INDIUM TIN OXIDE-BASED Q-SWITCHED FIBER LASER GENERATION
AND SENSING APPLICATION

NOOR UMMI HAZIRAH HANI BINTI ZALKEPALI @ ZULKEFLI

A thesis submitted in fulfilment
of the requirement for the award of the

Doctor of Philosophy in Science

Faculty of Applied Sciences and Technology

Universiti Tun Hussein Onn Malaysia

AUGUST 2021



DEDICATION

Every challenging work needs self-effort as well as support,
especially to my lovely person.

I dedicate my humble effort to my loving parents,
Zalkepali @ Zulkefli Bin Ahmad;
Hayati Binti Banon;

my dearest siblings,
Muhammad Dhiyauddin Hakimi;
Noor Nazura Husna;

last but not least to
Muhammad Nazeem Bin Abd Rahim.

May Allah bless all of you and shower your life with happiness.



ACKNOWLEDGEMENT

Bismillahirrahmannirrahim, Alhamdulillahirabbilalamin

All praise be to The Almighty, with His consent this thesis can be completed.
Deepest appreciation and gratitude to my research advisor, Associate Professor Ts. Dr.
Noor Azura Binti Awang for her support and advice through all the years of my study.
Big thanks to my internal and external research advisors, Associate Professor Dr.
Zahariah Binti Zakaria (UTHM) and Dr. Amirah Binti Abdul Latif (UPM). They have
spent their valuable time to discuss all the problems and issues | had faced. With their
generosity in sharing their expertise, immense knowledge and experience in photonics
field had given me an opportunity to seek knowledge and explore this field.

My sincere and heartfelt gratitude goes to my friends and lab mates in Optics
and Laser Laboratory in Universiti Tun Hussein Onn (Campus Pagoh) for their
generous help in the lab specifically Nik Noor Haryatul Eleena Binti Nik Mahmud and
Yushazlina Roshaini Binti Yuzaile. Not to forget Encik Tajul Asmawee Binti
Abdullah, Encik Nooriskandar Bin Sani and Encik Kamarul Affendi Bin Hamdan in
the lab who helped me during sample preparation and characterizations.

My personal full-hearted appreciation goes to my family and my love,
especially my mother, Hayati Binti Banon, as well as my siblings, Muhammad
Dhiyauddin Hakimi and Noor Nazura Husna for their fully understanding and
encouragement to make sure that | could complete my Ph.D. degree till the end. Not
forget to my late father, Zalkepali @ Zulkefli Bin Ahmad giving me an education and
support during his life. Also to those who have directly or indirectly contributed to the
completion of this thesis, my gratitude goes to you. Lastly, | would like to thank
Ministry of Higher Education, Government of Malaysia and Research Management
Centre (RMC) of Universiti Tun Hussein Onn Malaysia for supporting this research
work under FRGS/1/2019/WABO05/UTHM/02/5 (grant No: K170) and Postgraduate
Research Grant GPPS: HO51, respectively.



ABSTRACT

A pulsed fiber laser has gained significant attention due to widespread and useful
photonics applications in the fields of high-speed communications, optical imaging,
and material processing. Q-switching and mode-locking are two possible pulse fiber
lasers that can be generated using active and passive techniques. The active technique
requires a bulky and complex modulator, but the passive technique uses only a piece
of a nanomaterial as a saturable absorber (SA) to induce loss modulation in laser
configurations. In this regard, the active material of indium tin oxide (ITO) was used
to build a SA device through DC magnetron sputtering in generation Q-switched pulse
erbium-doped fiber laser (EDFL). ITO was never used for tuning wavelength with an
intra-cavity filter and the application of pulse fiber laser such as a sensor. Two different
implementation methods of ITO were successfully fabricated and characterized for Q-
switching. The first ITO was deposited onto fiber ferrules to observe the performances
of Q-switched pulse EDFL using various configurations such as linear, single ring, and
Figure-8 cavities that have the repetition rate of 18.20 kHz, 38.03 kHz, and 24.19 kHz,
respectively. Thus, the single ring configuration was selected and improved to enable
Q-switched wavelength tunability by employing a tunable bandpass filter (TBF). The
tunable Q-switched pulse EDFL wavelength was operated from 1540.0 nm to 1570.0
nm. The generated output pulses displayed a repetition rate of 94.34 kHz and the
shortest pulse width of 3.22 ps at the maximum pump power of 378.6 mW. Next, the
stable switchable dual wavelength was generated by the aid of two selected fiber Bragg
gratings in the single ring cavity. To achieve a flexible switched in individual
wavelength of 1532 or 1533 nm and a simultaneous dual-wavelength fiber laser, the
in-line polarization controller had to be adjusted. The second device implemented onto
the side-polished fiber, coated with ITO (SPF-ITO), had generated as a novel method
for Q-switching and ammonia sensor. The SPF-ITO was successfully utilized as the
SA as well as a sensor for monitoring different concentrations of the ammonia solution.
The pulsed fiber laser ammonia sensor can be observed through the shifts in

wavelength and frequency domain due to the interactions between the ammonia
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molecules and ITO thin film where the SPF-ITO was immersed in the ammonia
solution. The shifts of wavelength from 1558.45 nm to 1554.25 nm resulted from the
increase in ammonia concentrations from 0.5 x 10° to 3.0 x 10° ppm. The wavelength
shifted from 1561.30 nm to 1559.35 nm using an increased concentration of ammonia
from 1 to 10 ppm. Meanwhile, the shifts of RF signal from 35.50 kHz to 43.50 kHz
were the result of the change in ammonia concentrations from 0.5 x 10° to 3.0 x 10°
ppm. The RF signal shifted from 30.10 kHz to 33.70 kHz in tandem with the increase
of ammonia concentrations from 1 to 10 ppm. In brief, the SPF-ITO was successfully
fabricated for the Q-switcher as well as the sensor.
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ABSTRAK

Laser gentian denyutan ini mendapat perhatian yang ketara kerana aplikasi fotonik
yang meluas dan berguna dalam bidang komunikasi berkelajuan tinggi, pengimejan
optik dan pemprosesan bahan. Pensuisan-Q dan mod-kunci adalah dua kemungkinan
laser gentian denyutan yang boleh dihasilkan menggunakan teknik aktif dan pasif.
Teknif aktif memerlukan modulator yang besar dan kompleks tetapi teknik pasif hanya
menggunakan secebis bahan nano sebagai penyerap tepu (SA) untuk mendorong
kehilangan modulasi dalam konfigurasi laser. Dalam hal ini, bahan aktif indium timah
oksida (ITO) digunakan untuk membina peranti SA melalui DC magnetron sputtering
untuk menghasilkan pensuisan-Q laser gentian terdop-erbium (EDFL). ITO tidak
pernah digunakan untuk menala panjang gelombang dengan intra-rongga penapis dan
aplikasi laser gentian denyutan seperti sensor. Dua kaedah pelaksanaan ITO yang
berbeza berjaya difabrikasikan dan dicirikan untuk pensuisan-Q. ITO pertama
didepositkan ke atas hujung gentian optik untuk memerhati prestasi pensuisan-Q
denyutan EDFL menggunakan pelbagai konfigurasi seperti linear, cincin tunggal dan
Rajah-8 yang mempunyai kadar pengulangan linear, cincin tunggal dan Rajah-8
masing-masing adalah 18.20 kHz, 38.03 kHz dan 24.19 kHz. Oleh itu, konfigurasi
cincin tunggal dipilih dan ditambah baik untuk membolehkan pensuisan-Q penalaan
panjang gelombang menggunakan penapis boleh laras (TBF). Panjang gelombang
laser gentian pensuisan-Q yang boleh ditala beroperasi dari 1540.0 nm hingga 1570.0
nm. Pengeluaran denyut yang dihasilkan memaparkan kadar pengulangan 94.34 kHz
dan lebar nadi terpendek 3.22 ps pada daya pam maksimum 378.60 mW. Kemudian,
dwi-panjang gelombang yang stabil boleh ditukar dengan bantuan dua gentian optik
berparut Bragg (FBGSs) di rongga cincin tunggal. Untuk mencapai fleksibel panjang
gelombang individu yang berubah-ubah pada 1532 atau 1533 nm dan laser serat dwi-
panjang gelombang ganda serentak, pengawal polarisasi selaras disesuaikan. Peranti
kedua yang diimplementasikan pada gentian penggilap sisi, dilapisi dengan ITO (SPF-
ITO), telah dihasilkan sebagai kaedah baru untuk pensuisan-Q dan sensor amonia.

SPF-ITO berjaya digunakan sebagai SA dan juga penderiaan untuk memantau
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kepekatan larutan amonia yang berlainan. Penderiaan amonia laser serat nadi dapat
diperhatikan melalui perubahan panjang gelombang dan domain frekuensi kerana
interaksi antara molekul amonia dan filem nipis ITO di mana SPF-ITO direndam
dalam larutan amonia. Perubahan panjang gelombang dari 1558.45 nm hingga 1554.25
nm disebabkan oleh peningkatan kepekatan amonia dari 0.5 x 10° hingga 3.0 x 10°
ppm. Panjang gelombang beralih dari 1561.30 nm ke 1559.35 nm kerana
menggunakan kepekatan amonia yang meningkat dari 1 hingga 10 ppm. Sementara
itu, perubahan isyarat RF dari 35.50 kHz hingga 43.50 kHz adalah hasil perubahan
kepekatan amonia dari 0.5 x 10° hingga 3.0 x 10° ppm. Isyarat RF beralih dari 30.10
kHz menjadi 33.70 kHz seiring dengan peningkatan kepekatan amonia dari 1 hingga
10 ppm. Ringkasnya, SPF-ITO berjaya dihasilkan untuk peranti pensuisan-Q serta

penderiaan.
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