NANO-STRUCTURED PLASMONIC
SENSORS AND DEVICES

AJAY KUMAR AGRAWAL

DEPARTMENT OF ELECTRICAL ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY DELHI
APRIL 2022



© Indian Institute of Technology Delhi (11'TD), New Delhi, 2022



NANO-STRUCTURED PLASMONIC
SENSORS AND DEVICES

by
AJAY KUMAR AGRAWAL

Department of Electrical Engineering

Submitted

in fulfillment of the requirements of the degree of

Doctor of Philosophy

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI
APRIL 2022



Dicditn
T my being pather. Tursh Tiumar Sgranal and

and



CERTIFICATE

This is to certify that the thesis entitled “Nano-structured Plasmonics sensors devices” being
submitted by Mr. Ajay Kumar Agrawal to the Indian Institute of Technology Delhi, for the
award of the degree of Doctor of Philosophy in the Department of Electrical Engineering, is a
record of bonafide research work carried out by him. Mr. Ajay Kumar Agrawal has worked
under my guidance and supervision and has fulfilled the requirements for the submission of this
thesis, which to my knowledge has reached the requisite standard. The results contained in this
thesis have not been submitted in part or in full to any other University or Institute for the award

of any degree or diploma.

Prof. Anuj Dhawan

(Supervisor)

Department of Electrical Engineering
Indian Institute of Technology Delhi

New Delhi, 110016, India.



ACKNOWLEDGEMENTS

I want to thank and express my gratitude to my supervisor Prof. Anuj Dhawan for his valuable
guidance and support during my Ph.D. | am grateful to him for sharing his immense knowledge
that has helped me during my research. His continuous motivation and generous support have

been the driving force to complete my Ph.D. work.

I would also thank all my SRC faculty members, Prof. Swades De, Prof. Manan Suri, and Prof.
P. K. Muduli, for their support during my research. I would also like to thank the faculty

members and staff members of the department of electrical engineering at 11T Delhi.

I want to thank all the colleagues and friends working with me in the laboratory; Kamal Kumar,
Uttam Kumar, Priten Savaliya, Nitin Gupta, Abhijit Das, Kaleem Ahmad, Akanksha Ninawe,
Merbin John, Mangesh Jaiswal, and Sanjit Varma for their time and support during my Ph.D. |

would also like to thank all my friends in 11T Delhi for their valuable support.

Now, | acknowledge my parents Suresh Kumar Agrawal and Usha Devi, and my grandmother
Keshar Devi for their constant and unconditional support during my studies. I would not be

where | am today without them being in my life.

H.)'OJ Kuroon, Aa’\aqu
Ajay Kumar Agrawal
April 2022

New Delhi



ABSTRACT

Nano-structured plasmonic metals have been extensively researched for advances in
plasmonic sensors and various optical devices. Nano-structured plasmonic metals enable the
excitation of hybrid surface plasmons, which consist of both localized as well as propagation
surface plasmons. Localized surface plasmon based devices can be used to detect a local change
in the surrounding medium. Nano-structured plasmonic metals enable us to use the coupling
technologies of the propagating surface plasmon polariton as well as detection capabilities of the
localized surface plasmons.

A surface plasmon resonance sensing and imaging platform based on plasmonic non-uniform
nano-gratings with narrow groove is presented. When the localized refractive index of the
medium around the gold layer present in these nano-gratings is changed, theoretical analysis is
used to numerically compute reflectance and differential reflectance signals. The binding of
biomolecules to the gold layer will cause a change in the localized refractive index. Finite
difference time domain modeling is used to investigate plasmonic non-uniform nano-gratings.
These plasmonic non-uniform nano-gratings provide very high differential reflectance amplitude
values.

We also present a theoretical study of the various nano-structured plasmonic sensor chips
investigated utilizing the Kretschmann configuration for highly sensitive localized sensing with
high tunability from visible to infrared wavelengths. The proposed nano-structured sensor chips
are analyzed, and their sensing capability is compared using the rigorous coupled-wave analysis
method. The sensitivity parameters are defined to focus on the detection of a thin layer of
biomolecules on the surface of nano-structures. Shifts in the reflectivity minima are determined
to obtain information on perturbations in localized (local binding analyte layer sensing) and bulk
refractive index (bulk medium sensing) on the sensor surface. The dimensions of the nano-
structures and the incident angle shift the plasmon resonance wavelengths and can be used to
tune the operating wavelength. The nano-structured films create local regions of high electric
fields, which results in enhanced sensitivity of the proposed structures. We have then introduced
a spacer between the nano-structures and thin film to further enhance the localized sensitivity.
The proposed sensors do not require any sophisticated optical set-ups and can be implemented on
the optical setups used for the conventional Kretschmann configuration-based sensors. The



proposed sensor design could easily be fabricated using the state-of-the-art top-down
nanofabrication approaches and could be employed for developing highly sensitive biosensing
platforms. The proposed sensors can be used in surface plasmon resonance imaging (SPRi) to
detect multiple biomolecules in a single measurement.

The capability of plasmonic nano-structures to detect localized changes in the surrounding
medium is also utilized to design a plasmonic switch. We present plasmonic switches — based
on gold nanoparticles (Au NPs) embedded between layers of VO2 films. Vanadium dioxide
(VO2) undergoes a reversible phase change, from semiconducting to metallic, with a change in
temperature. The operating wavelength of the switching device can be tuned between 650 nm
and 1000 nm using the localized surface plasmon resonance (LSPR) properties of the Au NPs.
We also demonstrate experimentally and theoretically a higher switchability — i.e. a higher
extinction ratio upon phase transition of VO2 — than what has been shown earlier in the spectral
regions less than 1000 nm. All the device layers were grown at the same substrate temperature
and laser intensity in a single vacuum PLD process, leading to a simplified large-area fabrication
process.

Vanadium dioxide has been further utilized to design a plasmonic Yagi-Uda nanoantenna
with the ability to switch its radiation beam between two directions opposite each other. The
nanoantenna can dynamically switch the radiating beam in two directions opposite to each other.
The plasmonic nanoantenna is optimized to radiate a similar amount of power with maximum
signal-to-noise ratios in both the switching directions. The switching of the radiated beam is
done by actively switching the phase of the VO2 material used in the nanoantenna. The switching
angle is also maximized to reduce the noise floor from the back lobe of radiation in other

direction.
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