 
expected to increase by 50% which is 30 TW by the year of 2050 (Cheng et al., 
2009). Therefore, renewable resources to replace those non-renewable 
resources or minimize the wastage of power has been proposed by Petinrin  & 
Shaaban (2015). In conjuction of this, microwave-assisted synthesize method 
should be implemented. By using microwave synthesis method, it favors the 
reaction which improve and increase the yield rapidly as compared to 
conventional synthesis method (Barnhardt et al., 2006). Hence microwave-
assisted synthesize method is widely applied in the organic synthesis 
nowadays (Biswas et al., 2017; Kuik et al., 2017). 

Semiconductor plays an essential role in the modern era. The conductivity of 
semiconductor is in between conductors and insulator, where this properties 
made it become fundamental material which used as optoelectronics such as 
solar panel, light-emitting, windows, switch, amplifiers, modern electronics and 
others. ZnSe is selected in this research because it is II-VI semiconductor 
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which can be applied in light emitting diodes, solar cell, photodetectors, laser 
diode and other optoelectronic devices (Kowalik et al., 2008). ZnSe, itself, is a 
wide band gap materials. The band gap is around 2.70 eV. It can be 
synthesized via sol-gel process (Wang et al., 2004), precipitate reaction 
(Andrade et al., 2009), chemical solution method (Song et al., 2015) and 
hydrothermal method (Peng et al., 2010) and other. 

 
 

There are lots of research has been done to improve the properties of ZnSe by 
increasing or decreasing the size of ZnSe or forming metal-doped ZnSe such 
as copper-doped ZnSe (Panda et al., 2011), nickel-doped ZnSe (Yadav et al., 
2015), manganese-doped ZnSe (Zhou et al., 2017), iron-doped ZnSe 
(Gavrishchuk et al., 2018) and others. However, there is very less reports on 
mixing ZnSe with carbon-based materials to improve the properties on ZnSe. 
Thus, it caught the attention to produce cabon-based ZnSe composite in order 
to further investigate what happened when carbon-based material such as 
graphene, graphene oxide, carbon nanotubes and others mixed with ZnSe. 
There are only few methods that had been reported on synthesizing ZnSe or 
carbon-incorporated ZnSe using microwave-assisted hydrothermal method. 
This is because microwave-assisted synthesis method is mainly used in 
organic synthesis rather than inorganic synthesis. 
  
 
In this work, graphene-based zinc selenide composite is synthesized via 
microwave-assisted hydrothermal method. The structural, morphological and 
optical properties of the sample is characterized to study the effects of 
graphene nanoplatelet and graphene oxide on the properties as compared to 
ZnSe. 
 
 
1.2  Problem statement 

 

There are various methods in synthesizing ZnSe nanoparticles as mentioned at 
the previous section. These methods included sol-gel process (Jiang et al., 
2004), sonochemical method (Zhu et al., 2000), hydrothermal method (Cao et 
al., 2008). However the conventional synthesizing methods are energy and 
time consuming which lead to higher cost. Therefore, a greener method should 
be developed and implemented to minimize the energy consumption, 
synthesizing time and cost effectiveness. 
 
 
Graphene-based materials are getting attentions as it can be applied as drug 
deliver materials, supercapacitors and other. However, graphene itself is very 
conducting which made it hardly to be applied as some of the applications such 
as photovoltaic. Thus,  graphene-based composite had been growing in the 
latest research. Graphene-based material can formed composite with metal, 
metal oxide, metal-organic framework and other materials. It was proven that 
by forming the composites, it will enhance the electrical, optical and mechanical 
properties of materials. Therefore, this research will synthesized graphene-
based ZnSe composite in order to investigate the structural, morphological and 
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optical properties of the composite to understand the impact of this approaches 
via fundamental investigation. 

 
 

Thus, this research will tackle the research questions as following: 
1. How to mix graphene-based materials with ZnSe using greener 

method that can drastically reduce the energy consumption, reaction 
time and cost effectively? 

2. What is the optimum condition to synthesize the graphene-based ZnSe 
composite by implement this greener synthesis method? 

3. Will graphene-based material in ZnSe influence the structural, 
morphology, and optical properties of the composite? 

4. What is the potential application of graphene-based ZnSe composite? 
  
 
1.3  Objectives and hypotheses of the study 

 

Based on the research questions, it is interesting to discover a new and 
greener environment method which can greatly reduce the energy and time 
consumption as well as the production cost. Therefore, microwave-assisted 
hydrothermal method is implemented to synthesize graphene-based ZnSe 
composite. There are various parameters that need to be tuned in order to 
obtain the best synthesizing condition. The sample obtained is characterized to 
study the structural, morphological and optical properties. The sample is also 
tested for solar cell and photonics applications. The objectives throughout this 
research are: 

1. to synthesize and optimize the synthesis condition of  graphene-based 
ZnSe via microwave-assisted hydrothermal method. 

2. to characterize the structural, morphological, and optical properties of 
graphene-based ZnSe composite. 

3. to evaluate the potential application of the synthesized graphene-
based ZnSe composite. 
  
 

By referring to the above objectives, this study is hypothesized as below: 
1. Microwave-assisted hydrothermal method will reduce the time and 

energy consumption and cost effectively. The rapid heating via 
microwave synthesis increases the net rate of the process. Thus, 
microwave synthesis generated intense heating with inverse 
temperature gradient effect where his minimized the problem of 
inhomogeneties when heating the sample. This lead to the molecules 
to covered by microwave-absorbing polar solvent which changed he 
surface temperature and produced a homogenous local overheating. 
The microwave irradiation will directly transfer to solvent and heat up 
the solvent evenly and thus the reaction can occur homogenously. In 
conventional method, the heat is transfer from one medium to another 
medium. Thus, there is energy loses and the reaction will become 
slower and require more energy as compare to microwave-assisted 
hydrothermal method. 
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2. It is believed that microwave irradiation power, reaction time, 
concentration of sodium hydroxide, type and volume of surfactants, 
concentration of graphene oxide and concentration of graphene 
nanoplatelet will affects the reaction during synthesis process. Thus, 
optimum condition in syhthesizing graphene-based ZnSe composite 
should be determined by varying these parameters. 

3. Introducing other material such as graphene nanoplatelet and 
graphene oxide into ZnSe is believed to change the properties of the 
stand-alone ZnSe by enhancing the carriers in ZnSe. 

4. As graphene nanoplatelet and graphene oxide is mixed with ZnSe to 
form composite, it is believed that introducing graphene nanoplatelet 
and graphene will influence the performance as solar cell and 
saturable absorber would be improved or decreased. 

 

  

1.4  Scope of study 

 

This study will emphasis on the synthesizing graphene-based ZnSe via 
microwave-asissted hydrothermal method. The parameters such as microwave 
irradiation power, reaction time, concentration of sodium hydroxide, type and 
concentration of surfactants, and concentration of graphene nanoplatelet and 
graphene oxide are studied. The structural, morphological and optical 
properties of the sample have been studied through X-ray diffraction, Raman 
spectroscopy, Fourier ransform infrared spectroscopy, field emission scanning 
electron microscope, atomic force spectroscopy, UV-Visible spectroscopy and 
photoluminescence spectroscopy.. Finally, the sample was tested on 
photovoltaic (solar cell) and photonics application by looking at the solar 
efficiency, open circuit voltage, short circuit current, fill factor that obtained from 
solar testing and pulse duration for saturable absorber testing. 
 
  
1.5  Thesis outline 

 

This thesis consisted of six chapters. Chapter one briefly describes the general 
introduction of zinc selenide and microwave-assisted synthesis method, 
background of the study, and objectives of the research. In chapter two, it is 
related with the literature reviews about previous studies on synthesizing ZnSe 
and carbon-based ZnSe composites. Synthesis of ZnSe via microwave-assised 
methods will be discussed as well. Chapter three will explain the theory of 
microwave synthesis method and carrier recombination process. Chapter four 
focuses on how the samples were prepared. In addition, equipment that used 
for measurement and characterization have been discussed in this chapter. 
Chapter five presenting the obtained data and results of current research work, 
followed by discussion on the result obtained. Finally, chapter six concludes the 
research findings and future research recommendations.  
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Paredes, J. I., Villar-Rodil, S., Martínez-Alonso, A., & Tascon, J. M. D. (2008). 
Graphene oxide dispersions in organic solvents. Langmuir, 24(19), 10560-
10564. 

Park, J. S., Kim, Y. S., Jung, H. J., Park, D., Yoo, J. Y., Nam, J. H., & Kim, Y. J. 
(2019). Polyethylene/Graphene Nanoplatelet Nanocomposite-Based 
Insulating Materials for Effective Reduction of Space Charge Accumulation 
in High-Voltage Direct-Current Cables. Journal of Nanomaterials, 2019. 

Pavia D. L, Kriz G. S. (2001). Introduction to spectroscopy. Thomson Learning, 
Inc. United State. 

Pazos-Outón, L. M., Szumilo, M., Lamboll, R., Richter, J. M., Crespo-Quesada, 
M., Abdi-Jalebi, M., ... & Ehrler, B. (2016). Photon recycling in lead iodide 
perovskite solar cells. Science, 351(6280), 1430-1433. 

Peng, L., Wang, Y., Dong, Q., & Wang, Z. (2010). Passivated ZnSe 
nanocrystals prepared by hydrothermal methods and their optical 
properties. Nano-Micro Letters, 2(3), 190-196.  

Petinrin, J., & Shaaban, M. (2015). Renewable energy for continuous energy 
sustainability in Malaysia. Renewable and Sustainable Energy Reviews, 50, 
967-981. 

Pimentel, A., Nunes, D., Duarte, P., Rodrigues, J., Costa, F. M., Monteiro, T., & 
Fortunato, E. (2014). Synthesis of long ZnO nanorods under microwave 
irradiation or conventional heating. The Journal of Physical Chemistry 
C, 118(26), 14629-14639. 

Pinto, A. H., Leite, E. R., Longo, E., & de Camargo, E. R. (2012). Crystallization 
at room temperature from amorphous to trigonal selenium as a byproduct 
of the synthesis of water dispersible zinc selenide. Materials Letters, 87, 
62-65. 

Priyadharsini, N., Elango, M., Vairam, S., Venkatachalam, T., & Thamilselvan, 
M. (2016). Effect of temperature and pH on structural, optical and electrical 
properties of Ni doped ZnSe nanoparticles. Optik-International Journal for 
Light and Electron Optics, 127(19), 7543-7549. 

Qian, H., Qiu, X., Li, L., & Ren, J. (2006). Microwave-assisted aqueous 
synthesis: a rapid approach to prepare highly luminescent ZnSe (S) alloyed 
quantum dots. The Journal of Physical Chemistry B, 110(18), 9034-9040. 

Qing, Y., Min, D., Zhou, Y., Luo, F., & Zhou, W. (2015). Graphene nanosheet-
and flake carbonyl iron particle-filled epoxy–silicone composites as thin–
thickness and wide-bandwidth microwave absorber. Carbon, 86, 98-107. 

Quinlan, F. T., Kuther, J., Tremel, W., Knoll, W., Risbud, S., & Stroeve, P. 
(2000). Reverse micelle synthesis and characterization of ZnSe 
nanoparticles. Langmuir, 16(8), 4049-4051. 



© C
OPYRIG

HT U
PM

151 
 

Razali, R., Zak, A. K., Majid, W. A., & Darroudi, M. (2011). Solvothermal 
synthesis of microsphere ZnO nanostructures in DEA media. Ceramics 
international, 37(8), 3657-3663. 

Rein, S. (2005). Lifetime Spectroscopy. Springer-Verlag Berlin Heidelberg. 
Germany. 

Rokhsat, E., & Akhavan, O. (2016). Improving the photocatalytic activity of 
graphene oxide/ZnO nanorod films by UV irradiation. Applied Surface 
Science, 371, 590-595. 

Scrivener, K. L., Füllmann, T., Gallucci, E., Walenta, G., and Bermejo, E. 
(2004), Quantitative study of Portland cement hydration by X-ray 
diffraction/Rietveld analysis and independent methods. Cement and 
Concrete Research, 34(9):1541-1547.  

Seba, H. Y., Hadjersi, T., and Zebbar, N. (2015). Bragg mirrors porous silicon 
back reflector for the light trapping in hydrogenated amorphous silicon. 
Applied Surface Science, 350: 57-61. 

Serrano, T., Vazquez, A., & Gómez, I. (2013). Highly Luminescent PbS/ZnS 
Nanoparticles Synthesized by a Microwave Method. Journal of Microwave 
Power and Electromagnetic Energy, 47(2), 102-109. 

Settle, F. A. (1997). Handbook of instrumental techniques for analytical 

chemistry. Prentice Hall PTR. United States. 

Sharma, M., & Tripathi, S. K. (2012). Preparation and nonlinear 
characterization of zinc selenide nanoparticles embedded in polymer 
matrix. Journal of physics and chemistry of solids, 73(9), 1075-1081. 

Shen, J., Shi, M., Yan, B., Ma, H., Li, N., & Ye, M. (2011a). One-pot 
hydrothermal synthesis of Ag-reduced graphene oxide composite with ionic 
liquid. Journal of Materials Chemistry, 21(21), 7795-7801. 

Shen, L., Yuan, C., Luo, H., Zhang, X., Chen, L., & Li, H. (2011b). Novel 
template-free solvothermal synthesis of mesoporous Li 4 Ti 5 O 12-C 
microspheres for high power lithium ion batteries. Journal of materials 
chemistry, 21(38), 14414-14416. 

Shi, L., Xu, Y., & Li, Q. (2008). Synthesis of ZnSe nanodonuts via a surfactant-
assisted process. Solid State Communications, 146(9-10), 384-386. 

Shi, Y., Chou, S. L., Wang, J. Z., Wexler, D., Li, H. J., Liu, H. K., & Wu, Y. 
(2012). Graphene wrapped LiFePO 4/C composites as cathode materials 
for Li-ion batteries with enhanced rate capability. Journal of Materials 
Chemistry, 22(32), 16465-16470. 

Shockley, W., & Read Jr, W. T. (1952). Statistics of the recombinations of holes 
and electrons. Physical review, 87(5), 835. 



© C
OPYRIG

HT U
PM

152 
 

Singh, V. K., Shukla, A., Patra, M. K., Saini, L., Jani, R. K., Vadera, S. R., & 
Kumar, N. (2012). Microwave absorbing properties of a thermally reduced 
graphene oxide/nitrile butadiene rubber composite. Carbon, 50(6), 2202-
2208. 

Singhal, M. A. N. J. U., Sharma, J. K., & Kumar, S. U. N. I. L. (2010). Effect of 
molar concentration and pH on the nucleation of ZnS quantum dots. Atti 
della Fondazione Giorgio Ronchi, 65(6), 755. 

Sobhani, A., & Salavati-Niasari, M. (2015). CdSe nanoparticles: facile 
hydrothermal synthesis, characterization and optical properties. Journal of 
Materials Science: Materials in Electronics, 26(9), 6831-6836. 

Sofronov, D. S., Sofronova, E. M., Starikov, V. V., Baumer, V. N., Matejchenko, 
P. V., Galkin, S. N., & Lavrynenko, S. N. (2013). Microwave Synthesis of 
ZnSe. Journal of materials engineering and performance, 22(6), 1637-
1641. 

Song, Y., Li, Y., Wang, X., Su, X., & Ma, Q. (2015). Novel aqueous synthesis 
methods for ZnTe/ZnSe and Mn 2+-doped ZnTe/ZnSe Type-II core/shell 
quantum dots. RSC Advances, 5(9), 6271-6278. 

Spirovski, F., Wagener, M., Stefov, V., & Engelen, B. (2007). Crystal structures 
of rubidium zinc bis (hydrogenselenate (IV)) chloride, RbZn (HSeO3) 2Cl, 
and rubidium zinc bis (hydrogenselenate (IV)) bromide, RbZn (HSeO3) 
2Br. Zeitschrift für Kristallographie-New Crystal Structures, 222(2), 91-92. 

Stankovich, S., Piner, R. D., Nguyen, S. T., & Ruoff, R. S. (2006). Synthesis 
and exfoliation of isocyanate-treated graphene oxide 
nanoplatelets. Carbon, 44(15), 3342-3347. 

Sun, Q., Gu, Q., Zhu, K., Wang, J., & Qiu, J. (2016). Stabilized temperature-
dependent dielectric properties of Dy-doped BaTiO3 ceramics derived from 
sol-hydrothermally synthesized nanopowders. Ceramics 
International, 42(2), 3170-3176. 

Timo Wätjen, J., Engman, J., Edoff, M., & Platzer-Björkman, C. (2012). Direct 
evidence of current blocking by ZnSe in Cu2ZnSnSe4 solar cells. Applied 
Physics Letters, 100(17), 173510. 

Todorov, T., Gunawan, O., Chey, S. J., de Monsabert, T. G., Prabhakar, A., & 
Mitzi, D. B. (2011). Progress towards marketable earth-abundant 
chalcogenide solar cells. Thin solid films, 519(21), 7378-7381. 

Torrent, J., & Barrón, V. (2002). Diffuse reflectance spectroscopy of iron 
oxides. Encyclopedia of surface and Colloid Science, 1, 1438-1446. 

Tyrrell, S., Behrendt, G., Liu, Y., & Nockemann, P. (2014). Zinc selenide nano-
and microspheres via microwave-assisted ionothermal synthesis. RSC 

Advances, 4(68), 36110-36116. 



© C
OPYRIG

HT U
PM

153 
 

Vallee, S. J., & Conner, W. C. (2006). Microwaves and sorption on oxides: a 
surface temperature investigation. The Journal of Physical Chemistry 
B, 110(31), 15459-15470. 

van Vugt, L. K., Veen, S. J., Bakkers, E. P., Roest, A. L., & Vanmaekelbergh, 
D. (2005). Increase of the photoluminescence intensity of InP nanowires by 
photoassisted surface passivation. Journal of the American Chemical 
Society, 127(35), 12357-12362. 

Von Behren, J., Wolkin-Vakrat, M., Jorne, J., & Fauchet, P. M. (2000). 
Correlation of photoluminescence and bandgap energies with nanocrystal 
sizes in porous silicon. Journal of Porous Materials, 7(1-3), 81-84. 

Wang, C. R., Wang, J., Li, Q., & Yi, G. C. (2005). ZnSe–Si Bi‐coaxial Nanowire 
Heterostructures. Advanced Functional Materials, 15(9), 1471-1477. 

Wang, C., Han, X., Xu, P., Zhang, X., Du, Y., Hu, S., & Wang, X. (2011a). The 
electromagnetic property of chemically reduced graphene oxide and its 
application as microwave absorbing material. Applied Physics 
Letters, 98(7), 072906. 

Wang, G., Wang, B., Park, J., Yang, J., Shen, X., & Yao, J. (2009). Synthesis 
of enhanced hydrophilic and hydrophobic graphene oxide nanosheets by a 
solvothermal method. Carbon, 47(1), 68-72. 

Wang, M., Zhou, Y., Zhang, Y., Hahn, S. H., & Kim, E. J. (2011b). From 
Zn(OH)2 to ZnO: a study on the mechanism of phase 
transformation. CrystEngComm, 13(20), 6024-6026. 

Wang, X., Tabakman, S. M., & Dai, H. (2008). Atomic layer deposition of metal 
oxides on pristine and functionalized graphene. Journal of the American 
Chemical Society, 130(26), 8152-8153. 

Wang, Y., Chang, H., Wu, H., & Liu, H. (2013). Bioinspired prospects of 
graphene: from biosensing to energy. Journal of Materials Chemistry 
B, 1(29), 3521-3534. 

Wang, Y., Yao, X., Wang, M., Kong, F., & He, J. (2004). Optical responses of 
ZnSe quantum dots in silica gel glasses. Journal of Crystal Growth, 268(3–
4), 580-584.  

Wehrspohn, R., Chazalviel, J. N., Ozanam, F., & Solomon, I. (1999). Spatial 
versus quantum confinement in porous amorphous silicon nanostructures. 
European Physical Journal B, 8(2), 179-193. 

Williams, G., Seger, B., & Kamat, P. V. (2008). TiO2-graphene 
nanocomposites. UV-assisted photocatalytic reduction of graphene 
oxide. ACS nano, 2(7), 1487-1491. 

Wu, H., Wu, G., Ren, Y., Li, X., & Wang, L. (2016). Multishelled metal oxide 
hollow spheres: easy synthesis and formation mechanism. Chemistry–A 
European Journal, 22(26), 8864-8871. 



© C
OPYRIG

HT U
PM

154 
 

Xiong, S., Shen, J., Xie, Q., Gao, Y., Tang, Q., & Qian, Y. T. (2005). A 
Precursor‐Based Route to ZnSe Nanowire Bundles. Advanced Functional 
Materials, 15(11), 1787-1792. 

Yadav, K., Dwivedi, Y., & Jaggi, N. (2015). Structural and optical properties of 
Ni doped ZnSe nanoparticles. Journal of Luminescence, 158, 181-187. 

Yamabi, S., & Imai, H. (2002). Growth conditions for wurtzite zinc oxide films in 
aqueous solutions. Journal of materials chemistry, 12(12), 3773-3778. 

Yamashita, T., & Takatsuka, K. (2007). Hydrogen-bond assisted enormous 
broadening of infrared spectra of phenol-water cationic cluster: An ab initio 
mixed quantum-classical study. The Journal of chemical physics, 126(7), 
074304. 

Yang, J., Wang, G., Liu, H., Park, J., & Cheng, X. (2009). Controlled synthesis 
and characterization of ZnSe nanostructures via a solvothermal approach 
in a mixed solution. Materials Chemistry and Physics, 115(1), 204-208. 

Yang, L., Xie, R., Liu, L., Xiao, D., & Zhu, J. (2011). Synthesis and 
characterization of ZnSe nanocrystals by W/O reverse microemulsion 
method: the effect of cosurfactant. The Journal of Physical Chemistry 
C, 115(40), 19507-19512. 

Yang, L., Zhu, J., & Xiao, D. (2012). Microemulsion-mediated hydrothermal 
synthesis of ZnSe and Fe-doped ZnSe quantum dots with different 
luminescence characteristics. RSC Advances, 2(21), 8179-8188. 

Yang, X., Yang, Q., Hu, Z., Zhang, W., Li, H., Li, L., & Sun, J. (2016). Multi-
band luminescent ZnO/ZnSe core/shell nanorods and their temperature-
dependent photoluminescence. RSC Advances, 6(100), 98413-98421.  

Yin, Z., Wu, S., Zhou, X., Huang, X., Zhang, Q., Boey, F., & Zhang, H. (2010). 
Electrochemical deposition of ZnO nanorods on transparent reduced 
graphene oxide electrodes for hybrid solar cells. small, 6(2), 307-312. 

Zeng, Q., Xue, S., Wu, S., Gan, K., Xu, L., Han, J., & Zou, R. (2014). Synthesis 
and characterization of ZnSe rose-like nanoflowers and microspheres by 
the hydrothermal method. Ceramics International, 40(2), 2847-2852. 

Zhang, H., Bao, Q., Tang, D., Zhao, L., & Loh, K. (2009). Large energy soliton 
erbium-doped fiber laser with a graphene-polymer composite mode 
locker. Applied Physics Letters, 95(14), 141103. 

Zhang, J., Li, J., Zhang, J., Xie, R., & Yang, W. (2010). Aqueous synthesis of 
ZnSe nanocrystals by using glutathione as ligand: the pH-mediated 
coordination of Zn2+ with glutathione. The Journal of Physical Chemistry 
C, 114(25), 11087-11091. 

Zhang, L. L., & Zhao, X. (2009). Carbon-based materials as supercapacitor 
electrodes. Chemical Society Reviews, 38(9), 2520-2531.  



© C
OPYRIG

HT U
PM

155 

Zhang, L., Li, N., Jiu, H., Qi, G., & Huang, Y. (2015). ZnO-reduced graphene 
oxide nanocomposites as efficient photocatalysts for photocatalytic 
reduction of CO2. Ceramics International, 41(5), 6256-6262. 

Zhang, Q., Wang, L., Feng, J., Xu, H., & Yan, W. (2014). Enhanced 
photoelectrochemical performance by synthesizing CdS decorated reduced 
TiO 2 nanotube arrays. Physical Chemistry Chemical Physics, 16(42), 
23431-23439. 

Zhong, L., & Yun, K. (2015). Graphene oxide-modified ZnO particles: 
synthesis, characterization, and antibacterial properties. International 
journal of nanomedicine, 10, 79-81. 

Zhou, W., Xue, S., Han, J., & Xie, P. (2014). Synthesis of grass-like ZnSe 
nanostructures on graphene oxide and their excellent field emission 
properties. Materials Letters, 134, 256-258. 

Zhou, Z. Q., Yang, L. Y., Yan, R., Zhao, J., Liu, Y. Q., Lai, L., & Liu, Y. (2017). 
Mn-Doped ZnSe quantum dots initiated mild and rapid cation exchange for 
tailoring the composition and optical properties of colloid nanocrystals: 
novel template, new applications. Nanoscale, 9(8), 2824-2835. 

Zhu, J., Koltypin, Y., & Gedanken, A. (2000). General sonochemical method for 
the preparation of nanophasic selenides: synthesis of ZnSe 
nanoparticles. Chemistry of Materials, 12(1), 73-78. 

Zhu, L., Jo, S. B., Ye, S., Ullah, K., & Oh, W. C. (2014). Rhodamine B 
degradation and reactive oxygen species generation by a ZnSe-
graphene/TiO2 sonocatalyst. Chinese Journal of Catalysis, 35(11), 1825-
1832. 

Zhu, Y., Murali, S., Cai, W., Li, X., Suk, J. W., Potts, J. R., & Ruoff, R. S. 
(2010). Graphene and graphene oxide: synthesis, properties, and 
applications. Advanced materials, 22(35), 3906-3924. 

Zou, R., Zhang, Z., Yu, L., Tian, Q., Chen, Z., & Hu, J. (2011). A general 
approach for the growth of metal oxide nanorod arrays on graphene sheets and 
their applications. Chemistry–A European Journal, 17(49), 13912-13917. 



© C
OPYRIG

HT U
PM

163 

BIODATA OF STUDENT 

Lee Han Kee was born on 28 Novemeber 1990, in Kuala Lumpur. He received 
his Bachelor’s Degree in Material Science from Universiti Putra Malaysia 
(UPM) in 2014. He is now pursuing his Doctor of Philosophy in Materials 
Science at Universiti Putra Malaysia (UPM).  



© C
OPYRIG

HT U
PM

164 
 

LIST OF PUBLICATIONS 

 
 
Lee, H. K., Liew, J. Y. C., Talib, Z. A., Mamat, M. S., Ngee, J. L. H., Ashari, F., 

& Majlis, B. Y. (2016). Synthesis of zinc selenide/graphene oxide 
composite via direct and indirect hydrothermal method. Sains 
Malaysiana, 45(8), 1201-1206. 

Lee, H. K., Liew, J. Y. C., Talib, Z. A., Mamat, M. S., Ngee, J. L. H., Ashari, F., 
& Hasbullah, N. N. (2017). Optical characterization of zinc 
selenide/graphene oxide composite synthesized via microwave-assisted 
hydrothermal method. Optik-International Journal for Light and Electron 
Optics, 144, 49-53. 

Lee, H. K., Ashari, F., Talib, Z. A., Yap, W. F., Kamarudin, M. A., Effendi, N., & 
Liew, J. Y. C. (2018). Concentration effect of zinc acetate dehydrate as 
precursor in preparing zinc selenide through hydrothermal 
method. Chalcogenide Letters, 15(10), 509-514. 

Ashari, F., Liew, J. Y. C., Talib, Z. A., Yunus, W. W. W., Y. J., Leong, Y. J. & 
Lee, H. K. (2016). Optical Characterization of Colloidal Zinc Selenide 
Quantum Dots Prepared through Hydrothermal Method. Sains 
Malaysiana, 45(8), 1191-1196. 

Ashari, F., Liew, J. Y. C., Talib, Z. A., Yunus, W., Wahmood, W., Yong Jian, L., 
& Lee, H. K. (2016). Optical Characterization of Zinc Selenide Compound 
Prepared through Hydrothermal Method. In Materials Science Forum (Vol. 
846, pp. 237-244). Trans Tech Publications. 

Jian, L. Y., Liew, J. Y. C., Talib, Z. A., Yunus, W., Wahmood, W., Ashari, F., & 
Lee, H. K. (2016). Synthesis and Electrical Studies of Quaternary 
Chalcogenide Semiconductor Cu2ZnSnSe4. In Materials Science 
Forum (Vol. 846, pp. 383-387). Trans Tech Publications. 

  

Submitted Manuscript 

Lee, H. K., Mamat, M. S., Ismail, I., Ismail, S., Liew, J. Y. C. & Lim, S.G. Yield 
and Structural Properties of Carbon Nanostructure Synthesized Using 
Hematite via Catalytic Chemical Vapour Deposition Method. Journal of 
Science and Technolog. 

Lee, H. K., Mamat, M. S., Ismail, I., Ismail, S., Liew, J. Y. C. & Lim, S.G. 
Structural Properties of Carbon Nanostructure Synthesized via Catalytic 
Chemical Vapour Deposition Method with Desired Temperature. New 
Carbon Materials. 

Baqiah, H., Talib, Z.A.,Shaari, A. H., Kechik, M. M. A., Liew, J. Y. C., Chen, S. 
K., Lim, K. P., Lee, H. K., & Ibrahim, N. B.  Effects of Aging Time on 
Microstructure, Hydrophobic, Optical Properties of BiFeO3 Thin Films 



© C
OPYRIG

HT U
PM

165 

Synthesized via Sol-gel Method. Journal of Sol-Gel Science and 
Technology.  

Effendy, A., Aziz, S. H. A., Kamari, H. M., Zaid, M. H. M., Liew, J. Y. C., Lee, H. 
K., Rahman, N. A. A., Wahab, S. A. A., Khiri, M. Z. A., & El-Mallawany, R. 
Synthesis and green luminescence of low cost Er2O3 doped zinc silicate 
glass-ceramics as laser materials. Journal of Physica B. 



© C
OPYRIG

HT U
PM


	Blank Page
	Blank Page
	Blank Page
	CHAPTER 2
	LC
	APPENDICES
	LA



