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Abstract

Sensing and signal processing with a coherent ultraviolet (UV) light source is of great
interest for many applications. One material that has shown promise as a UV coherent
light source is zinc oxide (ZnO) with its wide band gap and interesting optical properties.
It is also of great interest to make these devices small and light and use low power. One
way to accomplish this is through whispering gallery mode (WGM) optical resonators.
WGM resonators have shown to be very attractive in lasing applications because of their
high quality factor even when fabricated on a chip. Coupling two resonators for single
mode emission, which is necessary for many sensing applications, is possible through the
Vernier affect. This coupling is greatly enhanced using optofluidics. This thesis
systematically goes through the derivation, simulation, and experimentation of Zinc
Oxide optofluidic micro laser elements. Single and coupled ring resonators were
simulated to show single mode transmission as well as enhanced coupling capabilities
when surrounded by high refractive index liquid. Devices with diameters ranging from
100 — 500 pm were successfully fabricated inexpensively through standard cleanroom
procedures. The devices were tested using two different pump laser systems. Testing
included such factors as high pump intensity, various angles of excitation, and low
temperature. In all cases photoluminescent emission was observed and recorded. A
higher power laser is needed to see laser emission from the WGM resonators. Once laser

emission is seen, then the optofluidic platform could be tested.
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Design and Fabrication of Zinc Oxide Optofluidic Laser Elements

I. Introduction

1.1 Motivation

Sensors are an integral part modern technology. They are used in a variety of
mechanical and electrical systems to give near instantaneous feedback on the
performance and health of the system. However, like most parts of modern technology,
the push is to make sensors smaller while keeping the same performance or even
increasing the performance. This has been possible through the breakthroughs in micro
fabrication of semiconductor devices. This allows for robust micrometer, or even
nanometer, scale devices to be added into systems without significant impact to overall
system weight or power consumption. This can bring great benefit to many defense
systems as they continue to get more efficient.

An important subset of sensors is those that use a light source to gather and
interpret information. These optical sensors can be designed to use any wavelength of
light, but one area of great importance is having an ultraviolet (UV) coherent light source.
Because of their shorter wavelength, UV sources can do more than long wavelength
lasers. A UV source is needed for UV spectroscopy [1], meteorology [2], [3], optical
signal processing [4], and various other sensing applications. UV light sources are highly
desirable because their short wavelength and high energy allow for higher resolution.

The focus of this study will be on the fabrication and testing of microscale
Whispering Gallery Mode (WGM) lasers that can be integrated into many sensing

applications. The term Whispering Gallery was used by Lord Rayleigh in the early 1900s



to explain the phenomenon on sound waves being continuously propagated around the
curved dome of St. Paul’s Cathedral in London [5]. As will be discussed in Chapter II, it
was later found that the same phenomenon applied to light that could be coupled into
circular or spherical geometries of optical material through total internal reflection. This
study will focus on fabricating and testing ring and disk geometries of WGM resonators
made from zinc oxide (ZnO). The reason for choosing these structures and materials will
be discussed further in Chapter II. Of particular interest in this study is the coupling of
two of these devices, either two rings or two discs, through optofluidics. This thesis aims
to study the possibility of generating a single-mode emission by evanescently coupling
multiple WGM cavities. Liquids with high refractive indices will be dynamically used to
enhance the evanescent coupling between WGM cavities, such that a standard
photolithography process can be used to mass-produce the devices in parallel. Various
etching processes will be explored to reduce optical scattering from the sidewalls of the
ZnO WGM cavities. Coupling of ring devices has been shown to produce single mode
lasing as is shown in [6]-[10]. Single mode lasing is desirable in many sensing
applications however the devices need to be very close together which can make
fabrication difficult and expensive. The use of optofluidcs can allow two devices to be
coupled together that have a greater distance between them. This cuts back on fabrication
difficulty and costs.

The fabrication and integration of these sensing and lasing capabilities is of
interest to the Air Force as they meet several of the objectives of the Air Force Office of
Scientific Research (AFOSR). Two examples of these objectives are “Laser and Optical

Physics” and “Optoelectronics and Photonics.” AFOSR’s objective in “Laser and Optical



Physics™ is “to advance the science of laser devices, laser materials, laser matter
interaction, nonlinear optical phenomena and devices, and unique applications of these to
solving scientific and technological problems of interest to the Air Force” [11]. This
study meets this objective by focusing the use of optofluidic coupling and the use of ZnO
as the WGM resonator material, neither of which have been widely explored. This study
also helps meet the objective of AFOSR in looking for optoelectronic and photonic
devices that are low power and weight and small sized [11]. Additional AFOSR
objectives that this study helps include: Dynamic Materials and Interactions, GHz-THz
Electronics and Materials, Low-Density Materials, Materials with Extreme Properties,
Atomic and Molecular Physics, Electromagnetics, Quantum Information Sciences,
Remote Sensing, Ultrashort Pulse Laser-Matter Interactions, Biophysics, Molecular
Dynamics and Theoretical Chemistry, and Organic Materials Chemistry [11]-[13].
Further discussion of how WGM resonators have already contributed to some of these

objectives will take place in Chapter II.

1.2 Assumptions/Limitations

Some of the main limitations of this study were choosing the geometries of the
WGM resonators and the material to use. Chapter II will consider some of the other
geometries as well as other material that has been used to make WGM resonators. Ring
and disk geometries were chosen for this work because of the ease of fabrication and
their repeatability which is necessary for mass production. ZnO was chosen as the

material primarily for its high photostability.



The other main limitations for this work were the timeline and lab availability.
Much of the fabrication work had to be done at AFIT, however some needed to be
coordinated with the Air Force Research Laboratory (AFRL). The AFIT clean room was
closed for several months due to the COVID-19 pandemic. Once the lab reopened there
were several equipment failures that hindered devices characterization. These included
the scanning electron microscope (SEM) and profilometer. Repairs for this equipment
took long than normal due to COVID-19 restrictions and they are both still down as of
the writing of this thesis. The testing of the devices also had to be done at AFRL.
However, due to COVID-19 protocols, lab access was halted here also for several
months. Then when the labs reopened, access was only granted one day, and later 2 days,
per week. This made consistent testing difficult and caused delays in the process. Another
limitation was the power of the lasers available at AFRL. In order to get the necessary
intensity needed to excite the fabricated WGM resonators, the beams needed to be
focused down between 1 — 5 pm. This is much smaller than the diameter of even the
smallest device tested (100 um). Another more powerful laser became available from the
Department of Engineering Physics at AFIT (AFIT/ENP) late in the study but when it
was moved and set up in the labs at AFRL, the laser could not be turned on because of
high humidity on the laser crystal.

General assumptions were made with regards to the environment of the lab in
which the tests were conducted. This included assuming relative humidity, ambient

temperature, and atmospheric pressure.



1.3 Potential Contributions

Potential contributions from this work to the defense-focused research of AFIT
include:

e Successful fabrication of ZnO ring and disk WGM resonators.

e Coupling of two WGM micro-resonators using optofludics.

e Single mode lasing from coupled WGM resonators.

e Demonstrated ease of fabrication and repeatability of the fabrication process for

mass production.

1.4 Thesis Overview

This thesis is divided into five chapters. Chapter II will be a literary view of past
WGM resonator devices as well as other ZnO lasers, including WGM cavities, Fabry-
Pérot (FP) cavities, and nanotubes. The basic physics discussion will also be included
here. Chapter III will give an overview of the methodology used in the design,
fabrication, and testing of the devices. Chapter IV will give a thorough discussions on the
results of the testing. Chapter V will offer the conclusion and the next steps for future

research.



II. Literature Review

2.1 Chapter Overview

This chapter will discuss the basics physics concepts used in this work to
understand the WGM resonator. This will include looking at the WGM resonator as a
wave guide and how to couple two such waveguides together. Next, past WMG devices
and their applications will be reviewed. Finally, this chapter will review past laser

applications that use ZnO.

2.2 Optics and Physics of the Whispering Gallery Mode

A whispering gallery mode (WGM) is a useful optical resonator that uses total
internal reflection to capture a wave of light. It can be made in many different geometries
including microrings, microspheres, mirogoblets, microdisks, microbubbles, and
microtoroids [14]. For this research, only the microring and microdisk geometries are
being considered. The calculations for complete understanding of how a WGM resonator
works can be quite complex and intensive and has been shown in other works such as
[14]-[17]. However, reasonable approximations can be used to understand the workings
of the WGM resonator. This will include geometrical optics and waveguide theory. In
order for the wave of light to experience total internal reflection within the WGM
resonator the angle of incident must be greater than the critical angle [15]. This

phenomenon is shown in Figure 1.



Figure 1. Total internal reflection of light in a WGM. Here O is the angle of incidence, R
is the radius of the circle, and N is the refractive index [15].

This critical angle can be found using equation 1.

0. = arcsin(%) M

Here, N, is the index of refraction of the WGM resonator. The wave must constructively
interfere with itself as it travels along the WGM, meaning that the optical path length
must correspond to an integer number of wavelengths and to the circumference of the

WGM as is shown in equation 2
2nNR = IA 2

where / is an integer. This constructive interference allows for the WGM to act as the

optical cavity of a laser and allows for multimode lasing.



One of the easiest ways to get light reflecting within at WGM is to couple light in

from another wave guide. A simple illustration of this is shown in Figure 2 [18].

Figure 2. A simple diagram of a single ring and single waveguide coupling a
unidirectional mode. The arrows are the direction of propagation. Reprinted by
permission from Springer Nature: Copyright © 2020.

In this diagram, E is the amplitude of the electric field as it propagates through the
waveguide and ring resonator, o is the loss coefficient, t is the transmission constant, and
k and is the coupling constant. The value that is of the most interest in this study is that of

k. The coupling constant is used to find the distance in which the two waveguides can be

separated while still being able to couple. The « value can be estimated by equation 3 [9].
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The definitions of the constants used in the above equation are shown in Table 1.

Table 1: Defined Constants for Equation 3.

R Ring Radius

Y Decay Constant of Ring

B Propagation Constant

k Wave Number

n Refractive Index

e Evanescent Electric Field
Distribution

The subscripts RR, WG, and S refer to the ring resonator, waveguide, and substrate,
respectively. The coupling constant can also be estimated through simulation as has been
shown in [9]. This was accomplished by using the finite element analysis (FEA) of the
ring resonator and the waveguide and plotting their respective evanescent fields. The two
fields were then plotted along the same x axis at different coupling distances and the
integral of their overlap is used in the equation above to estimate the k value. This is the

method that will be employed for this work and will be shown in Chapter 3.



One interesting phenomenon of coupling waveguides is that single mode lasing is
possible by coupling two WGM resonators of differing diameters together through what
is called the Vernier Effect [6][8], [10], [19], [20]. When two resonators are coupled, the
resonant modes can affect each other so that so one mode is greatly improved, and the
other modes are suppressed [6]. The resonant wavelength, Ao, of one of the ring

resonators can be found by simply rewriting equation 2 below [8].

M/lo = T[Dzneff (4)

Here M is an integer, D> is the diameter of the ring, and nefr is the effective refractive

index. Once the resonance of the first ring is found, the diameter needed for the second

ring can be found using the same Ao and nefr from equation 4 in equation 5 [8].

N/10 S T[Dlneff (5)

Equation 6, also known as the Vernier equation, can then be used to find the spectral

separation of the two rings [8], [20].

AZ
AL =

= 6
T[neff(Dl — D5) (©)
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Figure 3 below is a simple diagram showing how the Vernier effect works with
coupled WGM resonators. In this case the WGM resonators are staked on one another,

though the same affect can happen when they are coupled next to each other.

(@  disk1 $)

+ ¥
disk2 -

disk12 e l

Figure 3. (a) A simple diagram of how two WGM disks can be coupled together. (b) and

illustration of how the Vernier effect works to produce a single mode laser as most of the

modes from the two disks destructively interfere while one mode constructively interferes
and is emitted by the devices [7]. Copyright © 2015 IEEE.

One of the great advantages of WGM resonators is their very high quality factor

(Q-factor). The Q-factor can be defined using equation 7 [16]:

(7)
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Where ®, is the resonant angular frequency and A®@rwpwm is the full width at half

maximum of the resonant angular frequency. The Q-factor is important because it gives a
way to measure the time it takes for the energy to dissipate from a resonator in terms of
its full field oscillations. This means that a higher Q-factor corresponds to a slower
energy dissipation and a more efficient resonator [16]. In addition to the definition above,

the intrinsic Q-factor can be found through the contribution of many losses [15]:

1 _ 1 N 1 N 1 N 1
Qins Qrad Qscat Qmat Qcont

(8)

Where Qraq is the loss due to the curvature, Qscat 1s the loss due to scattering along the
surface, Qmat is the loss due to material absorption characteristics, and Qcont 1s the loss due
to surface contaminates. The main factor for loss in a WGM resonator has been shown to
be due to absorption loss associated with the material chosen [21]. The high Q-factors for
WGM resonators are inherent in the fact that they are low loss devices. Q-factors for
WGM resonators have been recorded at values greater than 10'° [14]-[16]. Each of the
factors in this section have made WGM resonators highly desirable for many

applications.

2.3 Past Optofludic Devices

Optofluidic devices have become a source of increased excitement in the research
community. These are devices in which photonic and microfluidic designs are integrated
to enhance the performance and function of the device [22]. Areas that have seen

particular interest are those of refractive index (RI) based detection sensors, fluorescence-

12



based sensors, surface-enhanced Raman spectroscopy, and optical trapping and
manipulation [22]. An example of several RI detection sensors is shown in Figure 4.
Optofluidics has been applied in many different ways and is particularly useful in
biological and chemical detection and analysis. It allows for the use of extremely small
volumes and integrates the sample preparation and delivery with the analytics used for
detection [22]. In addition to biosensing, optofluidic lasers are also an area of great
interest. Many groups have shown the optofluidic lasers in use as a distributed feedback
(DFB) laser on a chip [23]-[27]. While these devices show low pump threshold, tunable
wavelengths and single mode emission, their manufacturing is not straight forward and is

expensive [28].

Analyte

i

L= R TV T I - Y]

Sampl

Flow-through Enp_es

capillary - -
o

Peak shift (nm)

" Reflective

50 100 150 200 250 300 350 coating
Time {min)

Figure 4. Several optofluidic devices that are used in RI detection [22]. (a) Metallic
nanohole-array-based plasmonic sensor. (b) Dielectric planar photonic crystal sensor. (¢)
PCF-based sensor. (d) Capillary-based OFRR sensor. (¢) ARROW-based OFRR. (f)
Fabry-Pérot interferometric sensor for cell detection. (g) Flow-through and flow-over
plasmonic sensors together with each system’s sensing response. (h) Fabry-Pérot sensor
with flow-through micro- and nanofluidic channels. Reprinted by permission from
Springer Nature: Copyright © 2011.
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Other proven devices include Fabry-Pérot cavities that use fiber-based mirrors
and are integrated with microfluidic dye have shown single mode emission and digital
programmability [29]—[32]. However, the process of coating the cavity is laborious and
difficult to implement into a monolithically integrated system. It also has a multistep
assembly which negatively affects its compactness and robustness [28]. Another
optofluidic laser device that has been shown is based on a two-dimensional photonic
crystal that was patterned by laser interference lithography [33], [34]. This has enhanced
spontaneous emission, a low lasing threshold, and avoids using e-beam lithography.
However, it does take highly customized and difficult optical alignments to pattern each
device, which is very difficult to use in manufacturing and integrating into practical
systems. The work of this thesis will overcome each of these difficulties. The process
shown will use standard, and easily repeatable lithography steps that will allow for
inexpensive manufacturing on a large scale. The devices will be patterned on a chip for

easy integration into other systems and can allow for different wavelength emission.

2.4 Past Whispering Gallery Mode Devices

WGM resonators have been extensively studied for use in many ways. This
section will look at just a few studies of optofluidic integration and single mode emission
through the Vernier effect. The integration of optofluidics with WGM resonators has led
to increased sensing application, especially in biological and chemical sensing [35].
Optofluidic WGM resonators can investigate a gain medium that is introduced as a fluid.
This allows for the necessary sensitivity needed in biosensing to detect DNA and protein

[35]. Additionally, the narrow linewidth of optofluidic WGM lasers could enable the
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detection in frequency shifts induced by single molecules [35]. Examples of WGM

resonators using optofluidics in biosensing are shown in Figure 5.
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Figure 5. (a) A lasing encoded microsensor driven by interfacial cavity energy transfer
used for molecular barcoding [36] Copyright © 2020, John Wiley and Sons. (b) A WGM
laser cavity with a rhodamine 6G gain medium used to detect a change in refractive index

[37] Copyright © 2006, IEEE. (c) Bioelectrostatic sensitive droplet lasers using liquid
crystals used for ultrasensitive biosensing and monitoring of molecular interactions [38§]

Published by The Royal Society of Chemistry. (d) Optofluidic ring resonator (OFRR)

that uses fluorophore laser emission for detecting albumins, globulins, and lipoproteins in
blood [39]. (e) Another OFRR used for intracavity biological and chemical sensing, bio-
controlled photonic devices, and biophysics [40].
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Each of these devices show the great benefit that can come from integrating
optofluidics and WGM resonators. This work will differ from the works above though in
that the optofluidics will be used to help couple the WGM resonators and will not be used
as the gain medium.

Along with successful integration with optofluidics, WGM resonators have also
successfully shown single mode emission. Chandrahalim et al. were able to successfully
show WGM multimode and single mode emission with on-chip solid-state dye-doped
polymer ring resonators [ 10]. In their work they were able to fabricate single and coupled
WGM ring devices into a fused silica substrate through reactive ion etching (RIE). After
fabrication, several dye-doped polymers were spin-coated on to act as the medium for the
pump laser. The devices were then excited by a pump laser at various wavelengths
ranging from 480-570 nm depending on the doped polymer used. Successful multimode
emission was shown from the single ring WGM resonator, as well as successful single
mode emission from the coupled WGM resonators. Results from their research are shown

in Figure 6 and Figure 7.

Their impressive work differs in a few ways though from the focus of this thesis.
The doped polymer needed for laser emission adds another fabrication step where this
thesis just has the single etching step. This work will also focus on using simple
cleanroom wet etching techniques rather than the RIE technique used in this work.

Further dye-doped polymer WGM lasers have been shown in [41]-[47].
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Figure 6. Scanning electron microscope images of the fabricated ring resonators: (a)
Single ring resonator with inner and outer radii and depth of 110, 150, and 12 pm,
respectively. (b) Coupled ring resonators with an outer radius of 150 um and 145 pm,
respectively. Both ring resonators are 40 um wide and 12 um deep. The coupling distance
between the two rings is approximately 1 um [10].
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Figure 7. (a) Emission spectra of a CY3-doped SU-8 single ring resonator laser with a 16
uJ/mm? pump intensity. A 1200 g/mm grating was used to capture the entire detectable
laser emissions. (b) Emission spectra of an R6G-doped SU-8 coupled-ring resonator laser
with a 6pJ/mm? pump intensity. A 2400 g/mm grating was used to achieve high spectral
resolution. All spectra are vertically shifted for clarity [10].
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Another example of coupled WGM devices used in single mode emission is
shown in [20]. Here Lee et al. were able to make two ring devices couple together for

single mode emission, and then couple the rings to a waveguide as is shown in Figure 8.
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Figure 8. A schematic of coupled rings and waveguide. The arrows show the light
propagation direction [20]. Reprinted fromW. Lee, H. Li, J. D. Suter, K. Reddy, Y. Sun,
and X. Fan, “Tunable single mode lasing from an on-chip optofluidic ring resonator
laser,” Appl. Phys. Lett., vol. 98, no. 6, pp. 2011-2014, 2011, doi: 10.1063/1.3554362.
with the permission of AIP Publishing.

This device was produced in polydimethylsiloxane (PDMS) by means of a mold
and then liquid was added to the device to create an optofluidic ring resonator (OFRR).
The mold was etched into a silicon wafer through RIE. The wafer was then coated with
PDSM which was cured and removed to create the device above. Dye dissolved in

tetraethylene glycol TEG is then added to the rings and just TEG is added to the

waveguide to serve as the mediums for the light propagation. Examples of the OFRR is

shown in Figure 9.
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Liguid waveguide
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Figure 9. (a) Image of the coupled OFRR formed on the PDMS substrate. The diameters
of the upper and lower ring are 290um and 300 pm, respectively. The gaps between the
lower ring and the waveguide and between the two rings are 2 um and 1 pm,
respectively. (b) Scanning electron microscopic image of the 1 um gap between the two
rings. (c) Photograph of the coupled OFRR during laser operation. The laser emission is
coupled into the liquid waveguide and collected at its distal end. Dashed lines show the
waveguide position [20]. Reprinted fromW. Lee, H. Li, J. D. Suter, K. Reddy, Y. Sun,
and X. Fan, “Tunable single mode lasing from an on-chip optofluidic ring resonator
laser,” Appl. Phys. Lett., vol. 98, no. 6, pp. 2011-2014, 2011, doi: 10.1063/1.3554362.
with the permission of AIP Publishing.

The rings are then pumped at 532 nm and single mode emission is achieved. The

results are shown in Figure 10.
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Figure 10. (a) Lasing spectrum from a coupled OFRR 190 pm and 200 um in diameter,
respectively. The gaps between the lower ring and the waveguide and between the two
rings are 2 um and 1 um, respectively. (b) Lasing spectrum from a single OFRR 200 um
in diameter. Gain medium is 2 mM R6G in TEG. Reprinted fromW. Lee, H. Li, J. D.
Suter, K. Reddy, Y. Sun, and X. Fan, “Tunable single mode lasing from an on-chip
optofluidic ring resonator laser,” Appl. Phys. Lett., vol. 98, no. 6, pp. 2011-2014, 2011,
doi: 10.1063/1.3554362. with the permission of AIP Publishing.

While this is impressive, the processes of making the PDSM mold is
cumbersome. Also, PSDM is a polymer that cannot withstand high pressure or strong
solvents, which limits its application. The single step fabrication that this thesis will study
will make the realization of single mode emission quicker and easier, and the devices will
be more robust. Other examples of OFFRs are found in [48]-[54]. Other examples of
PDSM based OFFRs are found in [40], [55].

An example of an WGM resonator using optofludics is shown in [56]. This work
shows a 3-D optofluidic WGM resonator fabricated using a femtosecond laser machining
process. The resonator can then accommodate any organic, inorganic, and biological gain

media. An example of such a device is shown in Figure 11 [56].
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Figure 11. (a) Schematic of 3-D optofludic WGM ring cavity fabricated by femtosecond
laser pulses; (b) Microscope image of the ring cavity with the focus on the ring section;
(c) A coupled optofluidic WGM ring resonators.

Patterning these devices consisted of exposing a fused-silica substrate to
femtosecond laser pulses from a Ti: sapphire laser operating at 800 nm. The pulse width
was approximately 100 fs and the repetition rate was set at 250 kHz. A long-working
distance microscope objective was used to focus the beam into the sample. The laser

writing speed depends on the local geometry of the structure, but can range from 100
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um/s to 5 mm/s. The laser pulse energy was adjusted so that there was no material
ablation associated with the writing step. Both transverse and longitudinal polarizations
of the laser beam were used for the exposure. After the exposure, the substrate was
immersed into a low-concentration aqueous solution of hydrofluoric acid. These
optofluidic WGM resonators consist of 3-D microfluidic channels that can have fluidic
gain media dynamically flow in real time.

This work is commendable, but the fabrication of these devices can be difficult.
The devices shown in this thesis will be made using standard photolithography
techniques. The ZnO WGM resonators will also be solid material that will use
reconfigurable high refractive index liquids to facilitate the evanescent coupling between
the devices.

In addition to the two examples above, many other studies had looked at the use
of WGM resonators. These include ultra-sensitive sensors, even quantum sensing [57]—
[61], many lasing applications [62]—[65], and even in detecting cancer [14]. Like the
examples discussed above, these applications are impressive, though they are often hard
to replicate or very expensive to implement. This work will show fabrication and
development techniques that will help drive down the cost and increase the ability to
reproduce WGM devices. This will be accomplished by using standard lithography and
etching techniques that allow for simple WGM ring and disk geometries. The next step
will be to couple two of these WGM resonators (either two rings or two disks) together to
create a single mode laser. Typically coupling two WGM resonators requires that they be
within nanometers of each other, which can be difficult and expensive to do. However,

dynamically reconfigurable high refractive index liquids can be used to facilitate the
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evanescent coupling between WGM ring cavities, such that the coupling gap between
rings can be relaxed and a standard photolithography process can be used to fabricate
many devices in parallel. This offers the solution to many of the issues of cost and

reproducibility of WGM devices.

2.5 Past ZnO Laser Applications

Zn0, is one semiconductor material of particular interest in lasing applications
because of its high photostability. It has been used to create Fabry-Pérot (FP) cavity
lasers [66]-[68], random lasers [69], [70], and even WGM lasers on microrods [71]-[74].
ZnO lends itself well to small device fabrication. The FP lasers range from the 10s of
microns to the 100s of nanometers. This was first shown by Huang et al. who were able
to show a lasing peak of 385 nm when pumped by the fourth harmonic of a neodymium-
doped yttrium-aluminum-garnet laser (Nd: YAG; 266 nm, 3 ns pulse width) [75]. In this
work, <0001> oriented ZnO nanowires were grown by vapor transport and condensation
process with diameters varying from 20 to 150 nm and lengths of up to 10 mm. When
pumped with an intensity of about 40 kW/cm2, a lasing peak with an emission linewidth
of around 300 pm was observed. The results of their work are shown in Figure 12.

The sizes of these devices are desirable for use with other systems without adding
much bulk, but it can be very challenging to integrate optical waveguides on the same
substrate that are needed for intra- and inter- chip optical connectivity. It is also difficult
to duplicate these devices as they are grown randomly on the substrate. They also have
high mirror losses because of a low reflectivity of 0.2 at the air/ZnO interface and short

cavity lengths.
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Figure 12. (a) and (b) SEM images of ZnO nanowire arrays grown on sapphire substrates,
(c) Emission spectra from nanowire arrays below and above the lasing threshold. The
pump power for these spectra are 20, 100, and 150 kW/cm2, respectively; (d) Integrated
emission intensity from nanowires as a function of optical pumping energy intensity; ()
Schematic illustration of a nanowire as a resonance cavity with two naturally faceted
hexagonal end faces acting as reflecting mirrors [75]. From M. H. Huang ef al., “Room-
Temperature Ultraviolet Nanowire Nanolasers,” Science (80-. )., vol. 292, no. 5523, pp.
1897-1899, 2001, doi: 10.1126/science.1060367. Reprinted with permission from
AAAS.

The random lasers are relatively simple to fabricate as a polycrystalline ZnO
which is desirable. An example of this is shown in [76]. In this study, mirrorless ZnO
thin-film waveguides are deposited on a (100) silicon substrate. The laser cavities, due to
closed-loop optical scattering from the lateral facets of the irregular ZnO grains, are
generated through the post-growth annealing of high-crystal-quality ZnO thin films. The

lasing wavelength and linewidth of the ZnO random lasers under 355 nm optical
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excitation are around 390 nm and less than 0.4 nm, respectively. Results from this work

are shown in Figure 13.
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Figure 13. SEM images of ZnO thin films: (a) as-grown, (b) annealing time of 1 minute,

and (c) annealing time of 2 hours. (d) The corresponding X-ray diffraction patterns of the

ZnO film. (e) Light-light curves and the emission spectra of the sample after post-growth
annealing for annealing time of 1 minute [76].

Random lasers can be relatively simple to reproduce on the substrates; however,
the nature of random lasers does not yield repeatable results that are desirable in many
sensing applications. The WGM lasers are also on the 10s of micron scale when fabricated
as a crystal structure. This is due to its highly c-axis orientated hexagonal crystal structure.
This hexagonal shape can naturally be used as a WGM cavity. This can has been shown by
Dai et al. [77]. An individual ZnO WGM microrod is isolated on a quartz wafer. The
excitation laser at 355 nm wavelength was focused onto the ZnO microrod with an incident

angle of around 60°, and the emission signal at different angles was collected by moving
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the collect facet of a fiber along a circular path. The results of this study are presented in

Figure 14.
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Figure 14. (a) SEM image of a ZnO hexagonal microrod with a schematic WGM cavity
and the light propagation path. (b) The schematic diagram for the lasing detection around
the hexagonal ZnO microcavity. (¢) Emission spectra of the ZnO microrod excited by a
Nd:YAG laser with different excitation intensity. The inset is the far-field image of the
lasing ZnO microrod taken by a digital camera. (d) The relationship between output
lasing intensity and excitation power density [77].

While this microstructure occurs naturally, it can be difficult to control the growth
of the micro rods and it can be difficult to integrate them into sensing applications. Their

small radius also contributes to greater losses.

2.6 Summary

WGM resonators have been extensively studied in many works. Their low losses
and ability to obtain high Q- factors even when developed on chip has made them
desirable for many applications. Their ability to produce single mode emission by

coupling two WGM resonators together also makes them ideal for sensor applications.
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This work will focus on developing simple and repeatable fabrication of ring and
disk WGM geometries of ZnO. It will use simple lithography steps and inexpensive
etching techniques to produce highly repeatable structures that can be integrated easily
into other systems. It can then be used to produce high quality lasing by coupling two
structures together by use of optofluidics through the Vernier effect. The details of these

claims will be explored further in chapter III.
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II1. Methodology

3.1 Chapter Overview

The purpose of this chapter is to lay out the steps that were taken in the design,
fabrication, and testing of the WGM devices used for this study. It was decided that ring
and disk shapes would be used because of the ease of fabrication using standard clean
room procedures. These devices also agree well with the theoretical WGM optical theory
and their derivation is relatively straight forward. The design process began with a
derivation of the size of waveguide needed for single mode emission. The size could then
be increased to support multimode emission. Simulations were then done with COMSOL
Multiphysics® Modeling Software. While working on the simulations, several different
sized ring and disk devices were designed for testing the etching processes, and well as
for some practical testing. The devices can easily be fabricated through either wet or dry
etching. Wet etching was chosen as the preferred method since it is more cost effective,
more convenient, and generally produces a smother etch surface that is desirable for
optical applications. Ammonium Chloride (NH4CL) was the etching chemical chosen
since it is a relatively weak acid and has been shown to have low lateral etch[78], [79]. A
3 factor Design of Experiments was used to determine the ideal concentration and
conditions for an optimal etch. Once an adequate etch process was defined, the devices
were taken to a Photoluminescence (PL) lab at the Air Force Research Laboratory

Sensors Directorate (AFRL/RY). Here an Ultraviolet laser was used to excite a device,
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and the response was measured through a spectrometer. Each of the design, fabrication,

and testing processes with be explored further in the following sections.
3.2 Design of ZnO WGM Optical Resonators

3.2.1 Derivation of ZnO WGM Resonators Dimensions

As was mentioned above, the design process began with the derivation of the size
of waveguide that would be needed for single mode emission. It was decided that the area
surrounding the devices would be etched away so that the actual devices were raised up

above the substrate as is shown in Figure 15.

— -
-

Figure 15. An example of a ring and disk WGM device that will be fabricated for this
thesis and their cross sections.

For the purposes of this derivation, the ring device was treated as a straight wave

guide with a square cross section. In his book, Photonic Devices, Liu talks about several
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common wave guides and their derivations [80]. For the purposes of this derivation, the

device is considered a planar wave guide as shown in Figure 16.

Figure 16. An example of a planar waveguide that is used for the derivation of the
dimensions of the ZnO rings.
The modal properties of this waveguide can be characterized in terms of some
dimensionless normalized wave guide parameters. One of these is the V number, or the

normalized frequency [80], and it is defined by equation 9,
21 1
V= (—) d(n2 — n2)z (9)

where / is the peak wavelength of the photoluminescent spectra of ZnO, d is the
thickness of the planar wave guide, n is the refractive index of ZnO and nz is the
refractive index of air. By an approximation based on a well-known method of analyzing
single mode fiber optics, V = 157 can be assumed and inserted with the following values
into (9): A=371 nm, n; = 2.1, and n2 = 1. From this we get d = 1.3 pm. This value can

then be applied to the thickness and width of the desired square waveguide. As long as
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the dimensions of a waveguide are less than or equal to these values then light
propagation should be possible.

In addition to looking at the dimensions above, it is important to confirm the
reflectance of the WGM resonators that would be studied. For this, the power stored in a
WGM resonator, P(A), was found according to equation 10 and was graphed in

MATLAB using a wavelength range from 323 nm to 327 nm [16].

(AMrwin/2)?
A= 20)2+ (Mpwun/2)?

P(1) = P, (10)

Here Py is the amplitude, Ao is the resonant wavelength, and AArwnw is the full
width at half maximum value of the resonance peak. Since it was known that the laser
that we would be using for our experiments has a wavelength of 325 nm, this value was
used as the resonant wavelength. AArwiv was then found using equation 7, and
theoretical Q-factors of 10°, 10%, and 10°. The results are shown below in Figure 17.

Since the resonance has been confirmed for a laser with a wavelength of 325 nm,
equation 2 can be used to find rings and disks of various radii that will support WGM
propagation. For these calculations N = 2.1, A = 325 nm, and / varies according to the

table values. These radius values are shown in Table 2.
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Figure 17. Normalized power of a WGM resonator confirming resonance at 325 nm. (a)
Resonance when the WGM resonator has a Q-factor of 10°. (b) Resonance when the
WGM resonator has a Q-factor of 10*. (c) Resonance when the WGM resonator has a Q-
factor of 10°. Each increase in the Q-Factor decreases the FWHM.
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Table 2. Calculated Radii of Rings and Disks

[ value Radius in pm
2x10° 49
3x10° 74
4x10° 99
5x10° 123
6x10° 148
7x10° 172
8x10° 197
9x10°3 222
10x10° 246

3.2.2 Simulation of ZnO Coupled Ring Resonators

Once the derivations for the various WMG dimensions were complete, simulation
was done using the physics modeling software COMSOL. The purpose of this simulation
was twofold. First was to show that propagation of light at a wavelength of 325 nm is
possible with a ZnO ring. Second was to show that changing the index of refraction
around the ZnO ring will widen the electric field distribution within the ring. This could
be accomplished using different liquids surrounding the rings. This is very important for
coupling as was discussed in section 2.2. The first simulation was done using the
refractive index of bulk ZnO at 2.1. The refractive indices for the liquids in this

simulation are hypothetical also. The other simulations were done using the refractive
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indices of thin film ZnO. For thin films of less than 500 nm, 1.85 was used for the
refractive index. For thin films between 500 nm and 1000 nm, 1.9 was used for the
refractive index. The liquids used in the simulation are methylene iodide (CHzIb), n =
1.74, sulfur in methylene iodide (CH2I2), n = 1.79, and phenyldi-iodoarsine (CsHsAsl), n
= 1.85. The parameters used in these simulations are shown in Table 3. Table 4, and
Table 5. The results of these simulations are shown in Figure 18, Figure 19, and Figure

20.

Table 3. Parameters used in the COMSOL Simulation of a bulk ZnO Ring with

hypothetical high refractive index liquids.

Wavelength 325 nm
Frequency 9.22x 10'* Hz
Width 0.5 pm
Hight 810 nm
Refractive Index of Surrounding Material 1,2,2.05,2.09
Refractive Index of ZnO Core 2.1
Refractive Index of Fused Silica Substrate 1.48
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Table 4. Parameters used in the COMSOL Simulation of a thin film (less than 500 nm)

ZnO Ring with various high refractive index liquids.

Wavelength
Frequency
Width
Hight
Refractive Index of Surrounding Material
Refractive Index of ZnO Core

Refractive Index of Fused Silica Substrate

325 nm
9.22 x 10 Hz
0.5 um
400 nm
1.74,1.79
1.85

1.48

Table 5. Parameters used in the COMSOL Simulation of a thin film (between 500 nm and

1000 nm) ZnO Ring with various high refractive index liquids.

Wavelength
Frequency
Width
Hight
Refractive Index of Surrounding Material
Refractive Index of ZnO Core

Refractive Index of Fused Silica Substrate

35

325 nm
9.22 x 10" Hz
0.5 um
800 nm
1.74,1.79, 1.85
1.9

1.48
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Figure 18. (a) COMSOL simulation showing light propagating within a ZnO ring where
color represents the intensity of the transvers electrical (TE) mode. (b) Several field
distribution curves as the refractive index surrounding the bulk ZnO ring is changed from
n=1ton=2.09. (c) Coupling shown by the overlap of two of the evanescent fields of
two ZnO rings with a coupling distance of 10 nm and surrounded with a refractive index
of 1. (d) A plot of the coupling coefficient (i) between the two rings as a function of the
coupling gap ranging from 10-50 nm. (e) Coupling of two ZnO rings when surrounded
with a refractive index of 2.09. (f) A plot of k between the two rings as a function of the
coupling gap. The range is significantly larger, ranging from 1-2 um, and as is the k
value.
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Figure 19. (a) Coupling of two thin film ZnO rings with a thickness of 400 nm (n=1.85)
when surrounded with a refractive index of 1.74. (b) A plot of coupling coefficient (k)
between the two rings as a function of the coupling gap ranging from 500-900 nm. (c)

Coupling of the same rings when surrounded with a refractive index of 1.79. (d) A plot of
K between the two rings as a function of the coupling gap ranging from 600-1000 nm.
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Figure 20. (a) Coupling of two thin film ZnO rings with a thickness of 800 nm (n=1.9)
when surrounded with a refractive index of 1.74. (b) A plot of coupling coefficient (k)
between the two rings as a function of the coupling gap ranging from 300-700 nm. (c)
Coupling of the same rings when surrounded with a refractive index of 1.79. (d) A plot of
K between the two rings as a function of the coupling gap ranging from 300-700 nm. (e)
Coupling of the same rings when surrounded with a refractive index of 1.85. (f) A plot of
K between the two rings as a function of the coupling gap ranging from 600-1000 nm.
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From Figure 18, this simulation shows that coupling can be accomplished at much greater
distances with a high-refractive index liquid, which is very close to that of the ring, than
in air. This is very promising for being able to fabricate these devices on a chip using
standard lithography procedures. Figures 19 and 20 both show simulations of actual high
refractive index liquids when compared to thin film ZnO. These simulations also show

that the coupling distance is greatly increased over the simulation shown in air.

3.3 Fabrication of ZnO WGM Optical Resonators

3.3.1 Pre Etch Preparation

While working on the simulations, several samples were fabricated with varying
device sizes to help establish the etching solution. A mask with many ring and disk
devices was first designed using MEMS L-Edit software. These devices ranged in
diameter from 100 — 300 pum in steps of 50 um. Since expensive e-beam etching is not
required for this study, the mask was designed within the capabilities of standard
lithography. Images of the mask are shown below in Figure 21.

The mask was then written using a Heidelberg pPG 101 mask writer. Once the
mask was written, the photoresist on the mask was then developed using a solution of
three parts deionized (DI) water and one part 351 developer for 30 seconds followed by a
30 rinse in DI water. Then the mask was etched using CR-44 Chrome etchant for 90
seconds followed by a 30 second rinse in DI water. The mask was then checked visually
under an optical microscope for any defects. Once the mask was ready, samples could be

fabricated.
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(a)
(b) (d)

(© (e)

Figure 21. Images of the WGM resonator mask design used in fabrication. (a) Entire
layout for a 1.1 cm x 1.1 cm square chip. (b) A single ring resonator with a 200 um outer
edge diameter and 4 pm wide walls. (¢) A single disk resonator with 100 um diameter.
(d) Two coupled ring resonators. Both have a wall thickness of 2 um. The left ring has an
outer edge diameter of 200 um and the right ring has an outer diameter of 208 um. The
gap between them is 1 pm. (e) Two coupled disk resonators with the left disk having a
diameter of 100 um and the right having a diameter of 108 um. The gap between them is
2 pm.

This process began with ZnO being deposited on either a silicon, or fused silica
wafer. The ZnO was deposited by Dr. Kevin Leedy at AFRL/RY. A Neocera Pioneer 180
pulsed laser deposition system with a base pressure of 2.67 x10—5 Pa was used. A KrF
excimer laser (Lambda Physik COMPex Pro 110, 248 nm wavelength, 10 ns pulse
duration) operated at 30 Hz with an energy density of 2.6 J/cm2 at the target. Depositions
occurred at a 200 °C substrate temperature, oxygen partial pressure of 3.33 Pa and
substrate-to-target distance of 9.5 cm. The target was a 50 mm diameter by 6 mm thick
sintered 99.999% pure ZnO ceramic disk. The target and substrate rotated at 40 /s and 20
o/s, respectively, and the focused beam followed a programmed scan over the target to

achieve uniform film thickness across the 100 mm diameter substrates. These deposition
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conditions yielded a nominal growth rate of 0.25 nm/s. A scanning electron microscope

(SEM) image and an X-ray fluorescence (XRF) spectrum are shown in Figure 22.
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Figure 22. (a) A SEM image of a blank (unetched) sample of ZnO thin film showing
large grain boundaries which may be undesirable for the optical phenomenon that is
trying to be achieved. (b) The XRF data from the ZnO thin film showing strong K, and
Kp lines. This means the ZnO is pure which is desirable for this study.

From the SEM we can see that the film has noticeable grain boundaries. These are like
the grain boundaries shown in Figure 13. The study in that figure showed lasing is
possible but it was random lasing due to the grain boundaries. WGM lasing was not
explored in that work as it will be in this study. Therefore, these samples were used in the
fabrication process even though the grain boundaries may be undesirable for this work.
The XRF shows strong peaks and the typical ZnO energies and shows that the film is
pure.

Once the films were deposited, the wafers were diced into 1.1 cm x 1.1 cm chips
at AFRL/RY. This allowed for many different samples to be fabricated and tested under

different conditions. Once the wafers were diced, a chip sample would be prepared for
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fabrication. This would begin with a 30 second rinse with isopropyl alcohol to clean the
sample. Isopropyl alcohol was used instead of the traditional acetone, methanal, DI water
process because ZnO dissolves easily in acetone. After the samples were cleaned a layer
of MICROPOSIT S1818 photoresist was spun on at a rate of 4000 rpm to reach an
average thickness of 1.8 pm. The device was patterned using the Suss MA6 Mask
Aligner System and the mask previously fabricated. The sample was exposed for 3
seconds with 405 nm light. The photoresist was then developed by placing the sample in
a 5:1 DI water to 351 developer solution for 30 seconds followed by a 30 second rinse
with DI water. The sample was then inspected under an optical microscope for any
defects. Once the photoresist was patterned and developed, the samples were ready to be

etched.

3.3.2 Wet Versus Dry etching

An adequate and simple etching technique was needed to make the devices as
precise as possible to the desired detentions. At first a dry etch using an inductively
coupled plasma reactive ion etching (ICP RIE) was tested at AFRL/RY. Dry etching is
attractive for this work because of its low isotropic affect which allow for more precise
dimensions. However, the wall roughness is much higher than is typically found with a
wet etch, which is undesirable for optical devices. Through discussion with Mr. Gary
Hughes at AFRL/RY, a dry etch recipe was obtained that would etch at a rate of about 15

nm/min. The etch recipe is shown in Table 4.
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Table 6. ICP-RIE Etch Recipe for ZnO

Flow rate of N> 75 sccm

Pressure 10 mTorr
RIE Power 250 W
ICP Power 1200 W

However, when this recipe was used it was much too harsh for the photoresist and

the ZnO. An SEM from the etch is shown in Figure 23.

SEM HV: 2.0 kV WD: 10.11 mm

SEM MAG: 2.32 kx Det: SE 20 pm
View field: 119 yum  Date(m/d/y): 07/31/20

Figure 23. Image of an ZnO ring device after ICP RIE etching. The ring is almost
completely etched away and has very rough side walls which would cause scattering to
occur. This makes it impossible to use for this work.

43



As can be seen from this image, the devices were almost completely eaten away.
This could have been the result of too long of an etch time, or because of an improper gas
balance. The reason could have been explored and tested further, however, the logistics
of using the AFRL/RY ICP RIE to go through these many tests made it difficult to purse
this course of action, especially when wet etching was readily available in the clean room

at AFIT.

3.3.3 Ammonium Chloride Etch Test

Wet etching is a desirable technique because it is very cost effective and is easily
done in any clean room. The drawback to wet etching is its isotropic properties that
produce quite a bit of lateral etching in devices. This can make it difficult to get precise
sizes and sharp features in devices. For this purpose, it was important to find an etching
solution that would minimize the lateral etch effect. Several solutions have been studied
for etching ZnO, including hydrochloric acid (HCl), nitric acid (HNO3) and phosphoric
acid (H3POs) [78], [81], [82]. However, the etching wasn’t uniform or consistent enough
to be feasible for this study [79]. Through further research, Ammonium Chloride (NH4Cl)
was found to be the most feasible option for use in the AFIT clean room. However, it was
difficult to replicate the etch rates found in [78], [79]. Because of this it was decided by
our lab group that were all using ZnO in our various research, that we would conduct a
Design of Experiments (DOE) analysis to characterize the optimal concentration and etch
rate. The experiment was run in 2 batches. The first batch was a single-factor two-level
full factorial design with three replicates. The second batch was a three-factor two-level

full factorial design. Each of the samples for each run was a 1.1 cm x 1.1 cm square
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prepared in a similar fashion to the preparation of ring and disk samples discussed above.
The samples were cleaned and had MICROPOSIT s1818 photoresist spun on at a rate of
4000 rpms. From there a grid of 1 mm x 1 mm squares was patterned and developed to
prepare for etching. The samples were then etched at different concentrations,
temperatures, and agitation levels. From the results we were able to conclude that the
significant factors are concentration and temperature, and we were able to model the etch

depths as shown in Figure 24.
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Figure 24. Model etch rates of several concentrations of NH4Cl at room temperature with
mild agitation.

From the results above it was decided that the 20% solution at room temperature with

mild agitation would be most useful for this project.
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3.3.4 Etching using Ammonium Chloride.

Once the ammonium chloride etch process was characterized, it could be used to
etch the devices. The aqueous NH4Cl solution was made by mixing 99.5% pure lab grade
powder NH4Cl into DI water. The solution was first stirred and then but into a 5 minute
hypersonic bath to complete the mixing. The prepared sample was then etched for the
appropriate time according to the results above. Once the devices were etched, the
photoresist was removed using an oxygen plasma so that the ZnO would not be attacked
by any chemicals that could be used to remove the photoresist. A sample would be placed
in the Anatech USA-SP 100 plasma asher for 90 min at 200 W. Once the photo resist was
removed the samples were examined under an optical microscope and SEM to see if the
etch was successful. Some examples of the images gained from the optical microscope

are shown in Figure 25. Some SEM images are shown in Figure 26.

Figure 25. (a) Optical microscope image of a WGM device etched with NH4Cl. (b)The
same disk zoomed in on an edge. The edge is very smooth which is very desirable for this
study.
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SEM HV: 1.5 kV WD: 15.45 mm MAIA3 5 mm

View field: 34.5 ym SEM MAG: 8.02kx 10 pm View field: 80.0 ym  SEM MAG: 3.46 kx 20 pm
Det: SE Date(m/dly): 05/20/21 Det: SE Date(m/d/y): 05/20/21

Figure 26. (a) A SEM image zoomed in on the gap between two coupled disks showing a
smooth wall and a complete etch between the disks. (b) A SEM image of a ring zoomed
in to show a smooth wall. Both images confirm a successful etch using NH4Cl.

3.4 Experiment Set Up

Once the devices were etched, they were ready for testing at AFRL/RY. Two
different lasers with two slightly different experiment set ups were used to excite the
devices. A continuous wave (CW) laser was used to excite and trap light within the
WGM device in both set ups. In the first set up, the pump beam passed through a
bandpass filter and was focused through an optical lens onto a device on the sample chip.
The sample was either perpendicular to the excitation laser or would vary between 90°
and 45°. The emission was then focused into a spectrometer using another optical lens.

An example of the test set up is shown in Figure 27.
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Figure 27. Experimental set up for testing the WGM devices. The green line represents
the laser light from the continuous wave pump laser. The red is the emission from the

device.

Two different pump lasers were available for excitation in testing. Using different pump
lasers was desirable to compare responses of the devices and see if one system had a
better response. The first was a Kimmon IK Series Helium-Cadmium (He-Cd) 325 nm
laser. The beam was focused to approximately 5 um in diameter and had a power output
of about 3 mW at the device. A SPEX 1250M Spectrometer with a 2400 grating was used
to detect the laser emission from the devices. A picture of the setup is shown in Figure

28.
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Laser

Spectrometer Sample

Figure 28. A Picture of the actual experimental set up using a Kimmon Laser as the pump
laser.

If the laser emission is weak, this set up could also include a fiber optic cable to help with
the emission detection. In this case a fiber cable was added between the sample and the
spectrometer. One end of the cable had a focusing lens and was focused close to the edge
of the device to detect laser emission from the side of the device. The other end of the
cable was then focused into the spectrometer for detection. A picture of this set up is

shown in Figure 29.
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Figure 29. Experimental set up for testing the WGM devices with a fiber optic cable
inserted between the sample and the spectrometer. This helps to detect the laser emission
from the device.

The third pump laser available was part of the Renishaw inVia Raman
Microscope system. This system also uses a He-Cd 325 nm laser. The beam size could be
set anywhere between 1-100 pm and had an output power of 5 mW. This system had the
same basic configuration as the first set up, with a few differences. Those differences can
be seen in the schematic and picture shown in Figure 30. The sample could be placed at

90° to the excitation laser or at an angle of about 30° with an aluminum mount.
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Figure 30. Schematic [83] and picture of the Renishaw inVia Raman Microscope.
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Both pump lasers can give a clear photoluminescence (PL) curve, as well as show

possible laser emission from the ZnO devices.

3.5 Summary

The methodology behind testing ZnO WGM resonators consisted of three main
parts: simulation of the devices, fabrication, and experimentation. The simulations helped
to define the fabrication process. They also helped show that the actual devices fabricated
using standard cleanroom techniques were able to support lasing. The experimentation set
up allowed for several different avenues for the testing of the devices to determine which

one was most successful.
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IV. Analysis and Results

4.1 Chapter Overview

This chapter will go through the data that was collected for each sample tested on
each of the three lasers. It will begin with the first samples tested with the Kimmon IK
Series Helium-Cadmium (He-Cd) 325 nm laser. The data collected from the Renishaw
inVia Raman Microscope will then be discussed. Further samples of larger diameter were

also tested using both lasing systems with a few devices even tested at low temperatures.

4.2 Results from the Kimmon IK Series Helium-Cadmium (He-Cd) 325 nm Laser

Devices were first tested using the Kimmon IK Series Helium-Cadmium (He-Cd)
325 nm laser in the same set up that is shown in Figure 28 above. Before any tests on
WGM devices were done, the photoluminesce (PL) was taken on blank (pre-fabricated)
ZnO samples that were deposited on silicon and fused silica. This helped us to know
where to focus our scans when looking for laser emission since it will happen around the
PL curve. The PL curves are shown in Figure 31.

After the PL data was collected and analyzed, the first ZnO WGM devices tested
were about 450 nm thick with diameters ranging from 100 um to 300 um. They were on
a silicon substrate with about a 100 nm thick layer of tungsten between the silicon and the
ZnO. It was decided the disks would be tested first since they had a big enough area of
ZnO for the laser to easily focus on. The first tests were to confirm that we could

duplicate the PL data that we had seen above. Those results are shown in Figure 32.
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Figure 31. PL emission from ZnO samples taken with a laser intensity of 3.82 kW/cm?.
The top one is from approximately 900 nm of ZnO on fused silica. The bottom is about
200 nm on silicon.
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Figure 32. (a) A PL curve of a 300 um disk WGM taken with a pump intensity of 1.78
kW/cm?. (b) A PL curve of a 150 um disk WGM taken with a pump intensity of 1.78
kW/cm?.

Based on the results above, it is shown that there is enough ZnO to see a similar

PL curve, and should be able to see WGM laser emission. From here it was decided that
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several of the disks of varying sizes would be tested to see if any of them emitted laser

light. The results of one of these tests are in Figure 33.
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Figure 33. More data collected by the He-Cd 325 nm laser with a pump intensity of 3.44
kW/cm? on a 300 um diameter disk showing the same PL curve found before.
After many tests on 4 different samples, the same PL curves were collected but
none of them showed any lasing peaks. More examples of these can be found in
Appendix A. It was quite unexpected that no lasing would be observed since it was quite
easily observed in other research [66], [67], [85]—-[88], [68]-[74], [84]. It was then
hypothesized that the beam intensity of this laser may not be strong enough. The
maximum power measured from this laser was about 3.1 mW and the minimum was
about 2.7 mW. The beam diameter was estimated to be about 5 um. At the highest power
output of 3.1 mW, this would give an intensity of 15.8 kW/cm? which is at the very low

end of lasing thresholds observed in other ZnO lasers [74]. Since even the slightest error
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in estimation would mean that the lasing threshold would not be met, it was decided to

try a more powerful laser.

4.3 Results from the Renishaw inVia Raman Microscope

The only other laser available at the time was the Renishaw inVia Raman
Microscope at AFRL/RY. This system had a slightly higher power output of 5 mW but
the beam size could accurately be focused to 1 um. This gave an intensity of 636.6
kW/cm? which is well within the range of other reported lasing thresholds. The devices
were then excited using the setup show above in Figure 30. The results are shown below

in Figure 34.
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Figure 34. PL emission of three WGM disks ranging in diameter from 250 pm to 350
um. PL emission is shifted to the right when compared to the other results, but this is
most likely due to the increased intensity. No lasing peaks were detected.

These results have a much greater intensity and have a slightly shifted peak compared to

the PL curves from the first laser. However, there still are no lasing peaks, despite the
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higher intensity laser. This could be due to the small beam size. If a disk diameter of 200
um is focused on, then the excited area is only 1/40,000 of the total disk area. It was then
decided to try and excite the devices using the same set up but with the beam diameter
expanded to 100 um. This would allow for a greater area of the device to be excited, but
it would bring the intensity down below the past observed lasing thresholds of ZnO to
63.6 W/cm?. Even though the intensity is low the data in Figure 33 does show that the PL

response is consistent. Again, the only difference is in the intensity count.
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Figure 35. Results of exciting three WGM disks ranging in diameter from 250 um to 350
um with an expanded beam diameter of 100 um and intensity of 63.6 W/cm?. Similar PL
emission is seen without lasing peaks.

These graphs were each taken with a 150 grating which may not give the
necessary resolution to see the narrow lasing peaks that were expected. The

measurements were then taken again, though this time with a 2400 grating. The results of

these are shown in Figure 36.
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Figure 36. Results of exciting WGM disks ranging in diameter from 250 pm to 350 pm
taken with a 2400 grating. Similar PL emission is seen without lasing peaks.

These results give a much higher resolution that would be able to show the narrow lasing

peaks that were expected. However, as can be seen, the peaks are not present.

4.4 Testing Larger Diameter Devices with the Kimmon and Renishaw Systems

Since the higher power laser and the higher resolution did not produce any lasing
emission, it was decided that new samples would be designed, fabricated, and tested.
There were two wafers, one silicon and the other fused silica, that each had 810 nm of
ZnO deposited on them with no extra layer of metal. These wafers were diced into 1.1 x
1.1 cm square chips. The devices fabricated on these new samples had larger diameters.
Their diameters ranged from 200-500 nm increasing by 50 nm steps. Larger devices were

chosen to minimize the amount of light scattering as the captured laser light traveled
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around the WGM resonator. These larger devices were tested with both the Kimmon and
Renishaw pump lasers.

Before the devices were etched and tested, a PL scan was done on blank samples
of the ZnO using both the Kimmon and Renishaw pump lasers. The results can be seen in
Figure 37 below. These PL curve agrees with the previous PL curves taken of the ZnO
samples used in this study. This curve also serves as a good reference for the future tests
on the WGM devices.

Once the PL data was acquired, the large devices were tested using the Kimmon
pump laser. Again, the disk devices were tested first since there was a larger area for the
beam to focus on. The devices were also tested at least two times with the beam focused
on the center and then focused closer to an edge. An example is shown in Figure 38, with
the more of the data presented in Appendix A. As is seen from this figure, the same PL
curve is seen but no lasing was detected. The samples were then tested using the
Renishaw pump laser.

The larger disks were also tested using the Renishaw pump laser. The results of a
few devices on both silicon and fused silica are shown in Figure 39. These results show

the same PL curve of ZnO that has been observed throughout the testing.
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Figure 37. (a) PL emission of 810 nm of ZnO on a fused silica substrate taken with the
Kimmon pump laser with an intensity of 3.82 kW/cm?. (b) PL emission of three different
spots on 810 nm of ZnO on a silicon substrate taken with the Renishaw pump laser with a
pump intensity of 63.6 W/cm?. (c) PL emission of two different spots on 810 nm of ZnO
on a fused silica substrate taken with the Renishaw pump laser with a pump intensity of
63.6 W/cm?.
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Figure 38. (a) Data collected from pumping the center of a 450 um diameter disk on
fused silica. (b) Data collected from pumping the same disk along an edge. Both were
taken with a pump intensity of 3.82 kW/cm?.
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Figure 39. (a) Data taken from disk with diameters ranging from 350-450 um on silicon.

(b)Data taken from three different spots on a 500 um diameter disk on fused silica. Data
was gathered using the Renishaw system with a 2400 grating and beam size of 1 pm.

It has been shown that ZnO lasing has occurred at low temperature [89], so the
next tests were done after the samples had been cooled. The Renishaw pump laser has the

capabilities to cool samples as low as -174 ° C using liquid nitrogen. The samples are
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placed inside an enclosed stage where the liquid nitrogen in used to cool the sample. The

tests were run with a 2400 grating and beam size of 1 um. The results can be seen in

Figure 40.
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Figure 40. (a) PL data from disks with diameters ranging from 200-500 pm with the
diameter increasing in 50 pm steps. All this data was collected at -100 °C. (b) PL data
taken at -100 °C and -174 °C of a 450 um diameter disk. (¢) PL data taken at -100 °C and
-174 °C of a 500 pm diameter disk.

It is interesting to note that the standard PL curve at low temperature widens and

begins to split into two peaks at -100 °C. By -174 °C the two peaks become very distinct.
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Similar data has been found in [90]-[92]. This phenomenon is attributed to the
semiconductor properties of ZnO. At low temperature it becomes easier for electrons to
move between the valence and conduction band and so the emission peaks become
sharper. However, there are still no lasing peaks observed.

The final tests were done using the Renishaw pump laser with the samples angled
at about 30°. These tests were done at room temperature since the stage device used to
angle the samples would not fit inside the cooling stage. The results of these tests are

shown in Figure 41.
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Figure 41. Results from the Renishaw system with the devices angled at 30°. The
resulting PL curve is like other observed curves with the only difference being a lower
intensity due to the angle change.

Unfortunately, the results were the same as the previous tests done at room

temperature with the samples perpendicular to the incoming laser light. It was determined
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that the pump lasers used for testing were not sufficient to excite the ZnO WGM
resonators enough to achieve lasing. Both experimental set ups were not able to reach the
desired intensity to reach the lasing threshold of ZnO with a large enough beam size to
excite all or most of the WGM resonators. The grain boundaries shown in Figure 22 may
also inhibit the lasing in the WGM resonators but until the devices are excited with a

sufficient laser, this cannot be confirmed.

4.5 Summary

Many different sized WGM devices were tested using both the Kimmon and
Renishaw systems. At room temperature, each device showed the standard PL curve of
ZnO but no lasing peaks were ever observed. When the samples were cooled using liquid
nitrogen on the Renishaw system, there was a split in the PL curve but again no lasing

peaks.
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V. Conclusions and Recommendations

5.1 Conclusions of Research

This study has focused on the design and fabrication of ZnO optofluidic laser
elements. The design was simulated using COMSOL Multiphysics® Modeling Software
to confirm the calculated dimensions of the WGM resonators and the coupling distance
between two devices. The simulations showed that coupling was possible at greater
distances when liquid with a high refractive index was used between the devices. This is
significant because an expensive and relatively slow dry etching technique is needed
fabricate devices with very small, precise spacing. However, with the introduction of
liquid, a simple and inexpensive wet etching technique can be used to make the devices
since the spacing can be much greater. The fabrication of the devices was successful
using standard cleanroom procedures and etching with an ammonium chloride wet etch.
This solution proved especially useful in fabricating disk devices. It is more difficult to
get consistent results with ring WGM devices because of the lateral etch that is
characteristic of wet etching. Once the design and fabrication were successful, the
devices were tested using two different pump lasers to see if lasing would occur.
However, no lasing was observed in any of the devices. Recommendations for future

work is outlined below.

5.2 Recommendations for Future Research

This introductory research can be used as a foundation for many different areas of
future research. Some possible paths forward include:
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e Using a more powerful laser that can reach a high lasing threshold in the
order of 102 kW/cm?, and a beam size of at least 100 pm. This should
easily reach the lasing threshold of ZnO and excite a large enough area of
the device to see lasing.

e Once lasing is seen on the devices, test different liquids and flow rates
over the devices to see how the lasing peaks are affected an example for a
liquid case is shown in Figure 42. This can be connected to a
programmable syringe pump for easy control of flow rate.

e Further study of other wet etch solutions that may produce less lateral
etch.

e Further study and experimentation of the width of ring devices needed to
consistently survive the wet etch process.

e Further study and testing of possible dry etching techniques. This could
include simpler, and therefore less expensive, recipes, as well as the
appropriate photoresist needed to get a successful etch.

Figure 42. (a) SolidWorks rendering of a fluidic chamber. (b) Picture of an actual 3D
printed chamber with sample chip installed.
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Appendix A: Supplemental Graphs
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Figure 43. PL curve from a 300 um diameter, 500 nm thick disk. Pumped by the Kimmon

Laser.
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Figure 44. PL curve from a 250 um diameter, 500 nm thick disk. Pumped by the Kimmon

Laser.
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Figure 45. PL curve of a 400 um diameter, 810 nm thick disk.
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Figure 46. PL curve of a 350 um diameter, 810 nm thick disk.
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Figure 47. PL curve of a 350 um diameter, 500 nm thick disk. Pumped by the Kimmon

Laser.
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Figure 48. PL curve of a 100 um diameter, 500 nm thick disk. Pumped by the Kimmon

Laser.
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Figure 49. PL emission from disk ranging in diameter from 100 — 200 um. Taken with

the Renishaw system with beam diameter expanded to 100 um.
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Figure 50. Data collected through a fiber optic cable from a 450 um diameter disk.

Pumped by the Kimmon Laser.
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Figure 51. Data collected through a fiber optic cable from a 400 um diameter disk.

Pumped by the Kimmon Laser.
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Figure 52. Data collected through a fiber optic cable from a 350 um diameter disk.

Pumped by the Kimmon Laser.
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Appendix B: MATLAB Code

%% Power Stored in a WGM. %%

p0 = 1; %normailzed power amplitude

lam0 = 325e-9; S%resonnance wavelength

f0 = (2.99e8)./lam0; S%resonance frequency

w0 = 2.*pi.*f0; S%resonance rad frequency found at 325nm wavelength
Q = [1073, 1074, 1075]; %quality factors (QO-factor) being studied

delwFWHM = wO0./Q; %linewidth of frequency,

lam = 300e-9:1e-9:350e-9; Swavelenght range
f = (2.99e8)./lam; %frequency range
w = 2.*pi.*f; % rad frequency range

% graph the power stored in the WGM for each delwFWHM value which
% corresponds to the Q factor of interest.
for x=1:3
Pw = 1-(p0.* (((delwFWHM (%) ./2).72) ./ (((w -
w0) ."2)+ (delwFWHM (x) ./2) ."2))) ;

figure

plot (w, Pw, 'LineWidth', 2)

xlabel ('Radian Frequncy')

ylabel ('Normalized Power')
end
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