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ABSTRACT

The emergence of silicon (Si) photonics over the past two decades has established silicon as
a preferred substrate platform for photonic integration. While most Si-based photonic components
have so far been realized in the near-infrared (near-IR) telecommunication bands, the mid-infrared
(mid-IR, 2-20-um wavelength) band presents a significant growth opportunity for integrated
photonics. Mid-IR is a technologically important wave band that (a) encompasses multiple
atmospheric windows (3 - 5 um and 8 - 14 um) essential for thermal imaging, infrared homing,
and countermeasures and (b) covers the primary absorption bands of most chemical and biological
molecules as well as the fingerprint region (7 - 20 pm), both of which are of prime interest to
spectroscopic sensing. However, limited by narrow mid-IR transmission window, low optical
nonlinear effect, and absence of electro-optical tunability, conventional Si-based platforms
preclude various attempts in the longer wavelength range and active photonic functionalities.
Materials of high mid-IR transparency and nonlinear optical properties, including aluminum
nitride (AIN), lithium niobate (LN), and barium titanate (BTO), are proposed to extend
conventional integrated photonic applications from visible-near-IR to mid-IR region. Integrated
with AIN and BTO functional layers, three mid-IR waveguide sensors are designed, fabricated,
and studied. Sharp fundamental modes are clearly observed within 2.5 - 3.8 um. By scanning the
spectrum within the characteristic absorption regime, the waveguide sensors are able to perform
label-free monitoring of various organic solvents in real-time. In addition, three polarization
modulators based on BTO and LN are introduced. Pockels effect of the integrated photonics in the
mid-IR range is exploited for the first time. The measured highest effective electro-optical

coefficient is as high as 278 pm/V, and a large modulation depth of 10 dB is achieved.
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CHAPTERII

INTRODUCTION

1.1 Background

The mid-infrared (IR) wavelength range (2.5 - 25 ) is often referred to as the “finger-print
region” since most molecules have uniquely characteristic absorption spectra within this
wavelength range. Because of this, the mid-IR region is of great utility for various areas, including
chemical bond spectroscopy, trivial gas detection, medical diagnostics, environmental monitoring,
biochemical molecule sensing, and broadband optical communication. 8 For the optical network,
extending the present operational spectrum from the near-IR (1550 nm) into the mid-IR region
will provide additional optical channels thus improving the data transmission rates. ° For sensor
applications, mid-IR spectrum overlaps with the characteristic absorption bands (as shown in
Figure 1.1) and the finger-print region of numerous chemical functional groups so it enables label-
free biochemical detection of high accuracy. For human health and environment monitoring,
moderate mid-IR light source does no harm on the human body or environment, enabling it an
ideal method to provide real-time and sustainable monitoring without pollution or injury.
Additionally, the mid-IR wavelength region is also particularly suited for thermal imaging and
free-space communications, especially within the atmospheric windows of 3 -5 pmand 8 - 11 pm.
10 Despite the wealth of applications, the on-chip mid-IR photonics platform needed to access them
is relatively undeveloped. While the last 20 years have seen the development of high-power, room
temperature-operational mid-IR light sources and bulky mid-IR detectors, little work has been
done in developing the passive and active photonics elements such as waveguides, resonators,

beam splitters, electro-optic modulators, etc.'? for the mid-IR applications. So far, the most
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Figure 1.1 Characteristic absorption bands in mid-IR region for
various molecules.

straightforward and conventional approach to fulfill integrated mid-IR photonics is to use silicon-
on-insulator waveguide structures. such as silicon-on-insulator, pedestal silicon configuration,
silicon-rich silicon nitride, etc. "*6 Applications have also been demonstrated in various devices
including chip-scale infrared spectrometers, mid-IR directional couplers, and label-free glucose
sensors. 17-1° Nevertheless, due to centrosymmetric crystal structure, silicon has low optical
nonlinearity (%) and is absent of electro-optical tunability (Pockets and Kerr effects) that limits
its applications for active photonic components such as nonlinear frequency conversion and high-
speed optical signal modulation. 2%, In addition, the conventional Si photonics platform utilizes
silicon dioxide (SiOz2) or sapphire (Al203) as the optical waveguide under-cladding, while both of
them are mid-IR opaque. Thus, even silicon has broad infrared transparency up to A = 8 um, the
strong absorption caused by silicon dioxide or sapphire after A =4 um excludes Si photonics from
applications like label-free sensing utilizing mid-IR finger-print absorption. ??

To overcome Si limitation in mid-IR photonics and performing active photonic functionalities,

nonlinear optical materials were proposed to integrate with conventional Si photonics to extend
2



their applications to the mid-IR region. Nonlinear optical materials are a class of crystal of
nonlinear optical properties. Due to their non-centrosymmetric crystal structure, they are able to
exhibit strong non-linear optical properties, which is essential to active photonic components such
as wave phase shifter, amplitude modulator, frequency mixer, and parametric oscillator. > One of
the most widely-used non-linear photonic crystal is lithium niobate (LN). LN is transparent up to
A > 5 um with a moderate refractive index of 2.18 at 2.5pum, which grants it versatile roles either
as a waveguide cladding or a waveguide core in the mid-IR regime.?* 2 In addition, LN has a high
electro-optical coefficient and a large second-order optical nonlinearity (x?) so it enables efficient
nonlinear light generation and electro-optical light modulation. Previous studies have shown an
LN switch in near-infrared with a modulation speed exceeding 100 GHz and a low VL of ~10
Vcm, where VoL is the product of the voltage and the device length to create a m phase
difference.?® 2’ In addition, both phase and intensity LN modulators can achieve a high extinction
ratio > 13 dB, which is significantly better than present Si-based photonic devices. New platforms
combining crystalline silicon and LN thin film have recently been created and applied for micro-
disk resonators and waveguide modulators.?®3° Therefore, LN is an ideal platform for tunable mid-
IR photonic circuits. Comparing to LN, another ferroelectric crystal barium titanate (BTO) has a
much larger electro-optical coefficient as 150 pm/V, 3132 which is 5 times larger than LN. BTO
also has a wider mid-IR transparent window up to 8 pm.3*3** Moreover, preparation of LN thin
films involve sophisticated fabrication processes including oxygen implantation, crystal ion-
slicing, and wafer bonding that prevent them from practical usage in microphotonic devices. On
the contrary, BTO can be epitaxially grown on a Si wafer through various thin film deposition
technologies, such as PLD, molecular beam epitaxy (MBE), and chemical vapor deposition (CVD),

which enables the integration between functional oxides and Si photonics. 3% BTO also has high



chemical stability and mechanical hardness making it capable of working in harsh environments.
Another proposed material is aluminum nitride (AIN), which also has a wide transmission
spectrum that covers ultraviolet (UV), visible (VIS), NIR and mid-IR up to A = 10 pm. “>4! The
extensive mid-IR window of AIN is attributed to its low optical phonon absorption energies, which
are 113.6 meV for longitudinal mode and 82.7 meV for the transverse mode. AIN also has large
optical nonlinearity so suitable for nonlinear light generation by using sum- and difference-
frequency generation or optical parametric oscillator.*3 In addition, AIN is mechanically strong,
thermally stable, and chemical resistant thus enabling it for sensor application under harsh
environmental condition.*** The integration between AIN thin film with other CMOS materials,
such as Si, SiOz, or sapphire, can be achieved through metal organic chemical vapor deposition

(MOCVD), molecular beam epitaxy (MBE), or sputtering.46-4°

1.2 Motivation

All non-linear materials mentioned above, including LN, BTO, and AIN, all have intrinsic
transparent windows in the mid-IR region, and the ability to exhibit electro-optical modulation.
Therefore, they are optimal platforms for fabricating mid-IR photonic passive and active
components. Integrated with conventional Si-based materials, these platforms reveal numerous
advantages from the aspects of i. Integration of functional materials, ii. Compatibility with CMOS
fabrication process, and iii. Multifunctionality by repositioning the waveguide modes within
different layers. First, (i) The film deposition technique is sophisticated enough to grow LN, BTO,
and AIN films of high quality. The deposited films are normally of a moderate refractive index
and high transparency in the mid-IR region, which makes them either ideal waveguide guiding

material or cladding materials. For example, they are able to act as functional cladding layer



integrated with Si, and show efficient guiding effect integrated with insulator or silicon nitride.
Second, (ii) The whole material deposition and device fabrication are CMOS compatible, which
enables the possibility of large-scale commercial use. Third, (iii) The position of waveguide modes
can be adjusted for both high-speed electro-optical modulation and biochemical sensing, by
engineering the device structure. The monolithic mid-IR platforms are capable of serving various
applications including reconfigurable photonic circuits and label-free chemical detections. The
following thesis explores the possibility of LN, BTO, and AIN for mid-IR applications, and

demonstrates some monolithically integrated components.

1.3 Organization of Thesis

This thesis is organized into five chapters, and on the development of six different integrated
photonic devices. Three of them are mid-IR waveguide sensors, the others are mid-IR wave
polarization modulators.

Chapter | is the introduction to the backgrounds and motivation to the research presented in this
work.

Chapter Il gives the basic theory behind the fabricated waveguide devices for the purpose of
preparing the reader to chapters afterward. First, planar wave evanescent field distribution and skin
depth calculation are introduced for mid-IR evanescent sensing devices. Then Pockels effect of
LN and BTO are discussed for mid-IR polarization modulators, which includes how to derive their
impermeability, calculate refractive index change under the external applied electric field, and the

mechanism of polarization modulation.



Chapter 111 presents three mid-IR waveguides sensors including Si-on-BTO sensor, Si-on-AIN
sensor, and flexible AIN sensor. This chapter detailly introduces the materials deposition, materials
characterization, device structure design and simulation, their optical property and sensing effects.

Chapter IV presents three mid-IR polarization modulators including TiO2-on-LN modulator,
top-bonded BTO modulator, and SiN-on-BTO modulator. This chapter detailly introduces the
device structure design and simulation, their optical property and electro-optical modulation
effects.

Chapter V is the concluding remarks to the research presented in this thesis.



CHAPTER II

THEORETICAL REVIEW

This chapter summarizes the basic theory of planar evanescent field distribution in a waveguide
structure and Pockels effect of non-linear materials. For planar waveguide structures, light wave
propagating within two different low-loss media is discussed to derive the equation associated with
evanescent waves and the expression of skin depth. Such evanescent wave is critical for waveguide
sensing applications since it’s related to the sensitivity of the waveguide sensor. Pockels effect is
introduced for the electro-optical modulation applications. Two kinds of ferroelectric crystal LN

and BTO are considered to discuss the electro-optical effect.

2.1 Planar Waveguide Evanescent Field

A waveguide is a structure that guides electromagnetic waves with minimal loss of energy by
light confinement within one or two dimensions. Normally a waveguide consists of two parts: a
wave-guiding core and a cladding. The wave-guiding core is of high refractive index, and the
cladding is of low refractive index. The mechanism for the optical waveguide is total internal
reflection. The simplest way to understand the concept of optical propagation through the
waveguide is by considering the case of the planar waveguide structure. The planar waveguide is
the simplest waveguide structure, which can be extended to analyze other more complex

waveguide structures such as the rib waveguide or the slot waveguide.



As shown in Figure 2.1, when light from one medium propagates through another medium with
a different refractive index, it will either be reflected or transmitted, depending on the refractive
indexes of both media and the incident angle of the light. The evanescent wave phenomenon can

be derived from the plane wave at the interface of two dielectrics, assuming the refractive indices

Transmission
Z
7
n, . k.
(Cladding) ’
i Critical
(Worewavepuidy) . B/ | NB
. Incident | Reflection =

Figure 2.1 Plane wave of light at the interface of two dielectrics.

of two mediums are n1 and n2 respectively. For the waveguide case, nishould be larger than n2 to
meet the total reflection requirement. The relationship between the incident light angle and the
transmission light angle can be derived by Snell’s law as:
nysinf; = n,sinf, (2.1)

Where 0i and 0: are the incident angle and the transmission angle of the light. When the incident
angle becomes larger, the transmission angle will also be increased. The transmission angle 6:
could be reached at /2 if the incident angle went large enough. In that case, the incident angle is
called critical angle (6c), and that situation is called critical condition for the transmission light.

Thus, the critical angle can be expressed as

9; =0, =sin"1 22 (2.2)



If the incident angle 0i goes larger than critical angle 6c, the sin®0:should be larger than 1. In that

case, Ot will have an imaginary part as

0, ==+ ia (2.3)

Now we have
i0_,—i
sing = === (2.4)
21
egie‘“—e_%ie“ e %te?
sinf; = : = (2.5)
2i 2
e%ie‘“+e_%ie“ ie " %—je®
cosf, = > = > (2.6)

Let’s take the incident plane to be x-z plane and the interface to be the x-y plane so that the normal
to the plane is along the z-direction. The transmitted wave can be written as
Ep = Eyge!®m=00  (2.7)
where Kkt is the wave vector of the transmitted light, and rtis the position vector at which the wave
is observed. The space part of the wave can be expressed as
ik -7 = i(key + kpy) = i(kpxsin®, + k,zsind,) (2.8

Rewriting in terms of angle of incidence 6:

N 2
ik, 7 = i(ktxﬂsinei + k.z ’1 - n—ésinz 9i> (2.9)
np n;

For angles greater than the critical angle the quantity within the square root is negative and we

— 2
ik, 7 = i(ktZ—:xsinHi + ik;z /Z—%sinz 0; — 1> =ifx —az (2.10)

where the wave vector B is defined as

rewrite it as



The attenuation factor o is defined as A

n? wn, |sin?6; 13) :
a=k, /n—ésmzei—1=72 T‘—1=:\/nfsm29i—n§ (2.12)

This solution describes a non-propagating electric field which decays exponentially in medium 2.

The wave in the transmitted medium can be expressed as

E, = EjgelBx-whe-az (9 13)
which shows that the wave in the second medium propagates along the interface. It penetrates into
the medium but its amplitude attenuates exponentially. This is known as a “evanescent wave”. The
penetration depth of the evanescent field dp, is defined as the distance required for the electric field

amplitude to fall to e or 37% of its value at the interface and is expressed as

n;

L

P C—
/
n; ?

Figure 2.2. The field amplitude of the evanescent wave decays exponentially further from
the media interface, its direction of propagation is parallel to the interface as illustrated.

1 g

dy=-=—=2 (214

21 fn%sinz 6;—n3

In evanescent wave sensing, it is very important to optimize penetration depth to achieve high
sensitivity. Normally the factors that influence the penetration depth are the wavelength of the
incident light, the refractive index ratio and the incident angle 6i. For the evanescent sensing,

perturbations of the evanescent fields (attenuated total reflection) can result in a reduction of the

10



reflected optical power. If a lossless dielectric overlaps the exponentially decaying evanescent

field, it reduces the intensity of the reflected wave so the reflection condition is unsatisfied.

2.2 Electro-Optical Modulation

The basic idea behind electro-optic devices is to alter the optical properties of a material with
an applied voltage in a controlled way. The changes in the optical properties, particularly the
permittivity tensor, translate into a modification of some parameter of a light wave carrier, such as

phase, amplitude, frequency, polarization, or position, as it propagates through the device.

2.2.1 Pockels Effect

For anisotropic crystals, the propagation of optical radiation in the media can be described
completely in terms of the impermeability tensor njij, defined by

n=¢cel (2.15)
where e,e™? is relative permittivity of the medium. The index ellipsoid (shown in Figure 2.3)
representation is a good method for finding the two directions of polarization and the
corresponding refractive indices. The general form of the index ellipsoid is given by
ij=123MiXix; =1 (2.16)
The ellipsoid is expressed in Cartesian principal coordinates as
2

y2 z2 -1
StLt5=1 (217)n;; = (7 1)ij&0

ny ny

Where niz , niz , and niz are the principal values of the impermeability tensor njij. That equation is the
X y z

general index ellipsoid for an optically biaxial crystal. If nx = ny, the surface becomes an ellipsoid
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of revolution, representing an uniaxial crystal. If nx = ny = nz, the surface becomes a sphere

indicating the medium is optically isotropic.

=
2
v

X

Figure 2.3 Schematic of index ellipsoid.

At an atomic level an electric field applied to certain crystals causes a redistribution of bond
charges and possibly a slight deformation of the crystal lattice. In general, these alterations are not
isotropic, which means the tensor components are different with direction in the crystal. Therefore,
the inverse impermeability tensor changes accordingly. Each n;;(E) is a function of three variables
E = (Ea, E2, Es), which can be expanded by Taylor’s series about E=0:

N (E) = 13(0) + X VijEx + Zii SijraExEy + - (2.18)
Where the y; is linear electro-optic coefficient (Pockels effect), and s; , is quadratic electro-
optic coefficients (Kerr effect). Crystals lacking a center of symmetry are non-centrosymmetric
and its Pockels effect is dominate. The changes in the impermeability tensor elements are linear
in the applied electric field. The center symmetric crystal, on the other hand, exhibits strong Kerr
effect. Thus, the impermeability tensor changed by the applied field is only determined by:

ni;(E) =1;;(0) + X vijuEr  (2.19)
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An;;(E)

= Yk VijkEx

The changed tensor formation can be expressed as

Anqq
Anq,
Anqs3
Any4
Any,
Any3
Anzq

4ns,
Anss3

E1, E2, and Es are the components of the applied electric field in principal coordinates. Because of
the symmetry properties of the impermeability tensor nij=nji, the Pockels coefficient has to fulfill
the condition yijk= yjik. Thus, the Pockels tensor yijk can by simplified at most 6 <3 independent
elements. The number of independent elements can be further decreased through symmetry

properties of the crystal. It is convenient to use the following contracted notation:

Y111
Y121

Y131
Y211

=1 Y221

V231
V311

V321
V331

(1

w

vl

\6

Y112
Y122

Y132
Y212

V222

V232
Y312

V322
V332

Y113
Y123

Y133
Y213

V223

V233
V313

V323
V333

(2.20)

Yk = Vijk
for ij =11
for ij =22
for ij =33

for ij =ij =23
for ij=1ij =13
for ij=1ij =12

With new notation, the matrix can be simplified as

An,
A772

Y12
Y22

V32
Va2

Vs2
Ye2

V13

Y2 3 E1
V33 E
Va3 ( Ez
Ys3 3
V63
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2.2.2 Lithium Niobate and Barium Titanate Example

For LN, the crystal structure is negative uniaxial. The electro-optic tensor of tetragonal lithium

niobate is:
0 —Y22 Vi3
0 Y22 Vi3
0 0 V33
2.24
0 ¥s1 O (2:24)
V51 0 0
—V22 0 0

Then the change in the optical impermeability is derived as:

any 0 —v¥22 Vi3
An, 0 Y22 V2 E
Ans 0 0 Va3 El (2.25)
Ang | 0 ¥s1 O Ei '
Ans Y16 0 O
Ane —V22 0 0
Y13E3 — V22 —V22E1 Ys1E1
Any(E) = —V22E1 Y22E2 +v13E3  ¥s1E> (2.26)
Ys1Eq Ys1E> V33kE3

Thus, the impermeability tensor modulated by the applied electric field can be expressed as

1
= 0 O
o Y13E3 — V22E> —Y22E1 Ys1E1
ni;(E) =0;;(0) + Xi vijxEr=| 0 2 01+ —Y22E1 Y22E2 + V13E3  Vs1E>
1 Ys1E1 Ys1E2 V33E3
0 O oz
(2.27)

We substitute E1, E2, and Esas Ex, Ey, and Ez, and the lithium niobate index ellipsoid can be derived

from

Z nijxix; =1

i,j=123
as
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1 1 1
(n_(z) + yi3E; — szEy) x? + (n_(z) + v, + V13Ez) )’2 + (n_é + V33Ez) z% — 2y, xy +
2Ys1Exxz + 2y51Eyyz = 1 (2.28)
Where nx = ny=no, and nz = ne for lithium niobate. When the external electric field is along z (E=E.,

Ex= Ey =0), the formula can be derived as:
1 1 1
(n_g + V13Ez) x* + (n_g + V13Ez) y?+ (n_g + V33Ez) z? =1 (2.29)
Since no mixed terms appear in the equation, the principal of the axes of new index ellipsoid

remains unchanged. We have

1

1 1
w2 a2 + y33E, (2.32)

Gives

1
1+ny13E;

nZ = nf,, = nZ( (2.33)

1
1+nZy33E,

nZ = n2( ) (2.34)
Thus, the distorted index can be expressed as:
g =n,(1+ndyE)2  (2.39)

ny =n,(1+n2y;E)2  (2.36)

y
ny =n,(1+n2ysE,)2  (2.37)

Using the approximation (1 + A)~%2 = 1 — %A, when |A| is a small value.
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ne =n,(1—>ndyE,)  (2.38)

1
nyr =n,(1 - 5”3V13Ez) (2.39)

ny =ne(1—>n2ys;E;)  (240)

Figure 2.4 The index ellipsoid rotates in the y-z plane.

When the external electric field is along y (Ey=E, Ex = Ez =0), the formula can be derived as

(ni?, - yzzEy) x?% + (n—lg + yzzEy) y? + (n_lg) 2%+ 2ys5:Eyyz = 1 (2.41)
Clearly, because of the introduction of the cross term involving both variables, y and z, the original
principal areas are no longer appropriate. The effect of the field has been to render the crystal
biaxial and rotate the indicatrix in the y-z plane as shown in Figure 2.4. Let’s assume that the

indicatrix has been rotated so that its new principal axes y’ and z’ are at an angle 0 to the original

principal axes y-z. The x direction remains a principal axis with the field Ey applied, as no cross
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term involving x has been introduced into the equation of the indicatrix. Suppose the index

ellipsoid in the new coordinate system is
L+ =1 (2.42)

Then the old principle axes can be expressed by new ones as:
x=x' (2.43)
y=y'cosf —z'sinf (2.44)
z=1y'sin6 + z' cos b (2.45)
For any given coordinate system
ax? + by? + cxy = Ax'? + Bx'? (2.46)
We have

tan 26 = Lb (2.47)

a—

A= (a+b)—,/(2a—b)2+c2 (2.48)

B = (a+b)+y/(a—b)2+c? (2.49)

2

Then we have

tan26 = %—ngi)h:;Ey = e (250

nifcl = nig —V22Ey (2.51)
St G ran) - (G- Frran) votn| e
n%, = % (nig + n—lg + szEy) + \/(nig - n_lg + szEy)2 + 4V521E3%_ (2.53)

Thus, the distorted index can be expressed as
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2ys1Eyngng

2_ 2,22
ng—ng+ngngya2Ey

6 =tan™! (2.54)

1
Nyt = no(l - TL(ZJVZZEy)_E (2-55)

1 1 11 2
nyl = 2 (n_g + ‘l’l_g + VZZEy) - \/(n_g - ‘l’l_g + VZZEy) + 4"}/521E3% (256)

[ /1 1 1 1 2 ]
nyr =2 (n_(zj + nZ + )’zzEy) + \/(p Y + YzzEy) + 4V521E3% (2.57)

(o]

In reality, the rotation angle 0 is very small. With ys1 = 28 pm/V, y22 = 3.4 pm/V, ne = 2.21; no
= 2.3 and a voltage of 1kV applied across a Imm thick crystal, 0 is around 0.1°. Therefore, we can

actually neglect the rotation of the indicatrix, and the results can be approximated as
1
Ny =n,(1+ EngVZZEy) (2.58)
1

=1, (2.60)

When the external electric field is along x (Ex=E, Ey = E; =0), the formula can be derived as

)22+ (5)v? + () 2~ 2rmBexy + 2ysiEexz =1 (260)

no
Introduced by the cross term both in x-y and x-z area, all x, y, and z are no longer the principal
axes. The effect of the field causes the crystal to become biaxial that rotates the indicatrix in the
x-y and x-z plane. However, such rotation effect is comparable to the rotation angle 6 calculated
under the condition of Ey applied. Therefore, we can also neglect such rotation effect, and the index

can be expressed as

1

ne % [+ Vo (sin2B +cos2p)| P (262)
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1
ny, ~ [n—12 + % + v, (sin2p + cosZ,B)] 2 (2.63)

1
n, = [n—ll% + n—lg + V52 (sin2pB — 6052/3)] ? (2.64)
, Where B is the rotation angle off the principal axis. Under the condition of 106 V/m, B = n/8.

For BTO, the crystal structure is cubic above 120°C. Cooling below 120<C causes the cubic
phase of barium titanate to transform to a tetragonal phase. The crystalline phase is reached after
cooling to ~ 0<C from tetragonal is orthorhombic. Finally, a rhombohedral phase is obtained when
the temperature below -90<C. Thus, barium titanate is at its tetragonal phase under room
temperature. The electro-optic tensor of tetragonal barium titanate in contracted notation is given
by the 3 x 6 matrix:

0 yis3
0 ya3
0 ys3

2.65
Ys1 O ( )
1 0 0
0 0

14

QU O O O o

Then the change in the optical impermeability is derived as:

A, 0 0 y3
An, 0 0 yi3 E
Anzg | _[ 0 0 ys3 El
Any 0 v O EZ
Ans yss 0 O 3
Ane 0 0 0

Y13E3 0 Ys1E1
Ani(E)={ 0  vizEs Vs1E; (2.66)
Ys1E1  Vs1E2  V33Es

Thus, the impermeability tensor modulated by the applied electric field can be expressed as
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n
oy Y13E3 0 Ys1E1
i (E) = 13;(0) + T vijiEr=| O 2 014+ 0  vi3E; ¥siE> (2.67)
\0 0 1 Ys1E1  Vs1Ez  v3sEs

nZ
We substitute E1, E2, and Esas Ex, Ey, and Ez, and the barium titanate index ellipsoid can be derived
as
Yij=123MijXix =1 (2.68)
(nig + y13EZ) x% + (nig + y13EZ) y? + (nig + ]/33EZ) 7%+ 2ys51Eyxz + 2ys5:Eyyz =1 (2.69)
Where nx = ny = no, and nz = ne for BTO. When the external electric field is along z (E=E:, Ex= Ey

=0), the equation can be derived as

(F+rvsE)x® + (G +vsE)y + (H+rsE)2 =1 (270)

gives
1 1
1 1
=z + v13E; (2.72)
y

= Tl_g + ]/33EZ (273)

Then we have

2

2 =m0  (274)

2
nZ =n .
1+n0V13EZ

n% = n2(———) (2.75)

z 1+nZys3E;,
gives
_1
nx' = no(l + n¢2)V13Ez) 2 (2-76)

ny =ny(1+n2yE)2  (2.77)

y
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_1
nz’ = ne(l + ngY33Ez) 2 (2-78)

Using the approximation (1 + A)~/?2 ~ 1 — %A, when |A] is a small value.
1 2
Ny =n,(1— EnoV13Ez) (2.79)
1
nyr =n,(1 - Entz))/13EZ) (2.80)

ng =ne(1—2nysE)  (2.81)

When the external electric field is along y (Ey=E, E: = Ex =0), the equation can be derived as

2 2 2
=+ 'fl—z + i—z +2y51E,yz =1 (2.82)

No
The index ellipsoid is deformed and y-z are no longer the principal axes. The index ellipsoid is

tilted in the y-z plane counterclockwise by angle 6, and construct the new x', y’, z" system is

structured. Then we obtain

ny =Mn, (2.83)
_ 2ngngysiEy
tan 26 = TEnZ (2.84)

R [12 R \/(ni T (2y515y)2] (2.85)

1 1|1 1 1 1
O e T

2
’ 2|ng ng ng ng

Thus, the distorted index can be expressed as

_1 -1 Zntz)nngEy
0= >tan T (2.87)
n, =n, (2.88)

1

1 1 1 1 1 2

2n? = 2n2
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1 1 1 1 1
ny = E-FE-I_E\/(T%_E)Z + (2751Ey)? (2.90)

Using the approximation (1 + A)* = 1 4+ aA, when |A| is a small value

n, =n, (2.91)
ngngy Ey n}

ny, =mn, + W—jg)y =7, + 2 ¥s1Ey tan 6 (2.92)
noneV51Ey ng

Ny =n, — 22n?) n, — 7}/51Ey tan 6 (2.93)

When the external electric field is along x (Ex=E, Ey = E; =0), the equation can be derived as
2 2 2
z—g + Z—Z + rsz + 2y Epxz =1 (2.94)

The index ellipsoid is deformed and x-z are no longer the principal axes. The index ellipsoid is

tilted in the x-z plane counterclockwise by angle 6, and we have

n, =n, (2.95)

tan20 = % (2.96)
weiE e (Gt @mEy| @
% = 5[ += + \/ == —)2 + (2ys51Ex)? ] (2.98)

Thus, the distorted index can be expressed as

1. —12n3ndysiEx
1
e [Zno 32 \/ (———)2 + (2y51E2)? (2.100)
My =My (2.101)
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ny = |+ = J(———)Z + (2y51Ex)? (2.102)

2ng 2n2

Using the approximation (1 + A)* = 1 4+ aA, when |A| is a small value

5,2,2 2 3
n, =n, + % =N, + %yﬂEx tan 0 (2.103)
n, =n, (2.104)

ngngyé Ex ne
Ny, =n, — Z(T—S;E) =ne — = ¥s1Ex tan @ (2.105)

2.2.3 Polarization Modulation

A
45°  wm
Input )d - Output
light e - light
E, E,

rq
[11
l’q

sy

Ey Ey
@ Ex % Ex NR Ex
374 T

Li=-m -3 74 -72 -4 0 2

Figure 2.5 Schematic of the polarization change caused by phase retardation.

Polarization modulation involves the coherent addition of two orthogonal waves, resulting in a
change of the input polarization state at the output. The crystal and applied voltage are configured

to produce temporary fast and slow axes in the crystal cross-section. The polarizer is positioned
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such that the input light is decomposed equally into the two orthogonal linear eigen polarizations
along these axes.

Assume the propagation wave is along z-direction. After propagating a distance L, the wave
components along x and y-direction undergo a phase retardation given by

I =ko[n(E) — ny(E)]L = ko(ny —np)L + kO(Anl(E) - Anz(E))L =+ 1 (2.106)
where I} represents the natural retardation without applied field, and [; is the field-induced part of
the retardation. As shown in Figure 2.5, the output wave is elliptically polarized in general. Special
points are I; = /2, where the electrical field vector is circularly polarized, and I; = n, where the

wave is again linearly polarized, but rotated by 90° to its input direction of polarization.
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CHAPTER 11

MID-INFRARED WAVEGUIDE SENSORS

This chapter introduces mid-IR sensor applications based on BTO and AIN. Three different
waveguide sensors are proposed: i. Si-on-BTO waveguide sensor; ii. Si-on-AlIN waveguide sensor;
iii. flexible AIN waveguide sensor. The detailed device design and fabrication process are

introduced. Further, the device optical property and sensing effect are evaluated.

3.1 Measurement System Set-up

Svri
/ a BaF, lens
Tunable  |of 1 [RL > | Mid-IR
mid-IR laser » D Mid-IR Si-on—l?TO camera
fiber waveguide

Figure 3.1 Schematic of the sensing station.

All the fabricated sensors are characterized by the designed testing station. As shown in Figure
3.1. The light source is a pulsed laser with a wavelength tunable from A = 2.5 pm to A = 3.7 um
and a linewidth of 3 cm™. It has a pulse repetition rate of 150 kHz, a pulse duration of 10 nano
seconds, and 150 mW average power. Using a reflective lens, the probe light is first collimated
into a fluoride fiber that has a 9 um core and 125 pm cladding, and then butt coupled into the
waveguide. The core of the mid-IR fiber is lined up with the smoothly cleaved front facet of
waveguides. The fine alignment between the optical fiber and the waveguide is monitored by an

upper microscope equipped with a long working distance 10x objective lens. The mid-IR signals
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from the waveguides are focused by a calcium fluoride biconvex lens with 25 mm focal length and
then imaged by a liquid nitrogen cooled 640 x 512 pixel InSh camera.

In the tests of chemical sensing, the selected target analytes solution is dropped from a syringe
onto the fabricated waveguide sensor to covers the entire waveguide array. In parallel, the mid-IR

camera record the light mode intensity change at the other end of the waveguide.

3.2 Silicon on Barium Titanate Waveguide Sensor”

A monolithic mid-IR micro-photonics platform consisting of a-Si with epitaxial BTO thin films
was fabricated and exploited. This platform reveals numerous advantages from the aspects of i.
Integration of functional materials, ii. Compatibility with CMOS fabrication process, and iii.
Multifunctionality by repositioning the waveguide modes within different layers. First, (i) our
developed PLD technique provides crystalline BTO films while avoiding the fabrication
complexity required in LN thin film preparation.®®®! The present LN film preparation involves
crystal slicing, high-temperature annealing, and exfoliation. In addition, our BTO thin film has a
broad infrared transparent spectrum up to A =7 um compared to LN crystals that become opaque
after L = 5 pm.>? Meanwhile, Si has a higher refractive index so it can efficiently guide mid-IR
light in our monolithic device. Second, (ii) we are able to create our mid-IR waveguides on the a-
Si layer using the CMOS process that prevents the difficulties in directly patterning on the
chemical insert and mechanical hard BTO film. Third, (iii) we can position the waveguide modes
in the ferroelectric BTO layer for high-speed electro-optical modulation, or alternatively, we can

shift the mode to align with the a-Si layer for biochemical sensing. Hence, by engineering the

* Parts of this section are reprinted with permission from [20]
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device structure our monolithic mid-IR platform is capable of serving various applications
including reconfigurable photonic circuits and label-free chemical detections.

3.2.1 Device Fabrication and Materials Characterization

LAO

Figure 3.2 The fabrication process of monolithic mid-IR microphotonics using a-Si ridge
waveguides on the BTO thin film. The epitaxial BTO film is deposited on a single-crystal
LaAlOs (001) substrate by PLD technique, and a-Si thin film is then grown on the BTO/LAO
substrate by PECVD method. Using photolithography and lift-off the waveguide structure is
first defined by Cr mask, and then transferred to the a-Si layer by RIE. At last, the Cr mask is
removed by ceric ammonium nitrate solution and followed by oxygen plasma ashing to remove
the organic residue.

The detailed fabrication process is illustrated in Figure 3.2. A pure BTO target is prepared using
a conventional ceramic sintering method. The BTO film is deposited on a single-crystal LaAlOs
(001) substrate by a 10 Hz KrF excimer pulsed laser (Lambda Physik, A =248 nm). The deposition
temperature is 700 °C and the pressure of the Oz inside the deposition chamber is 40 mTorr. After
the BTO deposition, the film is annealed at 600 °C with 200 Torr Oz pressure for 1 hour and then
cooled down to room temperature. The resulting microstructure and crystal orientation of the BTO

film are characterized by X-ray diffraction (XRD, PANalytical Empyrean). After the film grown,
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Figure 3.3 (a) The XRD 6-26 scan of our epitaxially grown BTO thin film on LAO (001)
substrate. The dominant (00I)-type diffraction peaks indicate the BTO film mainly grows along
the (00I) direction. When the BTO film thickness increases, the film becomes polycrystalline
from the minor BTO (211) peak at ~56.0°. (b) The phi scans of BTO (101) and LAO (101)
indicate that the BTO thin film has cube-on-cube growth on the LAO substrate and has good
crystallinity without in-plane rotation. (c) The infrared absorption spectrum of our deposited
BTO thin film from ATR-FTIR measurement. High transmittance is found between 4000 cm™
(L =2.5 um) to 1430 cm™ (A = 7.0 pm). The increased absorption after 1430 cm™ (A = 7.0 pm)
is due to a combination of various fundamental vibration modes existing at longer wavelengths.
Reprinted with permission from [20]

1 pm thick a-Si thin film was deposited on the BTO/LAO substrate by plasma-enhanced chemical
vapor deposition (PECVD). The precursor gas for the a-Si deposition is SiHas, and the deposition
temperature is 200 °C. By utilizing a-Si thin film, we are able to relieve the restraint of the crystal

lattice matching condition that allows for the formation of a smooth interface between the
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crystalline BTO layer and the Si device layer. The waveguide structure is defined by
photolithography where a 50 nm thick Cr mask is prepared by electron beam evaporation followed
by the lift-off process. The waveguide structure is then transferred to the a-Si layer by reactive ion
etching (RIE). SFe is used for selective Si etching as it will not react with the BTO film, and
therefore it prevents BTO surface roughness due to ion damage. Past studies that utilize HF
solution for etching BTO have shown ununiformed surfaces and roughed waveguide edges. It is
vital to have sharp Si waveguide facets as well as smooth BTO surfaces to reduce waveguide
propagation loss and scattering loss. Finally, the Cr mask and the organic residue on the device
surface are removed by ceric ammonium nitrate solution and followed by oxygen plasma ashing.

The crystal structure of the epitaxially grown BTO thin film on LAO (001) substrate is
characterized by XRD 6-26 scan. As shown in Figure 3.3a, the BTO thin film mainly grows along
the (0OI) direction as indicated by dominant (00l)-type diffraction peaks. However, with the
increase of the BTO film thickness, the BTO becomes polycrystalline as shown by the minor BTO
(211) peak at ~56.0°. Meanwhile, the phi scans of BTO (101) and LAO (101) displayed in Figure
3.3b indicate that the cube-on-cube growth of the BTO thin film on the LAO substrate has good
crystallinity without in-plane rotation. The infrared absorption spectrum of our deposited BTO thin
film is measured by attenuated total reflection - Fourier transform infrared spectroscopy (ATR-
FTIR) and the result is displayed in Figure 3.3c. High transmittance is found at a broad mid-IR
spectrum between 4000 cm™ (A = 2.5 um) to 1430 cm™ (A = 7.0 pm). The minor absorption at 2400
cm™ (L = 4.2 um) is possibly caused by the inorganic residuals from PLD growth. The increased
absorption after 1430 cm™ (A = 7.0 um) is due to combinations of various fundamental vibration
modes existing at longer wavelengths, such as absorption bands at 500 - 600 cm™ (16.6 - 20 um)

and at 350 - 400 cm™ (25.0 - 28.5 um) that are attributed to the Ti-O stretching and bending
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Ba L-line

Figure 3.4 The morphology and the composition of our mid-IR devices from SEM and EDX
inspection. SEM images of a 10 um wide a-Si on BTO waveguide captured from (a) the top
and (b) cross-sectional. A smooth waveguide surface and sharp waveguide edges are observed.
EDX mapping from the top of the waveguide using (c) Si Ka and (d) Ba La emission lines.
Another EDX mapping along the waveguide front facet using (e) Si Ka and (f) Ba La. The a-
Siand BTO thin films both show homogeneous compositions across the film surface and along
the film depth. Reprinted with permission from [20]

vibrations, respectively.>® ® Since Si is transparent up to 8.0 um, our integrated a-Si on BTO
platform is capable of operations up to A = 7.0 um, which is broader than the present Si on LN

devices limited to A = 5.0 um as well as the Si on sapphire devices limited to A = 4.5 pm.
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The morphology of the mid-IR devices is inspected by scanning electron microscopy (SEM).
To reduce the waveguide propagation loss caused by light scattering, it is critical to minimize
structure defects that may possibly be created on the waveguide’s edges or surfaces. Figure 3.4a
shows the top images of a 10 pm wide a-Si on BTO waveguide. It has a well-defined ridge profile
without any bending or distortion found on the edge, nor cracks or indents on the waveguide
surfaces and the BTO film. From the cross-sectional image shown in Figure 3.4d, the facets and
the side walls of the waveguide are sharp and also absent of bumps and indentations. In addition,
the clearly resolved interface between the top Si waveguide and the under-cladding BTO layer
indicates that no depletion damage has been introduced during the fabrication process. Meanwhile,
the material composition of our monolithic a-Si on BTO platform is characterized by energy-
dispersive X-ray spectroscopy (EDS) using emission lines of Si Ka at 1.74 keV and Ba La at 4.47
keV. The elemental spatial distributions of Si and Ba also reveal the device profiles belonging to
the a-Si ridge waveguide and to the BTO layer. Figure 3.4b and c display the EDS mapping results
from the top of the device, where a Si waveguide and its neighboring BTO film are clearly resolved.
Likewise, from the cross-sectional EDS mapping shown in Figure 3.4e and f, the waveguide height
and the BTO film thickness are determined to be 1 um and 0.5 um, respectively. From EDS
mapping results, we are able to confirm that the grown a-Si and BTO thin films have homogeneous
compositions across the film surface as well as along the film depth. The obtained uniformity of

the material compositions prevents optical scattering loss caused by variation of refractive indexes.

3.2.2 Optical Property Simulation
Based on the device structure shown in Figure 3.4, we numerically calculate the propagating

modes of our a-Si on BTO waveguide over the spectrum from A = 2.4 pm to 3.8 pm. The
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Figure 3.5 (a) The device configuration and the refractive index profile applied in our FDTD
modeling. The refractive indexes, nsi, NsTo, and NLao, are 3.4, 2.4, and 2.0, respectively. (b)
The optical fields of our mid-IR waveguides calculated at A = 2.6 um, 3.0 um, and 3.4 pm.
Fundamental modes with similar ellipsoid intensity distributions are resolved in the Si layer in
all three wavelengths. (c) and (d) are the calculated 1D intensity profiles along the y axis and z
axis, respectively. In the y direction, a sharp Gaussian profile is found inside the a-Si ridge
waveguide. On the other hand, the optical field expands extensively into the BTO layer along
the z direction. Reprinted with permission from [20]

simulations are performed by the two-dimensional finite difference time domain (FDTD) method.
Figure 3.5a illustrates the device configuration and the refractive index profile applied in our
device modeling. The a-Si waveguide has 10 pm width and 1 pm thickness. Underneath the Si is
a 0.5 pum thick BTO layer and an LAO substrate. The refractive indexes, nsi, NeTo, and N ao, are
3.4, 2.4, and 2.0, respectively. A 12 um x 6 um light source is chosen to excite the waveguide

mode since its size is comparable to the mid-IR fiber, which has a core diameter of 9 um, used in
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Figure 3.6 (a) The calculated optical field when the thickness of the a-Si layer, Ta-s;i, increases
from 0.25 pm to 1.5 pm, but the BTO layer remains at 0.5 pm. (b) The calculated 1-D intensity
profiles parallel to the z direction at y = 0 pm. (c) The calculated optical field confined inside
the a-Si layer at different Tasi. The optical field shifts upward from the BTO layer to the a-Si
layer as the Ta.sj increases. Reprinted with permission from [20]

our experiments. Figure 3.5b depicts the optical field of our mid-IR waveguides calculated at A =
2.6 pm, 3.0 pm, and 3.4 pm. Fundamental modes with similar ellipsoid intensity distribution are
clearly resolved in the Si layer while the optical field inside the BTO layer (beneath z = -1.5 pm)
is gradually increased as the probe light shifts to longer wavelengths. To better analyze the mode
properties, the calculated 1D intensity profiles along y-axis and z-axis are plotted in Figure 3.5¢

and d, respectively. In the y-direction, the optical field shows a sharp single Gaussian profile well
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confined by the a-Si ridge waveguide due to the high refractive index contrast between ns; of 3.4
and nair of 1. On the other hand, along with the z-direction, the optical field expands extensively
into the BTO layer and has a notable increase as the wavelength increases from A =2.6 to 3.4 pm.
The strong field found within the BTO layer is attributed to the relevantly high refractive index of
the BTO film, ngto = 2.4, as well as its small thickness.

Hence, for different applications, we are able to manipulate the light intensity distribution across
the multilayers that consist of a-Si, BTO, and LAO layers by adjusting the height of the BTO layer.
For instance, in biochemical sensing, a multilayer structure is created so the waveguide mode is
located in the upper a-Si layer, while its evanescent field extends into the external medium that
eventually will be absorbed by the analytes surrounding the waveguide. Then, by correlating the
spectral attenuation of the mode intensity with characteristic absorption spectra from various
chemicals, we are able to identify the analyte composition and concentration. On the other hand,
to implement electro-optical modulation, we adjust the multilayer structure so that the waveguide
mode can extensively overlap with the ferroelectric BTO layer. The images of mode profiles
displayed in Figure 3.6a demonstrate our methodology for varying the positions of the waveguide
mode. Here, the thickness of the a-Si layer, Tas;, increases from 0.25 pm to 1.5 pm, but the BTO
layer remains at 0.5 pm. At Tasi = 0.25 pm, most of the optical field resides within the BTO layer
since the thin a-Si layer is not able to support a waveguide mode. When Tas;j increases to 0.5 pm,
the mode shifts upward into the a-Si layer and even further into the background air while the optical
field remaining in the BTO layer significantly decreases. At Tasi = 0.75 pm, the center of the
waveguide mode lines up with the middle of the a-Si ridge. As a result, the evanescent fields are
then able to be observed in the top air cladding as well as in the lower BTO layer. Once Ta-si

reaches 1 pm or beyond, the optical field becomes substantially confined inside the a-Si layer.
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Figure 3.6¢ shows the dependence of a-Si film thickness on the confinement of the optical field
inside the a-Si layer. For a thin a-Si film with Tasi of 0.25 pm, only 11% of the optical field is
observed within the a-Si layer indicating most of the optical field resides within the BTO layer.
The field gradually shifts from the BTO layer to the a-Si as the Ta.sj increases. Upon Ta.si reaching
0.75 m, 65% of the optical field has already reallocated to the a-Si layer. Once Ta-si increases
beyond 1 pm, the majority of the optical field is now confined in the a-Si layer and only the
evanescent field is found in the BTO layer.

To better visualize the variation of the optical field when the a-Si thickness changes, Fig. 5 (b)
shows the calculated 1-D intensity profiles parallel to the z-direction at y = 0 pm. At Tasi = 0.25
M, the peak intensity exists in the interface between the a-Si and the BTO layers, and the field
gradually decays toward the LAO substrate along the z-direction. At Tasi = 0.50 pm, the mode
center is positioned inside the a-Si layer while the two additional intensity peaks belonging to the
evanescent fields are found on the top and bottom edges of the a-Si layer. On the other hand,
fundamental modes are clearly found when Tasi is 0.75 pm or thicker. The center of the waveguide
mode moves along the +z direction, and the evanescent fields beyond and underneath the a-Si film

decrease sharply as the a-Si film becomes thicker.

3.2.3 Sensing Effect Characterization

The performance of our a-Si film on BTO waveguides is evaluated, and the results of the mode
images and optical loss characterizations are shown in Figure 3.7 and Figure 3.8. From Figure 3.7,
a fundamental mode is clearly observed over a broad spectral range from A = 2.6 um to A = 3.4
pm. The mode profiles remain the same at different wavelengths, while minor scattering is

observed at longer wavelengths of 3.4 pm. No distortion found in the captured mode images
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Figure 3.7 The waveguide mode images capture at A = 2.6 pm to A = 3.4 um. Fundamental
mode is clearly observed over a broad spectral range. The intensity profiles of the waveguide
modes extrapolated along the y direction. A Gaussian profile corresponding to a fundamental
mode is found over A = 2.6 pm to 3.4 um. Reprinted with permission from [20]

indicates that our waveguides have flat sidewalls and a smooth interface between the a-Siand BTO
layer. The high refractive indexes of the a-Si and the BTO also attribute to the observed efficient
guiding of the mid-IR light-wave. The intensity profiles of the waveguide modes are then
extrapolated and illustrated in Figure 3.7b. A well resolved Gaussian profile corresponding to a
fundamental mode is found over A = 2.6 pm to 3.4 pum, and the result is consistent with the
simulated mode profiles displayed in Figure 3.5¢c and d. Meanwhile, the invariant shape of the
mode over a broad spectrum tells us that our waveguide has low dispersion. The optical loss, mode
images, and its optical powers from waveguides with different lengths are measured and displayed
in Figure 3.8a and b. By fitting the mode intensity attenuation, an optical loss of 4.2 dB/cm is
obtained at A = 3.0 pm, which is comparable to previous studies showing 3.8 dB/cm at A =5.2 um,
and lower than 4.5 dB/cm at A = 1.55 pm in NIR.>>*8 The low optical loss of our a-Si on BTO
waveguide can be explained by the high mid-IR transparency of our epitaxial BTO thin film as
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Figure 3.8 (a) Mode images and (b) Relative optical powers measured from the waveguides
with different lengths. An optical loss of 4.2 dB/cm is obtained by fitting the mode intensity

attenuation at A = 3.0 um. Reprinted with permission from [20]

well as by the smooth interface between the a-Si and the BTO layers. In addition, scattering loss
caused by surface roughness significantly reduces at longer wavelength since the Rayleigh
scattering coefficient is proportional to 1/A*. Thus, we experimentally exhibit that our integrated
a-Si on BTO waveguides are ideal for broadband mid-IR photonic circuits.

In our experiments, methanol and heptane were selected as the analytes to evaluate the
performance of our waveguide sensors due to their strong characteristic absorptions existing in the
mid-IR regime. A light source with the TM polarization was utilized since TM light reveals a
stronger evanescent field that will attribute to higher sensitivity. The wavelength of the probe light
was sequentially scanned between A = 2.5 um and 3.2 pm because this spectrum regime overlaps

with the absorption bands caused by -OH and -CH functional group while Si-on-BTO is
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Figure 3.9 The waveguide mode images were captured from A = 2.5 um to 3.2 um with or
without chemicals covering the waveguide. Fundamental modes were clearly observed over a
broad spectral range. When heptane was presented, the mode disappeared at A = 3.0 jm - 3.2
jam corresponding to -CH absorption. For methanol, the mode vanished at A = 2.8 pm - 2.9 jum
associating with -OH absorption. The mode intensities recovered when the analytes evaporated
from the waveguide surface. Reprinted with permission from [21]

transparent. The waveguide mode images were recorded before and after dropping the chemical
analytes onto the waveguide surface. As shown in Figure 3.9, without any chemicals present, a
bright and sharp fundamental mode was observed through A = 2.5 um to 3.2 um as expected from
the simulation results. Upon dropping the heptane on the waveguide, the mode faded at A = 3.0 -
3.2 um due to the absorption caused by the C-H bond stretching. On the other hand, when methanol
applies, drastic absorption appeared at A = 2.8 - 2.9 um that corresponds to the absorption due to
the O-H bond stretching. Hence, our mid-IR sensor reveals distinct spectral attenuations when
exposed to different chemicals, and the measured absorption results agree well with the previous

studies from FTIR characterization. After the chemicals evaporate, we found that the mode profiles

38



<)
O

1.0 1.0
> 08 >, 038 W
§ = -
= = %
2 addition 7 addition
5 os i 5 o6 of methanol
s of heptane evaporation = QL TEknaR.
of heptane evaporation
) N y
2 e = e of methanol
- —
= =
L 0.2 O 02
~ e
0 0
0 20 40 60 8 100 120 0 20 40 60 80 100 120 140
Time (s) Time (s)

Figure 3.10 Real-time detection of (a) heptane and (b) methanol using mid-IR waveguide
sensors at A=3.1 pmand 2.9 pm, respectively. The mode intensity decreased when the analytes
were dropped on the waveguide surface and then recovered when the analyte evaporated.
Reprinted with permission from [21]

recovered and their intensities arrived back at the same levels just as before chemicals were applied.
Thus, our mid-IR sensor is not only capable of accurate chemical identification, but it is also
reusable.

The real-time chemical detection was performed by reading the transient response of the mid-
IR waveguide sensors. For heptane detection, the wavelength of the probe light was tuned to A =
3.1 pm because it is within the C-H absorption band. The waveguide mode intensity upon adding
the chemical is shown in Figure 3.10a. Before t = 20 s the intensity was strong since there was no
presence of any analyte. When the heptane was dropped on the waveguide surface at t = 20 s, the
intensity decreased dramatically because the analyte, heptane, fully covered the mid-IR waveguide
and absorbed its evanescent light. The waveguide intensity remained low until t = 50 s and then it
started to recover because the heptane gradually evaporated. Eventually, at t = 110 s, the intensity
reached its original level due to the heptane being completely left from the waveguide surface. A
similar transient response was observed during the methanol sensing test shown in Figure 3.10b.

To track methanol, the light wavelength was shifted to 2.9 pm to match the characteristic O-H
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absorption. We found that the light intensity dropped at t = 25 s, which coincided with adding
methanol onto the waveguide. After a while, the intensity recovered at t = 120 s indicating the
analyte evaporated from the waveguide surface. Our time-resolved characterization demonstrates
that the developed mid-IR sensor is suitable for in-situ monitoring of various chemical analytes

with high accuracy.

3.3 Silicon on Aluminum Nitride Waveguide Sensor *

AlIN is of particular interest because it has a wide transmission spectrum from ultraviolet (UV),
visible (VIS), Near Infrared (NIR), up to mid-IR at A = 10 pm.> %" AIN also has a large optical
nonlinearity so it is suitable for light generation, such as using sum and difference frequency

61. 62 In addition, AIN is mechanically strong,

generation or optical parametric oscillation.
thermally stable, and chemical resistant, thus enabling it for sensor application under harsh
environmental conditions. ¢ ® The integration between AIN thin film with other CMOS materials,
like Si, SiO2, or sapphire, has been achieved through growth techniques including metal organic
chemical vapor deposition (MOCVD), molecular beam epitaxy (MBE), and sputtering. -
8Intrigued by its unique material properties, we create a hybrid platform that implements AIN

within Si photonics to achieve broadband mid-IR wave guiding as well as label-free chemical

sensing. ®

3.3.1 Device Fabrication and Material Characterization
The detailed fabrication process is shown in Figure 3.11 3 jum AIN film was deposited on <100>

silicon wafer by DC sputtering (Kurt J. Lesker), where the sputtering material was a 4-inch

* Parts of this section are reprinted with permission from [69]
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Figure 3.11 The fabrication process of a monolithic mid-IR photonic chip that consisted of a
Si ridge waveguide and AIN under-cladding. (a) The AIN film was deposited on a <100> Si
wafer by room temperature DC sputtering. Another a-Si thin film was then grown by PECVD.
(b) - (d) Using photolithography and lift-off process, the waveguide structure was defined by
Cr mask. (e) The waveguide pattern was transferred to the a-Si layer by RIE where the etching
gas was SFe. (f) The Cr mask was removed by ceric ammonium nitrate solution and followed
by oxygen plasma ashing to remove the organic residue. Reprinted with permission from [69]

diameter Al target (99.999%). For pre-sputtering, pure argon was introduced into the chamber for
15 minutes to clean the target surface while the base pressure was set at 510" mTorr. Then, 10
sccm argon and 40 sccm nitrogen were injected into the chamber until the working pressure
reached 10 mTorr. An optimized film deposition rate at 1 pm/hr was obtained when 1 kW DC
power was applied. The distance between the Al target and the substrate was kept at 15 cm. After
AIN deposition, another 1.5 pm thick a-Si film was prepared on the same substrate by the plasma-
enhanced chemical vapor deposition (PECVD). The precursor gas utilized was SiH4 and the
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Figure 3.12 (a) XPS depth analysis of the AIN thin film. B.E. peaks at 74 eV, 119 eV, 397 eV
and 532 eV were assigned to Al 2p, Al 2s, N 1s, and O 1s. The chemical composition ratio of
Al:N remained constant at different layers. (b) and (c) are the high resolution XPS spectra of

the Al 2p and N 1s. Al-O and Al-N signals were found after the deconvolution of Al 2p.
Reprinted with permission from [69]

deposition temperature was 200 °C. The structure of the waveguide was defined through
photolithography. A 50 nm thick Cr mask was patterned on the Si-on-AIN sample by electron
beam evaporation and the lift-off process followed. The waveguide structure was then transferred
to the a-Si layer by the reactive ion etching (RIE). SFs was chosen as the etching gas because of
its high etching ratio between Si and AIN. It is critical to have sharp Si waveguide facets as well
as a smooth Si-AlN interface to prevent the scattering loss caused by surface roughness. In the end,

the Cr mask and the organic residue on the sample surface were removed by a ceric ammonium

nitrate solution and oxygen plasma ashing.
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The material composition and the uniformity of the AIN thin films were characterized by XPS
along the vertical direction (normal-to-plane). The spectrum of the photoelectron binding energy
(B.E.) was measured at different depths when the film was etched layer-by-layer through ion
sputtering. As depicted in Figure 3.12a, B.E. peaks were found at 74 eV, 119 eV, 397 eV, and 532
eV, which belonged respectively to the characteristic signals of aluminum 2p, aluminum 2s,
nitrogen 1s, and oxygen 1s. High-resolution XPS spectra of the Al 2p and N 1s are drawn in Figure
3b and 3c, where Al-O and Al-N signals were revealed after the deconvolution of Al 2p peak.
From Figure 3.12a, the chemical composition of the deposited AIN film was highly uniform along
the vertical direction because the B.E. peak counts remained constant as the etching progressed.
Meanwhile, the observed oxygen signal reveals that the deposited AIN film had Al-O bonds due
to the oxygen impurity.”® ™* AI-O formation is thermodynamically more favorable than Al-N so
the alumina and the aluminum oxynitride were created even when an AIN film was grown under
high vacuum or oxygen at low ppm level. A variation of XPS spectrum was observed at an etching
time of 7000 s. The signals at 74V (Al 2p), 119 eV (Al 2s), and 397 eV (N 1s) dropped, while the
signal at 532 eV (O 1s) increased with new B.E. peaks at 102 eV (Si 2p) and 154 eV (Si 2s)
appearing. This indicates that the etching depth reached the underneath SiOz2 layer. The invariant
Al : N ratio revealed the exceptional homogeneity of the microns thick AIN film that is critical to
attaining low loss mid-IR devices as well as accurate waveguide sensing. A composition change
will cause a deviation in the AIN refractive index that results in unwanted optical scattering.

The morphology of the fabricated devices was inspected by scanning electron microscopy
(SEM). Figure 3.13a shows the top view of an 8 um wide a-Si waveguide on AIN. It had a well-
defined ridge profile without any bending or distortion found on the edge. From the cross-sectional

image shown in Figure 3.13b, the waveguide facets and the side walls were sharp and absent of
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Figure 3.13 (a) The top and (b) the cross-sectional SEM images of the Si-on-AIN waveguide.
(c) - (f) are the top and cross-sectional EDX images using Si Ko and Al Ko emission lines,
respectively. The a-Si ridge waveguide is 1.5 pum tall and 8 um wide, while the AIN under-
cladding layer is 3 um thick. Smooth waveguide sidewalls and a sharp interface between Si
and AIN were found. Reprinted with permission from [69]

bumps and indentations. In addition, the clearly resolved waveguide top and the smooth interface
between the Si and the under-cladding AIN layer indicated that no damage occurred during the
fabrication process. The material composition of the monolithic Si-on-AIN platform was
characterized by energy-dispersive X-ray spectroscopy (EDX) using the emission lines of Si Ka
at 1.74 keV and Al Ka at 1.486 keV. The elemental spatial distributions of Si and Al revealed the

structure profiles of the a-Si ridge waveguide and the AIN cladding layer. Figure 4c and 4d are the
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EDX mapping results from the device top illustrating the a-Si waveguide and its adjacent AIN film.
Meanwhile, from the cross-sectional EDX mapping shown in Figure 3.13e and f, the waveguide
height and the AIN under-cladding thickness were determined to be 1.5 pm and 3 pum, respectively.
The EDX images confirmed that the grown a-Si and AIN thin films have uniform compositions

across the film surface as well as along the film depth.

3.3.2 Optical Property Simulation
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Figure 3.14 (a) The TE and TM waveguide modes calculated at A = 2.5, 2.75, and 3.0 um.
Fundamental modes with similar ellipsoid intensity distributions were resolved in the a-Si layer
in all three wavelengths. (b) and (c) are the calculated intensity profiles along the y and the z
axes. Stronger evanescent fields were found along the z direction. Reprinted with permission
from [69]
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The waveguide modes were numerically calculated by the two-dimensional finite difference
method (FDM). For waveguide sensing application, it is critical to evaluate the mode profiles since
the sensitivity is determined by the interaction between the evanescent field and the molecules that
approach the waveguide surface. The structure utilized in the mode simulation was obtained from
the SEM characterization, where the a-Si ridge is 1.5 um tall and 8 pm wide, and the underneath
AIN layer is 3 pm thick. The refractive index of a-Si and AIN are 3.5 and 2.1. A 12 ym x 6 um
light source was chosen to excite the waveguide mode since its size is comparable to the core of
the mid-IR fiber used in the experiment. Figure 3.14a draws the intensity profiles corresponding
to the TE and TM waveguide modes calculated at A = 2.5, 2.75, and 3.0 pum. Fundamental modes
with similar ellipsoid intensity distribution were found in the Si layer over A =2.5 to A = 3.0 um.
To better analyze the mode properties, Figure 3.14b and 3.14c display one dimensional TM
polarized intensity distributions along the z- and y-axes. The TM mode expanded their optical
fields extensively into the upper air (z > 1.5 pm) as well as the lower AIN layer (z <0 pm). On the
other hand, it had relatively weak evanescent fields along the y directions (y <-4 pm or y > 4 pm)
since the a-Si waveguide had a high y/x aspect ratio. As the mid-IR shifted to longer wavelengths,
the evanescent wave increased. Hence, the waveguide sensor will exhibit a higher sensitivity when

it operates at a longer wavelength and uses TM polarization light.

3.3.3 Sensing Effect Characterization

The waveguide mode and the optical loss of the Si-on-AIN waveguides were characterized. As
shown in Figure 3.15a, a fundamental mode was observed over a broad spectral range from A =
2.5 to A = 3.0 um. No scattering and distortion were observed indicating that the waveguide has

flat sidewalls and a smooth interface between the a-Si and AIN under-cladding. The large
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Figure 3.15 (a) The waveguide mode images captured at A= 2.5, 2.75, and 3.0 pm. Fundamental
mode is clearly observed over a broad spectral range. (b) A Gaussian profile corresponding to
a fundamental mode was found at A = 2.5 - 3.0 pm. (c) Relative optical powers measured from
the waveguides with different propagation lengths. An optical loss of 2.21 dB/cm was obtained
by fitting the mode intensity attenuation at A = 2.75 um. The inset diagram shows the paper-
clip shaped waveguides that were utilized in the optical loss measurements. Reprinted with
permission from [69]

refractive index difference between the a-Si and the AIN also attributed to the efficient light
waveguiding. The intensity profiles of the waveguide modes were then extrapolated and illustrated
in Figure 3.15b. A well resolved Gaussian profile corresponding to a fundamental mode was found
between A = 2.5 and 3.0 um that is consistent with the calculated modes illustrated in Figure 3.14.
The observed broadband fundamental mode improved the accuracy of waveguide sensing.
Excitation of higher order modes will alter the mode profile and vary the intensity of the evanescent
field that leads to false signals upon spectrum scanning. To evaluate the propagation loss, the
optical powers measured from waveguides with different propagation lengths were recorded and
displayed in Figure 3.15c. By fitting the mode intensity attenuation, an optical loss of 2.21dB/cm

was obtained at L =2.75 um.’? The low optical loss mainly attributed to the high AIN transmittance,
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the flat waveguide surface, and the smooth Si-AIN interface. In addition, the optical loss was
effectively reduced in the mid-IR region in comparison to the NIR because the strength of Rayleigh

scattering is proportional to 1/A%,

2500 nm 2600 nm 2700 nm 2800 nm 2900 nm 3000 nm
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Figure 3.16 The waveguide mode images captured between A = 2.5 and 3.0 pm. Fundamental
modes were found during the spectral scanning when no chemical was on the waveguide. When
heptane was applied, the mode disappeared at A = 3.0 um due to the -CH absorption. On the
other hand, for the methanol wetted waveguide, its mode vanished at L = 2.8 pm - 2.9 pm
because of the -OH absorption. Reprinted with permission from [69]

In the waveguide sensing test, methanol and heptane were selected as the analytes to evaluate
the label-free sensor performance because of their characteristic mid-IR absorptions. The probe
mid-IR light was TM polarized since it carried a stronger evanescent field that attributed to a higher
sensitivity. The probe light was sequentially scanned from A = 2.5 to 3.0 um where the spectrum
regime overlapped with the -OH absorption and approached the -CH absorption. The mode images
were recorded before and after dropping the chemical analytes onto the waveguide surface. As
shown in Figure 3.16, without any chemicals present, a bright and sharp fundamental mode was
observed from A = 2.5 to 3.0 um. Upon dropping the heptane on the waveguide, the mode faded

at A = 3.0 um due to the absorption caused by the C-H stretch. On the other hand, when methanol
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was applied, drastic absorption appeared at A = 2.8 - 2.9 um that corresponded to the absorption

due to the -OH stretch. Hence, the mid-IR sensor revealed distinct spectral attenuations when

exposed to different chemicals.
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Figure 3.17 Real-time detection of (a) heptane and (b) methanol using the mid-IR waveguide
sensor. The probe light wavelength was tune to A = 3.0 and 2.8 um to align with the -CH and -
OH absorptions. The mode intensity decreased abruptly when the analytes were dropped on the
waveguide surface and then recovered when the analyte evaporated. Reprinted with permission

from [69]

The real-time chemical detection was carried out by monitoring the transient response of the
waveguide mode. For heptane detection, the wavelength of the probe light was tuned to A = 3.0
pm that approached C-H absorption band. As shown in Figure 3.17a, the intensity was strong
before t = 27 s since no analyte was present. Upon dropping the heptane on the waveguide at t =
27 s, the mode intensity sharply decreased because the evanescent light was fully absorbed by the
heptane. The optical mode intensity kept low until t = 60 s, and then gradually recovered because
of the evaporation of heptane. Eventually, the intensity reached its original level at t = 92 s
indicating no heptane was left on the waveguide surface. The similar transient response was
observed for real-time methanol sensing shown in Figure 3.17b. In the case of tracing methanol,
the light wavelength was shifted to 2.8 pm to align with the characteristic -OH absorption. At t =

20 s the mode intensity dropped that illustrated the moment methanol was added onto the
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waveguide. Once it evaporated, the mode recovered to full intensity at t = 120 s. Our time-resolved
characterization demonstrates that the developed mid-IR sensor is suitable for accurate in-situ
monitoring of various chemicals.
3.4 Flexible Aluminum Nitride Waveguide Sensor

The study on flexible photonic devices is emerging in the past decade. Manipulation of light-
wave on a flexible, conformable, or wearable substrates with functionalities of light emission,
detection and signal processing is essential for frontier applications. This includes portable display
and imaging, short-reach optical links, wearable photonic textiles, and strain sensing. 3-8
Deformable polymer substrates have initiated the development of flexible photonics due to their
high mechanical flexibility. Devices like flexible displays using organic light emitting diodes
(OLED) 8+ 8 and organic solar cells® were invented. Nevertheless, micro-photonics utilizing soft
materials still have challenges in thermal and chemical stabilities. In addition, organics and
polymers have a strong infrared absorption that limits their application in the mid-IR regime, which
is essential to implement for label-free biomedical sensing and remote health monitoring. Another
technique to create flexible photonic devices is to physically transfer the layer of photonic
components made of high-quality semiconductors onto the flexible substrates.®” However, this
method involves complex fabrication processes that are not practical for large-scale industrial
production.

An alternate approach to achieve flexible photonics is to utilize bendable membranes, like an
ultrathin borosilicate template, as the device substrate.® 8 It can be strongly bent without cracking
or shattering since the surface strain induced by the stress is inversely proportional to the template
thickness. Compared to soft materials, borosilicate is highly chemical resistant to both acid and

alkaline. It also possesses strong thermal stability with a high softening point of 850 <C, as well as
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a low thermal expansion coefficient of 3 x107® K™ at 20 <C, thus enabling its application under
harsh environments. Furthermore, the borosilicate membrane has a smooth surface with an average
roughness less than 1 nm. A flat surface is critical for low optical-loss photonic circuits since it

prevents the energy loss caused by optical scattering.

3.4.1 Device Fabrication and Material Characterization

Figure 3.18. The fabrication process of the device. (a) The waveguide structure was patterned
on the borosilicate template by photolithography. (b) AIN layer was deposited on the template
through DC sputtering. (c) The ridge waveguide structure was developed after lift-off process.
(d) Second lithography defined the sensing aperture. (e) SiO2 was deposited as the top cladding
layer. (f) Sensing aperture formed after the second lift-off process

The detailed fabrication process is shown in Figure 3.18. First, a negative tone photoresist was

patterned on the 25 pm thick borosilicate template that defines the waveguide structure. The
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developed photoresist has a negative-sloping sidewall to facilitate the later lift-off process. Next,
an AIN thin film was deposited on the borosilicate template. During pre-sputtering, argon was
introduced into the chamber for 30 minutes to clean the surface of the 4-inch diameter Al target
(99.999%). After the pre-sputtering, 10 sccm argon and 40 sccm nitrogen were introduced into the
chamber and stabilized for 5 mins. The AIN film was then deposited on the patterned borosilicate
template by DC magnetron sputtering at room temperature. The DC sputtering power was 1 kKW,
and the working pressure was 10 mTorr. The distance between the Al target and the borosilicate
template was 15 cm where an optimized deposition rate of 1 pm/hour was obtained. In the lift-off
process, the remaining photoresist and the AIN on it were removed by acetone. As a result, the 2
pm high AIN ridge waveguides was left on the template. Finally, the SiO2 was deposited by RF
sputtering a 3-inch diameter Si (99.99%) target. The sputtering power and working pressure were

500W and 3 mTorr, respectively. Argon and oxygen were introduced into the chamber in a 10:1
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Figure 3.19 (a) Vis-NIR and (b) ATR-FTIR spectra of the AIN films prepared by DC sputtering
at different Ar : N2 ratios. The AIN film is transparent up to A = 9 um when the Ar:Nz2 ratio
reaches 1:3.

ratio, and a 250 nm thick SiO2 film was obtained after 30 minutes deposition. Eventually, a thin

SiO2 top-cladding layer with an open aperture in the waveguide center was created.
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AIN films deposited at different N2/Ar ratios were characterized by a Vis-NIR spectrometer and
ATR - FTIR. As shown in Figure 3.19a and b, the film prepared at N2/Ar = 2:1 was not transparent
in the visible or the infrared regions, which was due to the unreacted Al metal residues in the AIN
film. On the other hand, two AIN films that were prepared at higher N2/Ar ratios were fully
transparent from A = 0.5 to 9 m because all the sputtered Al atoms were reacted with nitrogen
molecules and no metallic Al was left in the film. After wavelength A =9 pm, a strong absorption

at A = 10.7 pm and a minor absorption at A = 13.3 um were observed which were due to the Al-N
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Figure 3.20 The n and k plots of the AIN thin film from IR-VASE measurement. The
refractive index n has low dispersion up to A = 9 um, and negligible absorption is found
before A = 10 um. The increase of k after L = 9 um is due to the absorption of the Al-N
bond.

bond. The A = 10.7 jum absorption corresponded to the longitudinal optical mode while the other
at A = 13.3 pm was due to the transverse optical (To) E1 mode.®* The optical quality including
transparency of our AIN film is comparable to others prepared by high temperature sputtering.®?
In addition, the membran e cladding is transparent up to 6.5 um from ATR-FTIR measurement.
Thus, both the AIN waveguide core and the membrane cladding are widely transparent to form the
low-loss waveguide. Meanwhile, the AIN film prepared at N2/Ar = 1:3 has fewer interference

fringes than the film with a ratio of 1:4. This revealed that lower N2/Ar sputtering leads to a higher
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AIN growth rate since the interference pattern from a thinner film has a faster spectral intensity

variation.® Hence, our waveguide sensor utilized the AIN film prepared at N2/Ar = 1:3 due to its
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Figure 3.21. (a) The fabricated AIN-on-borosilicate flexible waveguides. The waveguide array
is indicated by the yellow arrows. (b) The magnified optical image of the AIN waveguide
array. Only the left portion of the waveguides is covered by SiO2 top cladding. The right
portion remains open to the surrounding for sensing application. The (c) top and (d) cross-
sectional SEM images of'a 2 um x 10 um AIN-on-borosilicate waveguide. Smooth waveguide
surfaces and a sharp interface between the waveguide and the borosilicate template are clearly
resolved.

high mid-IR transparency and sufficient thickness to effectively confine the long wavelength mid-
IR light.

The optical constants of the deposited AIN, including its index of refraction n and extinction
coefficient (imaginary refractive index) k, was further characterized by IR-VASE, a technique that
measures and analyzes the polarization change from the reflected mid-IR light. The n and k
characterization was carried out between A = 2 pm and 13 pm. As shown in Figure 3.20, the
N decreases slowly from 1.9 at A =2 um to 1.6 at A = 9 um until a strong dispersion found after A

= 10 um. The small variation of n over a broad mid-IR spectral range offers the advantage of low
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optical dispersion required for many mid-IR devices, including efficient nonlinear light generation
and accurate chip-scale chemical sensing. Another merit is the relatively low extinction
coefficient k observed before A = 10 pm showing its potential for broadband mid-IR photonic
circuits. The increase of k after A = 10 um is due to the Al-N stretching absorption and the result
agrees well with the ATR-FTIR characterization shown in Figure 3.19a.

The fabricated AIN-on-borosilicate flexible waveguides are shown in Figure 3.21. No
delamination or broken segments were found while bending the device, indicating the deposited
AIN waveguides firmly adhered to the borosilicate template and able to tolerate high mechanical
stress. Figure 3.21b is the magnified optical image of the AIN waveguide array. The left side of
the device is covered by a thin SiO2 cladding layer that anchors the AIN waveguides onto the
borosilicate template, and consequently prevents the waveguides from peeling off upon
mechanical bending or stretching. In contrast, the right side of the device remains open to its
surroundings for sensing application. The structure detail of the waveguides was further inspected
by SEM. Figure 3.21c and d display the top and the cross-sectional SEM image of a 10 um wide
and 2 um high AIN waveguide. It has a well-defined ridge structure without bends or distortions
found on the edge, nor cracks or indents on the surface. The sharp waveguide edges reduce the
waveguide propagation loss caused by light scattering, which is critical to perform accurate
waveguide sensing. In addition, the interface between the top AIN waveguide and the under-
cladding borosilicate template is well-resolved. No depletion damage was found on the device
surfaces or the interface since the AIN waveguides were prepared by the lift-off process instead of
applying an aggressive etching process.

The structural detail and the material composition of the waveguides were then characterized

by the EDX using the emission lines of Al Ko at 1.49 keV, N Ko at 0.392 keV, Si Ka at 1.74 keV,
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Figure 3.22 (a) The fabricated AIN-on-borosilicate flexible photonics. The array of AIN
waveguides are highlighted by the yellow arrows. The cross-sectional EDX mapping
analysis using (b) Al Ka and (c) N Ka lines to identify the AIN waveguide, while (d) Si
Ka and (e) O Ka lines correspond to borosilicate membrane and the SiO2 top cladding.

and O Ka at 0.525 keV. Figure 3.22b - e display the cross-sectional EDX mapping of a 10 um
wide and 2 um height AIN waveguide with a 200 nm SiOz top cladding. The Si and O elemental
distributions corresponded to the layer of the SiO2 and the borosilicate membrane, while the Al
and N distributions corresponded to the AIN waveguide. From the mapping analysis, the ridge
structure and the interface between the AIN waveguide and the borosilicate template are clearly

resolved. Moreover, the deposited AIN film has a homogeneous compositional distribution. The
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obtained material uniformity reduced unwanted optical scattering loss caused by the variation of

refractive indexes.

3.4.2 Optical Property Simulation
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Figure 3.23 (a) The FEM calculated waveguide modes of a 1 pm tall AIN-on-borosilicate
waveguide at various bending radii R. The first and second rows represent the TE and the TM
polarized modes, respectively. The wavelength is at A = 2.5 pm. TM mode shifted toward the
air as the bending deformation was applied. (b) The intensity distribution along the z-axis for
the TM polarized modes when the bending deformation increased from R = 10° to 50 pm.
Evanescent field in the borosilicate template decreased while the other field in air region raised.
(c) The TM optical field confinement inside the AIN waveguide, the upper air region, and the
lower borosilicate cladding. Though the evanescent fields varied at different R, the field guided
in the AIN remained almost the same.

The bending effect on the waveguide performance was evaluated by the two-dimensional finite
element method (FEM) calculation. Figure 3.23a displays the modes of a 1 jum thin AIN waveguide
when the flexible device was warped at different bending radius of R = 105, 104, 103, 102, and

50 pm, respectively. A stronger bending strain caused a physical curvature creating a smaller
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bending radius. For TE polarization, the fundamental mode revealed the same ellipsoid profile
when the radius R changed considerably from R = 105 to 50 pm. This indicates the structure
deformation introduced by the mechanical bending had a negligible impact on the waveguide
property since the majority of the optical field was still confined inside the high index AIN layer.
On the other hand, for TM polarization, the mode slightly shifted toward the air when the bending
deformation was applied. As the result, the evanescent field in the upper air region increased while
the field in the lower borosilicate template decreased. Figure 3.23b illustrates the TE polarized
optical fields calculated at different radius R, where redistribution of the mode intensity was
clearly observed. The evanescent field within the bottom template dropped by 10 %, while the
other field in the upper air region raised by 12 % as the mechanical bending was applied.
Meanwhile, the center of the mode moved toward the lower refractive index air by 70 nm. Figure
3.23c plots the optical field confinement factors inside the AIN waveguide, the top air, and the
lower borosilicate cladding layer. Though these evanescent fields varied with different bending
deformation, the wave confined inside the AIN layer remained close at 41 %. This indicates our
flexible AIN membrane waveguide can tolerate high structure deformation. As a result, the sensor
is capable of adopting different device configurations, which is a critical feature for application of
small-footprint wearables.

The waveguide sensing performance was numerically studied by the two-dimensional finite
element method (FEM). The optical modes of the AIN waveguide were calculated when it is
exposed to a mid-IR absorptive chemical. The structure parameters utilized in the modeling were
obtained from the SEM images shown in Figure 3.21, where the ridge waveguide is 2 um high and
10 um wide, and the refractive index of AIN and borosilicate are 1.97 and 1.46, respectively. To

excite a waveguide mode, a 12 um x 6 um light source was chosen because its size is comparable
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Figure 3.24 (a) The calculated mode images of an AIN-on-borosilicate waveguide when it is
exposed to an analyte containing a mid-IR absorptive chemical. The concentrations of 0 %,
3 %, 6 %, 10 %, 12.5 %, and 20 %, were utilized in the modeling. The waveguide mode
gradually vanishes when the concentration increases. (b) The mode intensity profiles along
the z-axis at y = 0 um. Both the guided light (0 um < z < 2 um) and the evanescent field
decrease when the chemical concentration raises. (c) The plot of waveguide mode intensity
vs. analyte concentration. The relative mode intensity drops from 1 to 0.1 as the concentration
increases from 0 % to 20 %.

to the 9 um core diameter of the mid-IR fiber used in the experiment. The light source wavelength
was adjusted to A = 2.65 um to align with the characteristic O-H absorption. TM polarization was
utilized because the AIN ridge waveguide has a large y:z aspect ratio of 5:1 that created a strong
evanescent field along the z-direction. A strong evanescent field is essential to achieve high
sensitivity because the sensitivity is determined by the interaction strength between the field and
the molecules approaching the waveguide surface. Figure 3.24a displays the calculated mode
images when the waveguide surrounded by analytes with different concentration of a mid-IR

absorptive chemical. Here the extinction coefficient k of the analyte is proportional to the chemical
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concentration. A fundamental mode with ellipsoid intensity distribution is found inside the AIN
waveguide, and its evanescent field extends into both the surrounded chemicals (z > 2 pm) and the
borosilicate layer (z < 0 pm). The waveguide mode faded quickly as the chemical concentration
increases because the evanescent wave was considerably absorbed by the chemical moving close
to the waveguide. To better analyze the variation of the waveguide modes when mid-IR absorption
raises, Figure 3.24b display the intensity profiles of the TM polarization modes along the z-axis as
the concentration changes. The intensities of the guided wave (0 < z < 2 pm) and the evanescent
wave (z > 2 um and z < 0 pm) both decreases drastically when the concentration of the absorptive
chemical increases. Yet, the waveguide mode remains the fundamental mode regardless of the
concentration. The invariance of the mode profile is critical to achieving accurate waveguide
sensing, since an excitation of higher order modes will alter the mode profile and also vary the
evanescent field that consequently will lead to false signals during the sensing measurements.
Figure 3.24c plots the waveguide mode intensity when the analyte concentration gradually
increases from 0 % to 20 %. The mode intensity decreases monotonically with the increases of the
chemical concentration. The results indicate our mid-IR waveguide is capable of performing

accurate concentration analysis by measuring the attenuation of the waveguide mode intensity.

3.4.3 Sensing Effect Characterization

The waveguide mode and the optical loss of the AIN flexible waveguides were experimentally
characterized. As shown in Figure 3.25a, a fundamental mode was clearly observed over a spectral
range from A =2.5to 2.7 um. The mode profiles remained the same at different wavelengths, while
no scattering or distortion was observed. These results indicate that the waveguide has a flat

sidewall, and the interface between the AIN and the under-cladding template is smooth. The high
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Figure 3.25 (a) The waveguide mode images captured at A = 2.5, 2.6, and 2.7 pm. A
fundamental mode was observed. (b) The y-direction intensity profiles extrapolated
from the waveguide mode. It remains Gaussian profile as the wavelength changes.

(c) Relative optical powers measured from the waveguides with different lengths.
The optical loss was obtained by fitting the power attenuation at A = 2.5 pm.

refractive index difference between the AIN and the borosilicate is also attributed to the efficient
confinement of the mid-IR lightwave inside the waveguide. The intensity profiles of the waveguide
modes were then extrapolated and illustrated in Figure 3.25b. A well resolved Gaussian profile
corresponding to a fundamental mode was found from A = 2.5 to 2.7 um, and this result was
consistent with the simulated mode profiles displayed in Figure 3.24. The invariant shape of the
mode over a broad spectrum indicates that the AIN waveguide has a low optical dispersion, which
is necessary to achieve wideband optical communication. Meanwhile, the preservation of the
fundamental mode over such a wide spectral range is critical for accurate waveguide sensing. An
excitation of higher order modes will alter the mode profiles and vary the intensities of evanescent
fields, which will lead to false signals upon spectrum scanning. To determine the propagation loss,

the optical powers from waveguides of different lengths were measured and displayed in Figure
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3.25c. By fitting the mode intensity attenuation, an optical loss of 5.5 dB/cm was obtained at A =
2.5 pm, which is much lower than the previous studies showing 10 dB/cm in the visible region at
A = 0.63 pm. The low optical loss of our flexible AIN waveguide contributes to its smooth
waveguide surface as well as the sharp interface between the AIN and the borosilicate template. In
addition, the scattering loss in the mid-IR region is significantly lower than the loss in the shorter

wavelength Vis-NIR because the scattering strength is proportional to 1/A%.
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Figure 3.26 The waveguide mode images captured between A = 2.50 and 2.65 m when it
was covered by different chemicals, including ethanol, methanol, and water. During the
spectrum scan the mode showed dissimilar intensity attenuation when different chemicals
applied. The absorption of water raised at A = 2.60 pm and the mode vanished at A = 2.65
pm. For methanol wetted waveguide the mode became dim until A = 2.65 pm. On the other
hand, the mode of ethanol wetted waveguide remains bright indicates ethanol is transparent
at AL =2.50 - 2.65 pm. The results demonstrate the mid-IR waveguide sensor can differentiate
chemicals through spectrum scanning.

To experimentally evaluate the sensing performance of the AIN flexible waveguides, chemicals
containing alkoxy group and water were selected as analytes because of their strong O-H
characteristic absorption between A = 2.6 and 3.3 um. TM mode light was utilized due to its

62



stronger evanescent field that attributes to a higher sensitivity. The wavelength of the probe light
was sequentially scanned between A = 2.50 and 2.65 um, where the O-H absorption rose and the
AIN waveguide was transparent. The waveguide mode images were recorded before and after
dropping the analytes onto the waveguide surface. As shown in Figure 3.26, without any chemicals
present, a bright, sharp fundamental mode was observed from A = 2.50 to 2.65 um. The mode
profiles remain the same at different wavelengths without scattering. No distortion found in the
captured mode images indicates that the waveguides have flat sidewalls and a smooth interface
between the AIN and borosilicate layer. The high refractive indexes difference of the AIN and the
borosilicate also attribute to the observed efficient guiding of the mid-IR lightwave. The invariant
shape of the mode over such broad spectrum indicates that the waveguide has low dispersion in
this region, which also agrees well with the optical constants characteristics displayed in figure
3.20. When dropping various analytes onto the waveguide, the light modes revealed dissimilar
spectral intensity variations for different chemicals. For ethanol wetted waveguide, the mode
became a lighter spot at A = 2.55 pm and its intensity remained bright up to A = 2.65 um. The
increase of mode intensity was due to the formation of a top cladding layer made by the dropped
ethanol. On the other hand, for the methanol wetted waveguide, the mode intensity decreased
instantaneously at the longer wavelength A =2.65 pm. As for water, the mode intensity diminished
as the light shifted to longer wavelengths and no waveguide mode was found beyond A =2.65 pm.
The strong intensity attenuation observed corresponds to the characteristic O-H absorption of
water. Thus, we show that our mid-IR waveguide sensor is capable of differentiating water, ethanol,
and methanol since they reveal different mid-IR absorption patterns. At A = 2.65 um, the ethanol

is transparent, methanol is partially transparent, and water was fully opaque. Our results consist
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with previous FTIR measurements where the O-H absorption from water rises up at the shorter
mid-IR regime comparing to that of ethanol and methanol.
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Figure 3.27 The (a) images and (b) mode intensities of the AIN waveguide modes
when the waveguide exposed to ethanol/water mixtures at different concentrations.
The probe light wavelength is at A = 2.65 jum, where water is opaque and ethanol is
transparent. The waveguide mode intensity decreases rapidly as the water
concentration increases.

The quantitative chemical analysis was conducted by testing water/ethanol mixtures with
various concentrations at 0 %, 5 %, 10 %, 15 %, and 20 %, respectively. A probe light at L = 2.65
am was chosen since ethanol is transparent at that wavelength, while water is highly absorptive.
As shown in Figure 3.27a, the waveguide mode vanished abruptly as the water concentration
increased from 0 % to 15 %, and the mode eventually disappeared at 20 % concentration. To better
quantify the variation of the waveguide mode as the water concentration changes, Figure 3.27b
plots the mode intensities measured at different water/ethanol concentrations. A 30 % intensity

attenuation was found for a 10 % water solution. Once the concentration reached 20 %, all the
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light was absorbed, which exhibited a similar trend with the simulation results. Thus, we
demonstrate that our flexible waveguide can perform quantitative label-free detection utilizing the

characteristic mid-IR absorption.
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Figure 3.28 The (a) mode images and (b) transient response for real-time chemical
detection using the AIN-on-borosilicate waveguide. The analyte is water and the probe
light wavelength is A = 2.65 pm to align with the water —OH absorption. The mode
intensity decreased instantaneously when the water was dropped on the waveguide surface
and then recovered when the water evaporated.

o
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A real-time chemical detection was performed by monitoring the transient response of the
waveguide when it was exposed to analytes. Figure 3.28a shows the waveguide mode images
before and after dropping water onto the waveguide sensor, and its intensity variation is plotted in
Figure 3.28b. The probe wavelength was tuned to A = 2.65 um to align with the water absorption
band. Before t = 20 s, the mode intensity was strong since there was no presence of the analyte.

When the water wetted the waveguide surface at t = 20 s, the intensity decreased instantaneously
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and the mode disappeared because the waveguide light was fully absorbed by the water that
covered the waveguide surface. After t = 1830 s, the light intensity gradually recovered since most
of the water on the waveguide evaporated and only a thin layer of water was left. The mode
intensity ultimately reached its original level once no more water molecules remained on the
waveguide surface. The time-resolved characterization demonstrates that the mid-IR sensor
waveguide is suitable for in-situ and label-free monitoring of various chemical species. In addition,

it is not only capable of accurate sensing, but it is also reusable.
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CHAPTER IV

MID-INFRARED ELECTRO-OPTICAL MODULATORS

This chapter introduces mid-IR phase polarization modulators developed on LN and BTO.
Three different waveguide modulators are proposed: i. TiO2-on-BTO modulator; ii. Top-bonded
BTO modulator; iii. flexible AIN waveguide sensor. The detailed device design and fabrication

process are introduced. Further, the device optical property and electro-optical effect are evaluated.

4.1 Measurement System Set-up

The waveguide optical property and the electro-optical reconfigurability of the fabricated
devices were characterized by a testing station shown in Figure 4.1. The light source was a pulsed
laser with a wavelength tunable from A = 2.4 to 3.8 um and a linewidth of 3 cm™. It had a 150 kHz

pulse repetition rate, 10 nanoseconds pulse duration, and 150 mW average power. The probe laser

Power supply
BaF, lens
Mir fiber :
MidIR (o> | -5y - W)Mﬂ'ﬂ‘)
laser E T_> o Ediield
v modulator  Polarizer

B
Figure 4.1 The experimental set-up to test the electro-optical modulation of the ToL waveguide.
Light from mid-IR laser was coupled into a fiber through the reflective lens (RL) and then into
the ToL waveguide through butt-coupling technique. The electrodes were connected to a DC
power supply and created the electric field E across the waveguide. The waveguide mode and
intensity were recorded by a mid-IR camera. A polarizer with polarization angle e was placed
between the BaF: lens and the camera.
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light was first focused into a 9 um core fluoride fiber using a reflective lens, and then butt-coupled
into the waveguide. The fine alignment between the optical fiber and the waveguide was monitored
by an upper microscope equipped with a long working distance 10x objective lens. The light
emitted from the waveguide back facet was focused by a BaF2 biconvex lens with 25 mm focal
length and then captured by a liquid nitrogen cooled 640 x 512 pixel InSb camera. A polarizer was
placed before the camera, selecting the polarization of the recorded light signal. Meanwhile, an
electric field E was applied across the ToL waveguide using the pair of Ti electrodes that were
loaded on the two sides of the TiO2 ridge. The electrodes were connected with a DC power supply
through two micro-manipulators. E was determined by the applied voltage, V, of the power supply
and the gap width, g, between the pair of electrodes. The waveguide mode intensity was then

recorded when the V was swept between 0 and 100 V.

4.2 Titanium Dioxide on Lithium Niobate Polarization Modulator

LN is a widely used material to achieve reconfigurable mid-IR photonics, which is a
ferroelectric and high nonlinear optical crystal.% % First, LN is transparent up to A > 5 pm with a
moderate refractive index, n = 2.18,% which grants it versatile roles either as a waveguide cladding
or a waveguide core in the mid-IR regime.®” % Second, LN has a high electro-optical coefficient
and a large second-order optical nonlinearity (x?) so it enables efficient nonlinear light generation
and electro-optical light modulation. ° 1% Previous studies have shown an LN switch in Near-
Infrared (NIR) with a modulation speed exceeding 100 GHz *°* and a low Vx-L of ~10 Vcm, 102
where Vr-L is the product of the voltage and the device length to create a w phase difference. In

addition, both phase and intensity LN modulators can achieve a high extinction ratio > 15 dB,
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which is significantly better than present Si-based photonic devices.'®® Therefore, LN is an ideal

platform for tunable mid-IR photonic circuits.

4.2.1 Device Fabrication and Materials Characterization

Figure 4.2 Schematic of the TiO2-on-LN waveguide fabrication process. The waveguide
structure was defined by photoresist (PR) on the LN substrate through photolithography,
following TiOz2 thin film deposition by reactive RF sputtering. The TiO2 ridge waveguide
structure was developed on the LN substrate after lift-off. Ti electrodes were loaded on both
sides of the waveguide through the same fabrication process.

The detailed device fabrication process is shown in Figure 4.2. First, a negative tone
photoresist was patterned on an LN wafer, which defined the waveguide structure. After
development, the photoresist had undercut sidewall that will facilitate the lift-off process. Next, a
0.8 pm thick TiO2 film was deposited on the patterned substrate by room temperature RF
sputtering. The target was Ti (99.999%) and the gases introduced into the deposition chamber
were 36 sccm argon and 4 sccm oxygen. After TiO2 deposition, the photoresist and the TiO2 above
were removed by acetone and only the TiO2 ridge waveguide was left on the LN substrate.

Applying the same lithography and lift-off steps, 100 nm thick Ti electrodes were deposited on
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both sides of the TiO2 waveguide. The ToL fabrication avoided delicate and costly processes

including ion slicing and wafer bonding utilized in prior LN thin film devices. 10410°
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Figure 4.3 The transmission spectrum of deposited TiO2 from ATR-FTIR
measurement, showing a broad transmittance up to A = 8§ um.

The optical property of deposited TiOz thin film was characterized by attenuated total reflection
- Fourier transform infrared spectroscopy (ATR-FTIR) and the result is displayed in Figure 4.3.
High transmittance was found over a broad mid-IR spectrum between A = 2.5 to 8.0 um. The strong
absorption after A = 8.0 um is due to the combinations of fundamental vibration modes existing at
longer wavelengths, such as the Ti-O stretching and bending vibrations. 1°1%7 The results showed
that the sputtered TiO2 thin film is a suitable material for mid-IR photonic circuits.

The structure of TiO2-on-LN device was inspected by an SEM equipped with EDS. Figure 4.4
shows the cross-sectional SEM image of a 10 pm wide and 0.8 um height TiO2 ridge waveguide
sitting on an LN substrate. Two Ti electrodes were loaded on each side of the waveguide. The

device has a well-defined ridge structure without cracks or indents on the surface. The sharp
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Figure 4.4. The cross-sectional view of the ToL waveguide from (a) SEM and EDX from (b)
Ti Kand (c) Nb L emission lines, indicating the TiO2 ridge, Ti electrodes, and the LN substrate,
respectively. The TiOz ridge is 0.8 pm thick and 10 pm wide. The waveguide surface and the
interface between the TiOz and LN was smooth. Ti electrodes were found next to the
waveguide.

waveguide edges reduced the waveguide propagation loss caused by light scattering. In addition,
the interface between the TiO2 waveguide and the LN layer was well-resolved. No depletion
damage was found on the device surfaces or the interface because the waveguide was prepared by
a lift-off process instead of an aggressive etching process. EDS with element mapping function
was utilized to characterize the device layout and the material composition. As shown in Figure
4.4b, the Ti profile identified the TiOz2 ridge waveguide in the TiO2-on-LN center and two thin Ti
electrodes loaded next to the waveguide. In Figure 4.4c, the Nb distribution corresponded to the

LN substrate that was underneath the TiO2 waveguide and Ti electrodes. The well-defined
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waveguide configuration and the high material uniformity avoided the optical loss caused by the

variation of refractive indexes.

4.2.2 Optical Property Simulation
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Figure 4.5 (a) The calculated optical field when the thickness of the TiO2 layer decreases from
1.0 pm to 0.6 pm. The center of the waveguide mode was shifted from the TiO2 layer to the LN
layer. At Trio2 = 0.8 pm, a hybrid waveguide mode was formed where the light was evenly
confined in the TiO2 and the LN layers. (b) The calculated 1-D intensity profiles along the z
direction at y = 0 jum, where the blue, red, and black curves indicate Trio2 = 1.0, 0.8, and 0.6
m, respectively. (c) The calculated optical field confinement factors, I'Ln and I'rioz, at different
Trio2. I'Ln increased and I'rio2 dropped as the TiOz thickness increased.

The waveguide mode was numerically simulated by the two-dimensional FDM. In the
modeling, a 12 pm x 6 um TM light source was chosen to excite a mode at A = 2.5 pm since its
dimension is close to the 9 um core mid-IR fiber used in the experiment. The refractive indexes,
n, of TiO2 and LN are 2.39 and 2.18, respectively. 191%° The mode profile and field intensity
confined in the TiO2 and LN layers were modified by adjusting the TiO2 thickness, Trio2. AS
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shown in Figure 4.5a at Trio2 = 1 jam, a fundamental mode was clearly observed within the TiO2
ridge while a strong evanescent field appeared in the LN cladding layer, which was a characteristic
profile belonging to the TM polarization mode. ° As T+io, decreased to 0.8 pm, the mode center
shifted toward the LN layer. A hybrid mode with a strong field existing in both LN and TiO2 layers
was revealed. A TiO2-on-LN waveguide with this configuration is capable of efficient electro-
optical modulation since the optical field was confined in the ferroelectric LN layer and its
overlapping with the electric field significantly increased. At Tio2 = 0.6 pm, most light was
localized in the LN layer because the TiO2 ridge was too thin to support a waveguide mode alone.
To better visualize the variation of the optical field when Ttio2 changed, Figure 4.5b shows the
calculated 1-D intensity profiles parallel to the z-direction at y = 0 pm. At TTio2 = 1 pm, the
intensity peak appeared in the center of the TiO2 layer. Meanwhile, the evanescent field in the
lower LN cladding was much stronger than in upper air cladding since the LN has a higher
refractive index than air. At Tio2 = 0.80 pm, a hybrid mode was formed and the optical field in
the ferroelectric LN layer became stronger, which was critical to achieving low V'L electro-
optical modulation. When Trio2 = 0.60 pm, light was mostly localized in the LN layer indicating
that a large modulation depth and a high signal to noise ratio can be obtained in this device
configuration. The confinement factors, I'Ln and I'rio2, were defined as the percentages of optical
fields localized within the LN and the TiOz layers, respectively. As shown in Table 4.1 and Figure
4.5¢, T'Ln increased rapidly from 46.0 % to 80.0 % while I'tio2 decreased from 47.4 % to 15.5 %,
as Trio2 decreased from 1.0 to 0.60 pm. Therefore, optimization of Trio2 reshaped the intensity
distribution of the waveguide mode, leading to a stronger optical field confined within the LN
layer. Consequently, this enhanced the interaction between the mid-IR light wave and the electrical

field that created high electro-optical reconfigurability and reduced optical propagation loss.
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Table 4.1 The TiO2-on-LN waveguide confinement factors, I'un, I'rioz, and Iair, at different
thickness Trioz2. 'Ly increased from 46.0 to 80.0 as Trioz decreased from 1.0 to 0.6 pm

indicating an improvement of electro-optical modulation efficient.

Triop (B Ty ) I ioz 2 T OO
0.6 80.0 155 4.5
0.8 62.3 315 6.2
1.0 46.0 474 6.6

4.2.3 Electro-Optical Effect Characterization
For electro-optical analysis, let’s consider the LN crystal orientation first. Since LN is an optically
anisotropic material, its ordinary (no) and extraordinary index (ne) with respect to the crystal axes

can be described through the index ellipsoid (without E-field) as
—+L+ =1 (4.1)

With its Pockels tensor:

0 —v¥22 Vi3
0 Y22 Vi3
0

0 V33
4.2
0 s O (4.2)
V51 0 0
—V22 0 0

, the effect of applying an electric field is described by the associated deformation of the index

ellipsoid derived as:

1 1 1
(n_(z) + vi3E, — szEy) x? + (n_(z) + v22Ey + V13Ez) y? + (n_g + V33Ez) z% = 2y Exxy +
2ys51Exxz + 2y51Eyyz = 1 (4.3)

The reported electro-optical coefficient y13, y33, ¥22 and ys1 can be as large as 9.6 pm/V, 30.9
pm/V, 6.8 pm/V and 32.6 pm/V for lithium niobate crystal, respectively. The electric field along

z direction can get involved with large ys3 with the light propagation along y direction. Therefore,
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Figure 4.6 (a) The optical waveguide mode captured by a MIR camera when the polarizer

rotated at different angle e. The wavelength was set at A = 2.5 jum. The mode decreased as e

changed from 0° to 90°. (b) The 1D intensity distribution of the waveguide mode recorded

at various e. A Gaussian mode profile was found. (c) The plot of the mode relative intensity

vs the polarization angle e. The red dash line is the fitting result using a cosine square

function.
a x-cut LN was selected as the substrate, and an external voltage V was applied on the pair
electrodes. The polarizer was fixed at e = 45° so the initial intensity was half of its maximum found
at e = 0°. The electric field E across the waveguide was adjusted between 0 to 7.5 VV/pm by tuning
the voltage V of the power supply. The transient mode intensity | was recorded and drawn in
Figure 5a. The intensity raised sharply whenever an electrical field was applied. Figure 4.6b
displayed the | - V curve extrapolated from Figure 4.7a and the fitting curve derived from the

Pockels effect. The experimentally observed linear electro-optical response can be described by

an equation as

1(V) = I4[1 — cos ((po — nl)] (4.4)

Vr

The parameter Vx-L = 50 V-cm was found for the ToL waveguide. Through the equation

92 (4.5)

T 2yeppndLTiy
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the yerr was derived as 5.9 pm/V. The resolved yersr was slightly lower than the y31 of 8.6 pm/V
because the waveguide and the electrical field were not strictly parallel to the optical axis of the
LN substrate. An even lower V-L of 7 V-cm can be achieved if the electrode gap g is narrowed to

3 um and the waveguide is aligned to the LN y-axis.
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Figure 4.7 (a) The transient mode intensity when pulses of the electrical field were
applied to the electrodes using a power supply at various voltage V. (b) The I - V plot
extrapolated from transient response. The fitting result shows a cosine square function.

4.3 Top-bonded Barium Titanate Polarization Modulator

A new device platform consisting of TiO2 waveguides that were bonded with an electro-optical
tunable BTO crystal. Both TiO2 and BTO have a broad mid-IR transparency up to A = 6 pm.
According to the device geometry, the light can be effectively guided by the TiO2 waveguide since
it has a relatively high refractive index of ntio2 = 2.41 compared to that of the BTO crystal, of
neto =2.32. In parallel, efficient modulation can be carried out because the evanescent field
extended into the BTO layer. Our approach not only avoided the difficulties in utilizing the LN

thin films that required complex preparation but also solve the BTO crystal phase transition issue
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caused by high-temperature process (>120 °C) during the fabrication. Moreover, BTO has a much
stronger Pockels effect and broader mid-IR transparent window than LN, rendering BTO capable
of reaching high modulation speeds beyond 40 GHz in the long wavelength region. The hybrid
TiO2 - BTO device provided a platform possessing a high electro-optical reconfigurability that

operates over a wide spectrum range.

4.3.1 Device Fabrication and Materials Characterization

Figure 4.8 (a) Schematic structure of the TiO2-on-SiO2 waveguide bonded with BTO
crystal. TiO2 waveguide is sitting on SiO2 substrate with Ti pair electrodes on two sides.

The schematic of the device structure is illustrated in Figure 4.8. The whole device is fabricated
on a 4- inch Si wafer with a 5 um layer of thermal oxide. First, a 600 nm TiO2 film was grown on
the wafer by reactive RF sputtering. During the deposition process, a 99.999% pure Ti target was
utilized, and a combination of Ar and Oz was introduced into the sputtering chamber. The working
pressure and RF power were 3 mTorr and 500 W, respectively, which resulted in a deposition rate
of 200 nm/hr. After the TiO2 film was grown, a Cr etching mask was sequentially fabricated by
lithography and lift-off process and defines the ridge waveguide area. Then, reactive ion etching

was employed to structure the TiO2 waveguide. In this work, an SFs and Ar mixture (6:1) was
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utilized for etching, and all of the TiO2 films without Cr protection was removed completely. After
being cleaned by the Cr etchant and Oz ashing, the TiO2 ridge waveguides were obtained.
Following the waveguide fabrication, a 350 nm Ti pair of electrodes were aligned on both sides of
the waveguides alse by lithography and lift-off process. A piece of the <100> BTO crystal was
placed on top of the waveguide to perform electro-optical modulation. A pressing force was then
applied to the BTO crystal by a manipulator to ensure it is attached to the waveguide surface.
The morphology of the fabricated device was inspected by microscope and scanning electron
microscopy (SEM). As shown in Figure 4.9a, the TiO2 waveguide with the pair of Ti electrodes
was fabricated on top of the Si/SiO2 wafer. The device was defined by two areas: the coupling area
and the modulation area. In the coupling area displayed in the Figure 4.9a inset, the waveguide
width was 25 um to increase the butt-coupling efficiency at long wavelengths. The pair of
electrodes were spaced 200 pm apart. However, in the modulation area, the waveguide width was
only 8 um, and the gap between the electrodes decreased to approximately 25 pm (shown in Figure
4.9b). The BTO crystal was placed onto the modulation area, and the waveguides were aligned
with the <001> direction of BTO to approach the maximum electro-optical coefficient. Through
the top view of the device, the fabricated waveguide had a well-defined ridge structure without
any distortion, and there were no cracks or indents on both the TiO2 and under-cladding surfaces.
Thus, no depletion damage was introduced to the device during the fabrication process, which is
essential to minimize the scattering loss of the propagation mode. Figure 4.9c displays the cross-
sectional view of the waveguide. The facet is smooth without cracking and damaging, which
improves the butt-coupling efficiency. In addition, the interface between the top TiO2 guiding layer
and the under-cladding layer is clear and well-defined. The inset on Figure 4.9b displays the

material composition of the waveguide structure, which is characterized by energy-dispersive X-
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Figure 4.9 (a) The top view of the fabricated device captured by an optical microscope.
The coupling area consists of a 25 um wide waveguide, which increases the efficiency of
butt-coupling, as shown in the inset. The SEM images were captured from the (b) top and
(c) cross-section of the waveguide. The inset in (b) illustrates the material composition of
the waveguide. The Si and Ti profiles revealed the areas belonging to the SiO2 under-
cladding and the TiO2 waveguide.

ray spectroscopy (EDX) at the Si Ka (1.74 keV) and Ti Ka (4.47 keV) emission lines. The
elemental spatial distributions of Si and Ti demonstrate that the device profiles belonging to the
SiO2 under-cladding area and the TiO2 wave-guiding area. From the mapping results, it’s
confirmed that the deposited TiO2 thin films have homogeneous compositions across the film
surfaces. The high uniformity of the material distribution obtained is able to prevent the optical

scattering loss caused by variations in ef refractive indexes.
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4.3.2 Optical Property Simulation
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Figure 4.10 (a) The optical fields of the TiO2-on-SiO2 waveguides calculated at A = 2.5,
2.6, and 2.7 pm. The fundamental modes with similar ellipsoid intensity distributions were
resolved in the Si layer in all three wavelengths. (b) The corresponding 1D intensity
profiles along the z-axis at y = 0. A strong evanescent field exists on the top and bottom
surface of TiOo2.

Firstly, the optical property of the fabricated waveguide was theoretically calculated by the finite
difference method (FDM). In the simulation, a 10 um x 10 pm light source was chosen to excite
the waveguide mode since its size is comparable to the mid-IR fiber used in the experiment. The
light wave was irradiated from the coupling end of a TiO2 waveguide. The waveguide structure
was set up based on the SEM inspection viewed in Figure 4.9, which was a 0.6 um high and an 8

um wide TiO2 waveguide sitting on top of a SiO2 substrate. The refractive indices ntio2 and nsioz
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are 2.39 and 1.45, respectively. The calculated intensity profiles corresponding to the TM
waveguide modes at A = 2.5 um, 2.6 pm, and 2.7 um are illustrated in Figure 4.10a. Fundamental
modes with similar ellipsoid intensity distributions are clearly resolved in the TiO2 layer over A =
2.5 to 2.7 um. In parallel, strong evanescent fields are found on both the top (z > 0.6 um) and
bottom surfaces of the TiOz layer (z < 0 um), which were caused by the intrinsic propagation
property of the TM mode. As the mode was tuned to longer wavelengths, the light intensity
confined to the TiO2 layer gradually faded. To better analyze this effect, the light intensity profiles
along the z-axis (y = 0 um) are calculated and plotted in Figure 4.10b. Most of the light field was
confined near the TiOz area (0 um < z < 0.6 um), which demonstrates that the waveguide was able
to effectively guide the light mode through the optical path. Along the z-direction, the optical field
expanded extensively outside the TiO2 layer, and the evanescent fields had notable increases as
the wavelength increased from A = 2.5 to 2.7 um. The thin TiO2 layer contributed to the strong
evanescent field intensity that existed on both the top and bottom edges of the waveguide. The
strong evanescent field beyond the waveguide surface enables various applications, including
electro-optical modulation. When the evanescent field was overlapped with a ferroelectric material
with a high electro-optical response, such as BTO, the optical signals were efficiently modulated
by the external electric field. The fraction of optical power within the penetration depth for the TM
mode is calculated to be around I'rv = 24.7%, which will partly overlap with bonded BTO crystal.
It should be noticed that the bonded BTO crystal can be hardly attached well with the TiO2 surface
for the real bonding case. The touching issue is essentially caused by i. The contaminating particles
dropped on the fabricated device; ii. The tiny top surface of the fabricated ridge waveguide; iii.
The minimal variation of the guiding layer thickness. It’s inevitable that the touching issue will

lead the actual confinement factor I'm much smaller than the calculated value 24.7%.
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4.3.3 Electro-Optical Effect Characterization
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Figure 4.11 The waveguide mode images captured from A = 2.5 to A = 3.7 um, where the
fundamental mode is clearly observed. (b) A Gaussian profile corresponding to a
fundamental mode was found over A = 2.5 um to 2.7 um. (¢) The relative optical powers
measured from the waveguides with different lengths. An optical loss of 2.3 dB/cm was
obtained by fitting the mode intensity attenuation at A = 2.6 pm.

The optical performance of the device was evaluated, and the results of the mode images and
optical loss characterizations are shown in Figure 4.11. As shown in Figure 4.11a, a fundamental
mode is clearly observed over a broad spectral range from A = 2.5 pm to A = 2.7 um. The mode
profiles remain similar at different wavelengths, while minor scattering was observed at longer
wavelengths. No distortion was found in the captured mode images, which indicate that the
waveguides had smooth surfaces and a smooth interface between the TiO2 and SiOz layers. The
high refractive indices of the TiOz2 layer also attributed to the efficient guiding of the mid-IR light.
The intensity profiles of the waveguide modes were then extrapolated and illustrated in Figure
4.11b. A well-resolved Gaussian profile corresponding to a fundamental mode was found over the

spectrum, and the result is consistent with the simulated mode profiles displayed in Figure 4.10b.
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The optical loss was derived by fitting the mode intensity attenuation from waveguides with
different lengths. As shown in Figure 4.11c, an optical loss of 2.33 dB/cm was obtained at A = 2.6
M, which is better than those reported in the visible and near-infrared ranges. The low optical
loss of the TiO2-0n-SiO2 waveguide can be explained by the high mid-IR transparency of the
deposited TiOz thin film, as well as by the smooth interface between the TiO2 and SiOz layers. In
addition, the scattering loss caused by surface roughness was significantly reduced at longer
wavelengths since the Rayleigh scattering coefficient is proportional to 1/A%,

For electro-optical analysis, let’s consider the single-domain c-oriented BTO crystal, with its
domain orientation (optical axis) along the z-axis. Since BTO is an optically anisotropic material,
its ordinary (no) and extraordinary index (ne) with respect to the crystal axes can be described

through the index ellipsoid (without E-field) as

2 2 2
S+L+5=1 (4.6)

no no MNe

With its Pockels tensor:

0 0 7vi3
0 0 va3
0 0 vys3
4.7
0 vs2 O (4.7)
Ys1 O 0
0 0 0

, the effect of applying an electric field is described by the associated deformation of the index

ellipsoid derived as:
1 1 1
(G +7v1sEe) 2 + (35 +113E. ) v2 + (75 +v33E2) 22 4 2vsaExxz + 2ysaEyyz = 1 (48)
In this work, utilizing the <001> BTO crystal means the z-axis is perpendicular to the horizontal

plane. When applying electric field along x axis, the index ellipsoid will rotate along y axis. The

induced ellipsoid rotation angle is a function of the applied electric field E, and the optical axes
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rotation will affect the propagation mode polarization. Such polarization change was monitored by

the mid-IR camera with a polarizer.
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Figure 4.12 (a) The optical waveguide modes captured by a mid-IR camera when various
drive voltages were applied. The wavelength was at A =2.6 um. (b) The mode intensity when
several pulses of the electric field were applied to the electrodes using a power supply at
voltage V.

The light mode variation was then monitored by a mid-IR camera. The polarizer axis was
initially rotated to e = 0°, where e is the angle between the axis of the polarizer and the polarization
of the light come out of waveguide end, so that the maximum intensity was collected. A train of
drive pulses were applied to the electrodes. In parallel, the waveguide mode images corresponding
to various V were recorded and are shown in Figure 4.12a. Additionally, the corresponding
transient intensity response is plotted in Figure 4.12b. When no V was applied, the mode was
bright and sharp since the mode polarization was parallel to the polarizer axis. When the drive
voltage applied, there is phase retardation generated between two wave components perpendicular
to the propagation direction, which change the polarization of the propagating wave. As the drive
voltage increased, the phase retardation becomes larger, and changes the wave polarization from

linear parallel to the polarizer axis to ellipsoid polarized. Thus, the waveguide mode kept fading
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until the entire mode almost disappeared at V=50 V, indicating that the generated phase retardation
is increased to n/2 and the polarization became perpendicular to the polarizer axis. As the V
continued to increase, the phase retardation kept increasing and the light intensity started to recover.
To better visualize this electro-optical effect, Figure 4.13a plots the 1-D mode intensity profile |
under different drive voltages V. The intensity profiles exhibit similar Gaussian distributions at

various V, and a large modulation depth of 9.7 dB was derived by comparing the highest and
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Figure 4.13 (a) The 1D intensity distribution of the waveguide mode recorded at various
voltage. A modulation depth of 9.7 dB was found. (b) The plot of the mode intensity vs the
applied voltage. The red dash line is the fitting result using a cosine square function.

lowest intensity levels. Figure 4.13b displays the I - V plot extrapolated from Figure 4.12b and the
fitting curve derived from the Pockels effect. The experimentally observed linear electro-optical
response can be described by

(V) = Iocosz(n% + @) (4.9)
where @o is the initial phase, which was determined by the initial angle of the polarizer axis, and
Vr is the half-wave voltage that introduced a phase shift of =. The measured electro-optical

response implied a small voltage-length product VL = 11 V-cm through the following equation:

g4 (4.10)

Veff - Vn"ng'L'FTM
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The effective electro-optical coefficient yesr of 154 pm/V was obtained.

4.4 Silicon Nitride on Barium Titanate Polarization Modulator

In this work, epitaxial BTO thin film is monolithically integrated with a ultra-thin silicon nitride
(SiN) waveguide to perform phase modulation in the mid-IR region for the first time. Comparing
to conventional amorphous Si waveguides, SiN has a much smaller refractive index as nsin = 1.96,
which is even smaller than the index of BTO ngto = 2.35. Thus, the majority of the propagation
mode is trapped into BTO layer enabling a large modulation depth. The propagation mode was
observed through 2.5 - 2.7 um, and the propagation loss was experimentally measured as 3.4 dB
at 2.6 um. The electro-optical modulation effect was characterized by recording the propagation
mode intensity when applying drive voltage. A small voltage-length product, Vz -L, of 6.6 V €m

was obtained at A = 2.6 um, and the modulation depth can be reached at 10 dB. The developed

SiN-on-BTO platform enables reconfigurable mid-IR photonic circuits desired for high-

performance photonic and active mid-IR applications.

4.4.1 Device Fabrication and Materials Characterization

The detailed fabrication process is shown in Figure 4.14. First, 0.5 um BTO thin film was grown
on MgO substrate by pulse laser deposition. Then, a layer of 0.1 um SiN was deposited on the
BTO film by plasma enhanced CVD. After photography, a photoresist mask was patterned on the
SiN layer, and the waveguide ridge structure was defined by reactive ion etching. Au electrodes
that are 300 nm high were fabricated on both sides of the waveguide by lithography and lift-off

process. The pair of electrodes were spaced 12 um apart.
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Figure 4.14 Schematic of the SiN-on-BTO waveguide fabrication process. The BTO film
was deposited on the MgO substrate first. Then the SiN waveguide was defined on it by
photolithography PECVD, lithography, and RIE. At last, Au electrodes were fabricated on
both sides of SiN waveguide.

The morphology of the fabricated device is inspected by microscope and scanning electron
microscopy (SEM). Figure 4.15a shows the top view of the fabricated device. SiN waveguides
with and without the pair of electrodes localized on both sides are placed on BTO/MgO substrate.
The waveguide with no electrodes is for optical measurement, and the one with electrodes is for
electro-optical property measurement. The waveguides are aligned with <100> of BTO to
approach the maximum electro-optical coefficient. The electrodes have the same length as the
waveguides, and their width is ~ 100 um. Figure 4.15b shows the magnified SEM image of the
critical area. A 4 um wide SiN waveguide sits on the BTO layer. Two Au electrodes were placed
on both sides of the waveguide, and the spacing between the pair of electrodes was around 12 pum.
The image contrast of Au is much higher than SiN area since the Au is 3 times thicker than the
SiN layer. The fabricated waveguide has a well-defined ridge structure without any distortion, and

there is no cracks or indents on both SiN and BTO surface. Thus, no depletion damage was
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introduced during the fabrication process, which is essential to minimize the optical loss of the

device.
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Figure 4.15 Top view of the fabricated device captured by (a) microscope and (b) SEM. The
SiN waveguide is 4 um and the spacing between pair electrodes is 12 um.

4.4.2 Optical Property Simulation

The optical property of the fabricated waveguide was theoretically calculated by the finite
difference method (FEM) at first. Figure 4.16a illustrates the device configuration and refractive
index profile applied in the modeling, which is built based on the dimension viewed in Figure 4.15.
The SiN waveguide is 0.1 um high and 4 um wide, sitting on 1 um BTO film and MgO substrate.
The refractive index nsin, NeTo, and Nmgo, are 1.96, 2.35, and 1.70, respectively. A 12 pm x 8 um
light source is chosen to excite the waveguide mode since its size is comparable to the mid-IR fiber
in the measurements, which has a core diameter of 9 um. The calculated intensity profiles
corresponding to the TM waveguide modes at A =2.5 um, 2.6 um, and 2.7 um are depicted in Fig.
3b. Fundamental modes with similar ellipsoid intensity distribution are clearly resolved in the BTO
layer over L =2.5 um to A = 2.7 um, where the light wave can be easily manipulated by overlapped

electric field. Strong evanescent fields exist on both top (z > -0.5) and the bottom surface of the
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Figure 4.16 (a) The device configuration and the refractive index profile applied in the FEM
modeling. The refractive indexes, nsin, NeTo, and Nmgo, are 1.96, 2.35, and 1.70, respectively.
(b) The optical fields of the SiN-on-BTO waveguides calculated at A = 2.5 um, 2.6 um, and
2.7 m. Fundamental modes with similar ellipsoid intensity distributions are resolved in the
Si layer in all three wavelengths. (c) 1D intensity profiles along the z axis at y=0.

BTO layer (z < -1), which results from intrinsic propagation property of TM modes. It should be
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noticed that the evanescent field on top partly expands outside SiN area, since the SiN layer is too
thin (0.1 um) to hold all light field confined inside it. On one hand, such ultra-thin guiding structure
is able to guide the light mode through the optical path effectively. On the other hand, the strong
evanescent field extended in the air enables the fabricated device capable of applications as mid-
IR sensing. To better visualization the intensity distribution, Figure 4.16¢ depicts one dimensional
TM polarized intensity profiles along the z-axis at y=0. Most light intensity is confined inside the
BTO area (-1<z<1) because BTO has the highest index ngto = 2.35 in this structure. Thus, the
modulation effect due to the BTO electro-optical property becomes clear because of the overlap
between the light and the electric field. The evanescent field in the MgO layer is more intensive
than on the SiN/air side, due to the effective refractive index of MgO being larger. As the probe
light shifts to a longer wavelength, the light intensity slightly expands from the center of the BTO
area into the MgO and SiN/air layers. However, the mode profiles generally remain stable across
the scanning spectrum. The fraction optical power overlap with BTO layer for TM mode is

calculated as around I'rm = 26.6%.

4.4.3 Electro-Optical Effect Characterization

The optical performance of the SiN-on-BTO waveguide is evaluated by the structured testing
station, and the captured mode images are shown in Figure 4.17. From Figure 4.17a, a fundamental
mode is clearly observed over the range from A =2.5 um to A = 2.7 um as expected, and the mode
profiles remain the same at different wavelengths. No scattering and distortion is found in the
captured mode images, indicating the fabricated waveguides have flat facet and smooth interfaces
between different layers. The intensity profiles of the waveguide modes are then extrapolated and

illustrated in Figure 4.17b. A well resolved Gaussian profile corresponding to a fundamental mode
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Figure 4.17 (a) The waveguide mode images captured at A = 2.5 um to A = 2.7 pm, where
fundamental mode is clearly observed. (b) A Gaussian profile corresponding to a fundamental
mode is found over A = 2.5 um to 2.7 um. (c) Relative optical powers measured from the
waveguides with different lengths. An optical loss of 3.4 dB/cm is obtained by fitting the mode
intensity attenuation at A = 2.6 um

is found over A = 2.5 um to 2.7 pm, which is consistent with the simulation results displayed in
Figure 4.16. In addition, the unchanged shape of the mode over such spectrum demonstrates low-
frequency dispersion of the device. Such preservation of a sharp fundamental mode in the mid-IR
region is essential to achieve high accuracy electro-optical modulation tests. An excitation of
higher order modes with strong scattering will alter the mode profile and lead to false intensity
variation when modulated by the electric field. The optical loss of the waveguide was obtained by
measuring optical powers from waveguides of different lengths. By fitting the mode intensity
attenuation in Figure 4.17¢, an optical loss of 3.4 dB/cm is obtained at A = 2.6 pm, which attributes
to the high mid-IR transparency of the deposited epitaxial BTO thin film, as well as to the smooth

surfaces of the device.
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Figure 4.18 (a) The optical waveguide mode captured by a mid-IR camera when drive voltage
was applied. The wavelength was set at A = 2.6 um. (b) The plot of the mode intensity vs the
applied voltage. The red dash line is the fitting result using a cosine square function. (c) The
1D intensity distribution of the waveguide mode recorded at various voltage. A modulation
depth of 8.3dB was found.
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The electro-optical analysis was performed by measuring the mode intensity variation of a 1.5
mm long device. The light modes were directly captured by the mid-IR camera when external
drive voltage was applied to the device. As shown in Figure 4.18a, the polarizer axis was firstly
set perpendicular to the polarization of propagation mode with no voltage applied, so that the
captured mode intensity is at its lowest level. As the drive voltage increased, the light mode
becomes sharper and brighter without any distortion or scattering. When the drive voltage is
between 20 ~ 25 v, the mode brightness reaches its peak value indicating the mode polarization is

now aligned with the polarizer axis. Thus, a n/2 phase shift of propagation mode occurred as the



drive voltage increase to ~22V. When the drive voltage continues increasing to 44 V, the mode
polarization is flipped over by m. As a result, the mode light faded back to its lowest level again.
To better visualize such electro-optical effect, Figure 4.18b plots the mode intensity | versus the

drive voltage V. By fitting the curve, the experimental electro-optical response can be described

as
I(V) = Ipsin? (= + ) (4.11)

, Where o is initial phase determined by the angle of the polarizer axis. Vr = 22 V is the half-wave
voltage that introduces a « phase shift. The measured modulation response also translates to a small

voltage-length product, VL = 3.3 V-cm. Through the equation

yo=—394 (4.12)

T Yerfna-L-Trm
, Where the effective electro-optical coefficient yesr can be derived as 278 pm/V. To better analyze
the change in mode intensity, Figure 4.18c plots one-dimensional mode intensity profiles under

different drive voltages. All the mode profiles have similar Gaussian distribution. At OV and 44V,
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Figure 4.19 Real-time electro-optic modulation of SiN-on-BTO device. Lower curve shows
voltage applied to the side electrodes, and upper curve shows detected light intensity.
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the mode polarization is perpendicular to the polarizer axis, and the mode intensity is gloom and
negligible. On the contrary, when the mode polarization is parallel to the polarizer axis, the
intensity becomes distinct and strong. By comparing the change in intensities, a measured
modulation depth of 10 dB is obtained. The real-time modulation effect is measured by applying
a sinusoidal electrical drive signal with a peak-to-peak amplitude Vpp of 10 V at a frequency of f
= 1 Hz. Then the output mode intensity was recorded by the mid-IR camera. The polarizer axis
was fixed at e = 45° to the light mode polarization to obtain the maximum intensity changing slope.
As shown in Figure 4.19, the AC drive voltage introduces an AC phase retardation of the light
mode intensity in real-time, which firmly reflects the ferroelectric behavior of the deposited BTO

thin film localized in the fabricated waveguide.
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CHAPTER V

CONCLUSIONS

The central task of this thesis is to explore nonlinear materials, including AIN, LN, and BTO,
applications in the mid-IR region. Several passive and active integrated optical components,
including mid-IR sensors and polarization modulators, are designed, simulated, fabricated, and
characterized. Specifically, AIN thin films were grown by reactive DC sputtering, and BTO thin
film was grown by pulse laser deposition. Both of them exhibit wide mid-IR transparent window >
5pm through the FTIR characterization results. Devices were fabricated based on those deposited
thin films and bulk crystals by CMOS process. Six integrated components are introduced including
three passive mid-IR sensors: i) Si-on-BTO sensor, ii) Si-on-AIN sensor, iii) flexible AIN sensor,
and three active polarization modulators: i) TiOz2-on-LN modulator, ii) Top-bonded BTO
modulator, iii) SiN-on-BTO modulator.

Within the work of Si-on-BTO sensor, it consists of a 1.5 jm tall a-Si ridge structure on a 0.5
pm thick BTO film under-cladding layer which was grown on MgO substrate. The waveguides
have an optical loss of 4.2 dB/cm and a fundamental mode clearly observed between A = 2.5 pm
and 3.5 pm. The low optical loss is attributed to the highly transparent BTO film, the smooth
interface between a-Si and BTO layers, flat waveguide surfaces, and sharp side walls. Based on
the FDTD modeling, the waveguide mode can be positioned in the ferroelectric BTO layer for
efficient electro-optical modulation, or sited in the Si layer for label-free optical sensing by
adjusting the a-Si thickness, which demonstrates the integrated Si-on-BTO platform provides a
new platform for tunable mid-IR photonics and chip-scale chemical detection. To characterize its

sensing performance, heptane and methanol were then utilized as analytes to exam the mid-IR
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waveguide sensor. Upon spectral scanning the waveguide modes showed strong intensity
attenuation at A = 3.0 um - 3.2 um for heptane detection and A = 2.8 um - 2.9 pm for methanol
detection. These correspond to the characteristic C-H and O-H absorption bands. In the real-time
measurements, the Si-on-BTO waveguide sensor can achieve in-situ chemical detection within
milliseconds. Thus, the Si-on-BTO mid-IR waveguide provides a unique COMS compatible
platform for label-free and high-throughput chemical screening.

Within the work of Si-on-AlIN sensor, the under-cladding layer was replaced by deposited AIN
thin film, which was prepared by DC sputter at room temperature, and it exhibited high
homogeneity and uniformity enabling the Si-on-AlIN platform to avoid highly propagation loss in
the mid-IR region. The waveguide structure was created by selective Si etching using RIE with
SFes gas so it prevented the underneath AIN layer from ion damage. The fabricated mid-IR
waveguides have an optical loss of 2.21 dB/cm and a fundamental mode clearly observed between
A=2.5 um and 3.0 um. Heptane and methanol were also utilized to exam its sensing performance,
and the Si-on-AlIN sensor exhibited same sensing effect as Si-on-BTO sensor for both spectral
scan test and real-time tests. In addition, this monolithic Si-on-AIN platform is also able to
engineer the propagation mode distribution between Si and AIN layer for efficient electro-optical
modulation and label-free optical sensing by adjusting the a-Si thickness. Therefore, the Si-on-
AIN device provides another versatile COMS compatible platform for multiple mid-IR
applications.

Within the work of flexible AIN sensor, AIN waveguide was integrated with an ultrathin
borosilicate membrane to structure a mid-IR flexible platform. From IR-VASE characterization
the room temperature deposited AIN film has broad infrared transparency and low optical

dispersion up to A = 9 um. The bendable mid-IR waveguides consist of a 2 jm tall AIN ridge
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structure and it firmly adheres to the flexible borosilicate template through the SEM and EDS
inspection. A fundamental waveguide mode and low optical loss were observed between A = 2.5
and 2.7 um. The low optical loss is attributed to the highly transparent AIN, the smooth interface
between AIN and borosilicate template, and the homogeneous AIN composition. Label-free
chemical sensing and concentration analysis were achieved by scanning the waveguide mode over
the characteristic infrared absorption regime. The AIN waveguide sensor was able to distinguish
between methanol, ethanol, and water because of their distinct O-H absorption between A = 2.50
and 2.65 pm. In addition, real-time chemical monitoring with sub-second response time was
illustrated. Thus, the flexible AIN waveguides provide not only a platform suitable for flexible
mid-IR micro-photonics, but also a mid-IR sensing platform that realizes chip-scale, label-free,
and in-situ chemical monitoring.

Within the work of TiO2-on-LN modulator, TiO2 waveguide was fabricated on LN crystal wafer
to structure a monolithically integrated TiO2-on-LN platform. The device showed smooth
waveguide sidewalls and a sharp TiO2 - LN interface because the waveguide was formed through
the lift-off process instead of aggressive etching. After adjusting the thickness of the TiOz2 layer, a
hybrid waveguide mode with a large field confinement I'un = 80.0 % can be achieved due to an
optimized refractive index difference An of 0.21 between TiO2 and LN. The electro-optical
tunability of the TiO2-on-LN waveguide was then realized by applying the Pockels effect from the
LN substrate, where an effective electro-optical yerr of 5.9 pm/V, which is close to y31= 8.9 pm/V,
was obtained at A = 2.5 um.

Within the work of top-bonded BTO modulator, integrated TiO2-on-SiO2 waveguide platform
was studied including its design, fabrication, and optical properties, and the electro-optical

modulation was exploited by a <001> BTO crystal bonded on it. Such top-bonded structure solves
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the phase transition issue of BTO crystal caused by high temperature during the fabrication process.
The fabricated TiO2-on-SiO2 waveguide showed strong transparency between 2.5 - 2.7 um. A
small optical loss of 2.33 dB/cm was measured at A = 2.6 um. The electro-optical tunability of the
platform was realized by bonding a BTO crystal on top of the TiO2 waveguide. The strong
evanescent field on top surface was overlapped by the ferroelectric material of high electro-optical
coefficient. A yert Of 154 pm/V was derived under drive voltage applied. The modulation depth
was obtained as large as 9.7 dB.

Within the work of SiN-on-BTO modulator, a reconfigurable mid-IR photonic circuit was
created using a monolithically integrated SiN-on-BTO platform. The epitaxial c-axis BTO thin
film was prepared by pulse laser deposition, and the fabricated waveguide shows a small optical
loss of 3.4 dB/cm at 2.6 pm. The electro-optical tunability of the SiN-on-BTO waveguide was
realized by applying the Pockels effect to the BTO thin film, where an effective coefficient yes of
278 pm/V was derived. The modulation depth can be reached as 10 dB, and a small Vx -L of
3.3V-cm was obtained at 2.6 pm. The promising results demonstrate the developed SiN-on-BTO
platform enables reconfigurable mid-IR photonic circuits desired for high-performance photonic
chips to be created for mid-IR applications.

The proposed devices reveal the possibility of chip-scale photonic circuits integrated with
passive and active components to realize multiple mid-IR applications such as high-performance

photonic modulation and high-throughput biochemical monitoring.
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