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ABSTRACT

Electrooptic Light Modulator with Improved Response Linearity
Using Optical Feedback. (August 2004)
Apichal Bhatranand, B.S., Mahidol University;
M.E., Texas A&M University

Chair of Advisory Committee: Dr. Henry F. Taylor

The use of optical feedback for improving response linearity of electrooptic
light modulators has been investigated. The modulator is configured as a straight
channel waveguide flanked by electrodes in a lithium niobate (LiNbOs3) substrate.
Light is coupled into the waveguide in both TE and TM polarizations, and a voltage
applied across electrodes causes a relative phase shift between two polarization
components. An output analyzer converts the phase modulation to intensity
modulation. Optical feedback of light in both polarization modes results from
reflection of light at the polished edges of the substrate.

Channel waveguides supporting a single guided mode for TE and TM
polarizations were fabricated in x-cut LiNbO; substrates using titanium-indiffusion
technique. The waveguides and modulators were characterized at a wavelength of
1.55 um using a distributed feedback |aser.

The modulators were driven with a sinusoidal voltage waveform. To minimize
harmonics of the modulating frequency in the intensity output, the magnitude of the

optical feedback and the substrate temperature were adjusted. The feedback level was



atered by applying refractive index-matching liquid to one or both ends of the
waveguide at the edges of the crystal. It was found that a high degree of response
linearity in the presence of feedback was achievable at certain substrate temperatures.

The spurious-free dynamic range (SFDR) relative to the noise floor was
measured at different feedback levels and substrate temperatures in an effort to
maximize the modulator response linearity. An SFDR of 68.04 dB, limited by third-
order nonlinearity, was achieved by applying index-matching fluid to the input end of
the substrate. This compares with an SFDR of 64.84 dB limited by second-order
nonlinearity when index-matching fluid was applied at both ends of the substrate. By
changing the temperature of the same substrate to adjust the phase shifts experienced
by TE and TM polarizations, the SFDR with index-matching fluid at the input end
increased to 71.83 dB, limited by third-order nonlinearity.

In tests at constant modulation depth, an improvement of as much as 9.6 dB in
SFDR vs. the theoretical value for an interferometric modulator without feedback was

achieved.
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CHAPTER |

INTRODUCTION

Analog signal transmission over optical fibers is of considerable practical
interest for application in cable television and in the transmission of radio frequency
and microwave signals between antennas and remote locations. In such systems, an
electrical signal modulates the intensity of an optical carrier in a transmitter, and the
optical signal transmitted over afiber is converted to an electrical signal in areceiver.
For analog transmission, it is desired that the optical intensity be a linear function of
the modulating electrical signal in order that the received electrical signal be afaithful
reproduction of the modulating electrical signal in the transmitter. The uses of external
optical modulators in conjunction with continuous wave (cw) laser light sources have
been widely studied for use in analog links. Electro-absorption and electrooptic
modulators are the leading candidates for use in wideband analog systems. Since
electro-absorption modulators are very lossy, electrooptic modulators are more widely
used.

Linearity of the dependence of transmitted optical power on modulating
voltage is a key issue in external modulators for analog transmission. There are two
conventional electrooptic modulators. the Mach-Zehnder interferometric type and the

directional-coupler type [1]. Both have anonlinear dependence of transmitted optical

Thisthesis follows the style and format of |EEE Journal of Lightwave Technology.



power on applied voltage, which limits the spurious free dynamic range (SFDR) of the
photonic link in which they are used by generating harmonics and intermodulation
products. Generally, interferometric optical modulators are biased at the quadrature
point to eliminate second harmonics of the modulating waveform, so that quasilinear
operation is achieved over a narrow range of modulating phase shift. The dynamic
range of a system that uses quadrature-biased modulation is limited by the third
harmonic. The third order nonlinearities can be held within acceptable limits by
restricting the optical modulation depth to few percents. Various optical modulator
configurations with improved linearity have been proposed and demonstrated,
including dual Mach-Zehnders [2],[3], cascaded Mach-Zehnders [4],[5], polarization-
mixing [6], and modified directional coupler modulators [7]. These schemes have
proven to be difficult to implement [8]. Some researchers suggest the predistortion of
the electrical modulation signal [9] to compensate for the optical nonlinearity, but the
degree of compensation using this technique is limited and the effectiveness of this
method decreases with increasing bandwidth of the optical link.

A new design for electrooptic intensity modulators with improved linearity is
described here. The modulator consists of a straight channel waveguide with
electrodes for producing different voltage-dependent electrooptic phase shifts between
TE and TM polarization mode. A linear analyzer placed at the output converts the
phase modulation to intensity modulation. Analysis predicts an improvement in the
linearity of response through optical feedback provided by the reflection of light at the

polished edges of the crystal. The level of feedback can be adjusted by applying



index-matching liquid at the substrate-air interfaces at the ends of the waveguide.
Another adjustable parameter to improve the linearity is the birefringence of the
waveguide, which can be changed by varying the substrate temperature to adjust the
phase shifts experienced by TE and TM modes in the absence of modulation. At
certain temperatures, harmonics of a modulating frequency are reduced in comparison
with those seen in modulators without optical feedback.

The primary objective of this research is to conduct experiments to verify and
quantify the linearity improvement which might be achieved using this optical
feedback approach in a simple straight channel waveguide configuration.

A brief theoretical review of principles upon which the modulator is based is
given in Chapter 1. The operation and analysis of the device are described in Chapter
[1l. Chapter 1V explains the device fabrication process. Experimental results are
discussed in Chapter V. Concluding remarks are given in Chapter VI, and Chapter VI

contains suggestions for future research in this area.



CHAPTER 1

THEORETICAL REVIEW

In this chapter, a brief review of wave propagation properties and optical
waveguides based on Maxwell’s Equations is presented. Plane wave propagation in
uniaxial crystals is described. The electrooptic effect and electrooptic modulation are

explained, and the concept of spurious-free dynamic range is introduced.

A. Wave Propagation and Optical Waveguides
The wave propagation can be analyzed from these four equations known as

Maxwell’ s equations:

VxE=—-— 21

o (2.1)

VxH=J+@ (2.2)
ot

V-D=p (2.3)

V-B=0 (2.9

where E represents electric field intensity vector (V/m), H represents magnetic field
intensity vector (A/m), D is electric flux density (electric displacement) vector (C/m?),
B is magnetic flux density (magnetic displacement) vector (T), J is the density of free
currents (A/m?), and p is the volume density of free charges (C/m?). For linear and

isotropic media, E and D are related by the constitutive relation as



D=¢E+P=¢E (2.5)

P=¢,7.E (2.6)

where ¢ is the permittivity of the medium (F/m), & is the permittivity of free space,
X 1S the eectric susceptibility of the medium (unitless) and P is the electric

polarization (dipole moment per unit volume) of the medium. The constitutive relation
for B and H in linear and isotropic mediais

B=y,(H+M)=nH (2.7)
where [ is the permeability of the medium (H/m), Wo is the permeability of free space,
and M is the magnetic polarization (dipole moment per unit volume) of the medium.
Assume the medium is non-magnetic homogeneous dielectric (= u,,& = g,n°) and
free of source (J = 0 and p = 0), with the use of equation (2.5), (2.6) and (2.7), the

equation (2.1) and (2.2) become:

oH
VXE=-u—- 2.8
p (2.8)
VxH :ga—E:nzgoa—E (2.9)
ot ot

where c=

is the light velocity in free space , and the reflective index,

1
\ €okto
n=./¢ u . Taking the curl of equation (2.8) and combining it with equation (2.9),
where we useAxBxC=B(A-C)-C(A-B), and the help from equation (2.3) and

(2.4) yields



2 2
ve-TIE_g (2.10)
< at

Generaly, the electric field E, can be expressed in time variation form as

E(r,t) = E(r)e'” (2.11)

Since % = jw , an equation (2.10) can be written in the simple form of
VZE(r) +kZn’E(r) =0 (2.12)
where the free space propagation constant of lightk, = % , and the angular frequency,

w:% . Suppose that the plane wave propagates aong z-direction with the

propagation constant 3, the form of the field is taken as
E(r,t) = E(x, y)e/“ 2 (2.13)

so that equation (2.12) becomes,

62 62 2.2 2
(y%—yzjax, y)+(ksn® = 2 )E(x,y) =0 (2.14)

The behavior of dielectric waveguides can be explained with the help of a planar (dlab)
model with no variation of refractive index or electric field in one dimension. A
channel waveguide, in which the dimensions are finite in both x- and y- direction,
approaches the behavior of the planar guide when one dimension is considerably
larger than the other. Most of the phenomena of interest are only modified in a simple

guantitative way when going from a planar to a channel waveguide [10].



X
Region 1
0
z
Region 2 \ / y
/ .
Region 3 N3

Figure 2.1 Planar or slab dielectric waveguide (6/0y = 0)

Considering the planar dielectric waveguide, with no variation in y-axis, as

shown in Figure 2.1, equation (2.14) for the three regions becomes:

H d2 2,2 2
Region 1; @E(x)+(kon1 -B*)E(¥)=0

2

H d 2,2 2

Region 2; WE(XH(kOn2 - B*)E(X) =0 (2.15)
H d2 2,2 2

Region3: EE(XH(kOn3 -B)E(X)=0

where E(x) is a Cartesian component of E(x).

Solution of equation (2.15) can be considered as a function of the propagation
constant /8 at a fixed frequency w. Assume that n, > n3 > ny for > kg ny, it follows
directly from equation (2.15) that (1/E)(6°E/ox?) > 0 everywhere which shows that the
electric field E(X) is exponential in all three regions of the waveguide in Figure 2.1.
Because of the need to match both E(x) and its derivatives at the two interfaces, the
field increases without bound away from the waveguide, so that in this case the

solution is unrealistic and does not correspond to a real wave. For kg n3< f < kg ny, it



follows from equation (2.15) that the solution is sinusoidal in region 2 because of

(VE)(8°E/6x%) < 0, but it is exponential in region 1 and 3 due to (L/E)(6°E/ox?) > 0 as
previous case. It is possible to have E(x) satisfy the boundary conditions in the highest
index of refraction region (region 2) and decay exponentialy in the outer regions
(region 1 and 3) shown in Figure 2.2. The energy carried by these modes is confined

to the vicinity of the guiding region, and they are called confined or guided modes.

/

1
n

> | A

Yol alD)
3<>

/ \J

[ \J |

Figure 2.2 Wave field distributions of the waveguide shown in Figure 2.1

corresponding to the different value of j



For another case in which kg n; < 8 < kg g, the solutions for E(x) are sinusoidal
in region 2 and 3 and exponentially decaying in region 1. These modes are called
substrate radiation mode. For the final case of 0< S < ko ng, the solution of E(X) is
sinusoidal in al three regions, so that modes in this cases are called radiation modes
of waveguides.

From this analysis, confined or guided modes are possible only when n, > ny,
ng; that is, the middie layer must have the largest index of refraction.

Generdly, the planar waveguide shown in Figure 2.1 can support a finite
number of guided modes. Those modes can be divided into two groups with mutually
orthogonal polarization states. One consists of the fields Ey, Hy, and H, and is called
the transverse electric (TE) mode because the electric field is transverse to the
propagation direction; i. e, there is no E, component. The other is called transverse
magnetic (TM) mode with fields Hy, E,, and E,.

From Figure 2.1, considering the TE mode case, light is traveling in the z

direction and polarized in the y-direction with the field components as

E(r.t) = E, (& 72,2, (2.16)
H,=- 2 E,
“H 2.17)
o 1%
' jou X

From equation (2.15), the field solutions can be written in the form
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Ce ¥ (Regionl)
E,(X) = C {cos(hx) - %si n(hx)} (Region2) (2.18)
C {cos(ht) + %si n(ht)} ePt (Region3)

where C is arbitrary constant, t is the thickness of the planar waveguide, and

q= \/,6’2 —-KnZ, h= \/ ‘ne - %, p=+/B°—Kk.nZ . Apply the boundary condition that
the tangential field components E, and H, be continuous across the interfaces at both x

=0and x = -t, this yields the relationship

tan(ht) = —>+9 (2.19)
(h-1p)

Thisis called the characteristic equation for TE mode.
In case of TM modes, a similar approach is applied to that used above for the

TE modes. Thefield components are

H(rt) = H, (e a, (2.20)
E -2 _n,
@ELN
(2.21)
o1 H,

2 joe,n’ Ox
Solving for the field solutions of Hy(x) and applying the boundary condition in

a same manner as for the TE mode leads to the characteristic equation for TM mode

given by
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wJeln)
T2 g+ 2| p
ten(ht) =~ 2\ (2.22)
h_(nz]pq
nn, ) h

The characteristic equation is sometimes called an eigenvalue equation since it

is used to find the allowed eigenvalues $ for the guided modes. These values of £
identify the number of alowed modes in that waveguide. For guided wave
optoelectronics, the single mode waveguide is desired for most applications. That
means only the lowest order mode, called the fundamental mode, is supported by the

waveguide.

B. Optical Indicatrix in Uniaxial Crystals

If the medium is isotropic, the polarization in the material is parald to the
electric field and related to it by a constant electric susceptibility that is independent
of the direction along which the field is applied as shown in equation (2.6). However,
in case of anisotropic media, the electric susceptibility is no longer a constant;
therefore, the polarization will depend in its magnitude and direction on the direction
of the electricfield as

P=¢,17.E (2.23)
where y, is the 3 x 3 electric susceptibility tensor. To simplify the analysis, the

reference coordinate can be chosen to be along the principal axes of the crystal, so that

all off-diagonal components of the electric susceptibility tensor are zero. From
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equation (2.5) and (2.23) with the use of diagonal #,, the permittivity of the medium

can beyielded as
&g 0 O nn 0 O
E=l0 & O0]=¢0 ni 0 (2.24)
0 0 &4 0 0 n?

wheree,,, €,,, &, are caled principal permittivities. It follows that from eguation

(2.5) that the relationship of E and D can be rewritten as

D,| |exz O O E,
D=|D,|=| 0 &, O]|E |=¢E (2.25)
D, 0 0 &4llE,

Optical properties of crystals are determined by their crystal structures. There are 3
types of the mediums depending on the symmetry. The first one, so-called cubic
crystal, is optically isotropic when n, = ny = n,. In crystals belonging to tetragonal,
trigonal, and hexagona systems, the index €ellipsoid is rotationary symmetrical with
respect to the z-axis, which is also called the optic axis. Such crystals, such as LiINbO3
or LiTaOs, are optically uniaxial where ny, = ny # n,. The last group of materials with
triclinic, monoclinic, or orthorhombic symmetry, where n, # ny # n,, are referred to as
biaxial crystals[11].

The stored electric energy density in the crystal is given by

U :%E-D (2.26)

e

Then substitute equation (2.25) into equation (2.26) yields
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2 D2 2
Ue:l{Dx +_y+&} (2.27)
2| &y &y Em

Replacing the defined quantities; x=D,/\/2eU,,y=D,/\26U,,z=D,//2eU,
with the use of equation (2.24) into equation (2.27). The equation (2.27) is reduced to

2
X

2

X

Z2
"2
nz

Y

2
+=5+—=1 (2.28)
ny

o

Equation (2.28) represents an index ellipsoid or indicatrix with the principal axesx, v,

and z.

Figure 2.3 Index elipsoid of uniaxial crystals
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Consider light propagation in uniaxial crystals where n, = ny=ng, n; = ne, and
No > Ne. The index ellipsoid of uniaxial crystals is shown in Figure 2.3, where k
denotes the arbitrary direction of propagation vector making an angle 8 with respect
to the z-axis. Because the index ellipsoid is rotationary symmetrical with respect to
the z-axis, the projection of k on the x-y plane can be chosen to coincide with the y-
axis without loss of generality. The intersection ellipse of the plane normal to k with
the ellipsoid is shaded as shown in Figure 2.3. In this Situation, there are two
orthogonal polarizations allowed paralel to the mgor and minor axes of the ellipse.
One allowed polarization, Dy, along the OB direction, always see the refractive index

no, which is independent of the angle 6. This is referred to as an ordinary wave. The
other allowed polarization, De, parallel to the OA direction, sees the index n,(6) , that
depends on the angle . This is said to be an extraordinary wave. The index of
extraordinary wave is equal to the length of OA in Figure 2.3, which is given by

n}(0)=y*+2°
y =n,(¢)cosd (2.29)
z=n(0)sindg

Substituting equation (2.29) into equation (2.28) yields,

n
n(0)=——— 2t (2.30)
JnZcos? 0 +nZsin?6

From equation (2.30), it shows that the refractive index of the extraordinary wave
variesfrom n, (@) =n,at & =0to n,(F)=n, a & = 90°. In particular, when € =0, the

uniaxial crystal will behave as if it is opticaly isotropic (both ordinary and
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extraordinary see the index ny); therefore, the z-axis of uniaxial crystas is called the

optical axis[11].

C. Electrooptic Effect

In principle, a variety of external perturbation such as electric field, magnetic
field, temperature, or pressure, can modify the optical properties such as the refractive
index. In the electrooptic effect, applied electric fields are used to change the optical
properties [12]. There are two kinds of electrooptic effects; linear and quadratic. The
linear electrooptic effect, also called the Pockels effect, is the change in the indices of
the ordinary and extraordinary rays proportional to an applied eectric field. This
electrooptic effect exists only in crystals without an inversion symmetry, such as
LiNbO;. Therefore, the induced index change depends on the polarity of the voltage
applied to the crystal. For a crystal with inversion symmetry, the linear electrooptic
effect can not exist, while the quadratic electrooptic effect, known as the Kerr effect,
is observed, where the induced index change is proportiona to the square of the
applied electric field [11]. Since the linear electrooptic effect is used in most
integrated optic devices because it can produce a much larger refractive index change
with applied electric field, the discussion here will focus on the Pockels effect only.

Since the propagation characteristics of crystals are described by means of the
index ellipsoid defined by equation (2.28), the effect of an electric field on the

propagation is expressed most conveniently by giving the changes in the constants
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1/nZ, 1/nZ, 1/n? of the index ellipsoid. In the presence of an applied eectric field,

the equation of the index ellipsoid is generally expressed by [10]

(izj x2+(i2j y2+[i3j 22+2(i2j yZ+ 2[%) XZ+ 2(%) xy=1 (2.31)
n® ), n’ ), n®), n’ ), n? ) n’ J,

These new coefficients can be written as

g [()eald) seres

O+A(

(2.32)
1) 11=4,5,6

n? )

where in the summation over j using the convention 1 =x, 2 =y, and 3 = z. The linear

electrooptic index change due to an applied electric field E%(E, Ey, E;) is defined by
1 3
A(—ZJ = Z = (2.33)
n-Ji j=1

where E are components of the applied electric field, rj; is the 6 x 3 electrooptic

coefficient tensor. Equation (2.33) can be written in amatrix form as
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_ 1 _
A —2)
n-Jj,
A %j ] _
n-J, h, N 0
1 T Iy
A Fjg T I El
- |E, (2.34)
A i J M T Tgg E3
n’ 4 51 Ts, [Isg
1 f1 Teo T3
A F] -
5
A %j
L \N"Jg |

The value of rj; depends on the crystal symmetry. In LiNbOg, the electrooptic tensor is

[11]

o O O O
=
N
e
w

0O
I = % (2.35)
r, O
r, 0 O
-r, 0 O

where r,,= 30.8 x 10 m/V, r, = 86 x 102 m/V, r,, =34 x 10 m/V, and r,, =
26 x 102 m/V [13].
Most electrooptic guided-wave devices in LiNbO; utilize the r,, electrooptic

coefficient [14]. If the electric field is applied to a LiNbO; crystal along the z-direction,
from equations (2.31), (2.34), and (2.35) with the presence of an electric field E(0, O,

E,), the equation of the index ellipsoid becomes
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1 1 1
(E + rlsEzj X+ [n_j + rlgEZj Yo+ (n—§+ r33EZJ 7 =1 (2.36)
where there is no mixed term (terms with xy, xz, and yz) in the equation of the index
ellipsoid, then the major axes of the ellipsoid coincide with the principal axes (x, v,

and z axes), and as the crystal is uniaxial, thus ny = ny=ng, n, = ne. According to

equation (2.36), the new indices can be found as

1 1
n—fza‘i‘ rlSEZ
1 1
— = + I‘lg EZ (237)
n, n
1 1
n—zzzn—s'F I‘33EZ
Since the index changes are very small, the conditions, ‘rmngEZ << 1, and

‘r33n§ E,|<<1 are satisfied, thus equation (2.37) yields the new refractive indices as
1
n =n _E n§r13Ez
13
r’|y =N, _E r"Or13Ez (238)
1
n,=n, _En:r33Ez

In case of the appearance of mixed terms in the equation of the index ellipsoid
due to an applied electric field, the major axes of the ellipsoid are no longer parallel to
the principal axes. It is necessary to find the directions and magnitudes of the new

principle axes to be able to obtain new indices.
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D. Electrooptic Modulator

Phase and intensity waveguide modulators which utilize electrooptically
induced refractive index changes are described below.

Phase Modulator. There are several configurations of phase modulators
depending application of the electric field. A conventional planar waveguide phase
modulator is shown in Figure 2.4. The modulator is fabricated by placing planar
electrodes on a straight waveguide on z-cut x-propagation LiNbO; crystal. To make
use of the largest electrooptic coefficient r.,, an electric field E® is applied along the
optic axis (z-axis) while the light is aso polarized along the optical axis. Using
equation (2.38), the accumulated phase at output due to the light propagation along the

crystal with an applied voltage E(0, 0, E,) is

go(l):¢0+A¢:k(ne—%ne3r33Ele (2.39)

where k :27” and | is the interaction length. The phase shift A¢ can be found from
equation (2.39) as

Ap = —(%Ij nor,E, (2.40)
Since an dectric field E® is obtained by applying a voltage v(t) with an amplitude of V

across the crystal with athicknessd, then E = % , the equation (2.40) gives

Ap= (%) Nry, (Iajv (2.41)
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Figure 2.4 Transverse phase modul ator

If the phase changes by 7, equation (2.41) yields

V. = (Ej A (2.42)

3
| )nory,

where V. is known as the half-wave voltage that is the applied voltage that makes the
phase shift be 7.

The goa in electrooptic modulator design is to obtain high modulation
bandwidth with low drive voltage. Co-planar electrodes have been introduced on

either side of the waveguide to reduce the applied voltage as shown in Figure 2.5.
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Co-planar electrode

Figure 2.5 Co-planar electrodes with gap g between them

The average value of the horizontal component of electric field in Fig. 2.5 is given by
Ez\i, where g is the electrode gap, but neither the applied electric field nor the
g
optical field isuniform. Thus, the electrooptic phase shift Ag isreduced by an overlap
factor I" given by [15]
S EER (2.43)
Vv

where E’isthe normalized optical field distribution and E is the applied electric field.
Equation (2.40) and (2.41) can be written as

Ap = (%} nr,E, - T (2.44)

Ap= GJ ner, (IEJV T (2.45)
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Optical Intensity Modulator. Phase modulation can be converted to intensity
modulation using interference of orthogonal polarization components of the light. This
can be achieved by placing linear polarizer with axis oriented at +45° and -45° relative
to the optic axis before and after the waveguide, respectively. In this work, optical
intensity modulation is accomplished by coupling the light polarized at an angle of
+45° relative to the optic axis into the waveguide and placing a linear polarizer
(analyzer) oriented at -45° with respect to the optic axis. The linear polarizer at the
output converts the phase modulation to intensity modulation. The incident light
coupled into the waveguide contains both TE and TM polarization components with
the same amplitude. These two waves propagate independently through the waveguide.

The electric fields for both TE and TM waves are, respectively,

E :Eej(fot—(px)
© 2
(2.46)
E :Eej(wt—«»z)
© N2

where the phase shifts are ¢, = k(n, + An))l and ¢, = k(n,+An,)l . The electric field

transmitted through an analyzer oriented at 90° relative to the incident polarization can

be expressed as

E (Litt-n) _ aitet
E, = — (&) —gllte) 2.47
i = ) (247)

The output light intensity normalized by the input light intensity is given by [11]

lo _ g2 Ap
r_sm ( 2} (2.48)



23

where Ag is the relative phase retardation experienced by two waves propagating
along the crystal given by
Ap=9,—¢,
= k(n,—n)l + % k(nrss — s ) E, -1 (2.49)

=k(n,—n,)! +%kn§'rcEZ |

where r. is the effective electrooptic coefficient defined as

3
I, =TIy —[&] s (2.50)

Since the first term of equation (2.49) does not represent an el ectrooptic phase change,

the half-wave voltage V, required for producing a phase change of z radians in the

second term of equation (2.49) with theuse of E = v as

(2.51)
Equation (2.48) can be rewritten as

I 1 \%

—=—<q1-cos| ¢, +7— 2.52

] 2{ ((00 ”V,r ]} (2.52)
where ¢, =k(n,—n,)l . Generaly, the modulation voltage consists of DC and AC

components as VvV =V, +V,_ sine,t. Adjusting dc voltage so that ¢, + n\% =% with

T

the use of cos(% + Hj =-gind, the transfer function in equation (2.52) becomes
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Lo _ 1114 sing| YnSN@nt (2.53)
2 V.
If the value of V,isvery small compared to V,,, equation (2.53) can be rewritten as
1N _ 1 1+”Vmsmcomt (2.54)
2 V.

Equation (2.54) shows that the output transmitted intensity is a linear function of the

radio-frequency (rf) modulating voltage V, sinw,t as shown in Figure 2.6 [11].

1,/

1.0~

0.5

Output light
intensity

\J

Modulating voltage

Figure 2.6 Output modulated light intensity versus the modulating voltage
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E. Spurious-Free Dynamic Range

Spurious-free dynamic range (SFDR) is a very important parameter to
determine the utility of an analog optical transmission link for most applications. It is
the usable dynamic range of a signal before spurious harmonics appear to distort the
original first-harmonic signal [16]. SFDR is defined as the ratio of the largest to
smallest signal that the link can transmit and receive without introducing distortion.
Figure 2.7 shows how SFDR is measured for the third order nonlinearity with f being

the modulating frequency.

Signal Amplitude Transmitted Power (dB)
A A

I Nk

f 3f Pn (Pl)max
Frequency 1% harmonic electrical power

(dB)

»
>

Figure 2.7 Spurious-free dynamic range plot for third-order nonlinearity

The factors which limit the dynamic range in fiber optic links are the system noise,
predominantly from laser relative intensity noise; the photodetector shot noise, and the

nonlinearity of the modulation process [17]. Biasing an optical modulator at a
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quadrature point (half-power point) produces maximum link gain and no even-order
distortion [18]. Therefore, quasi-linear operation is achieved over a narrow range of
modulating phase shift. The goal of this dissertation research is to extend this quasi-
linear range through the use of optical feedback.

The SFDR is generally referenced to a signal power P, which equals the noise
floor of the optical link, asillustrated in Fig. 2.7. In this dissertation research, where
the intent is to study the improvement in modulation linearity due optical feedback, an
alternative SFDR reference is introduced: 3" harmonic SFDR with respect to constant
optical modulation depth Ao. The purpose is to remove system noise as a factor and
provide a measure against which to measure the nonlinearity of the modulator alone.

Theratio of output to input intensity can be written

Iy _(1+sing) (2.55)
I 2
with
¢=Asnao,t (2.56)
where, from equation (2.52),
V.
A= (2.57)

3
The first two terms in the series expansion of the sine function aresing = ¢—% , SO

that

3 a3
A’sin"a, t

sSng=Asna,t- 5

(2.58)
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But it is easily shown that
sno t= %(35“‘1 ot —sin3w,t) (2.59)

Thus, the first harmonic electrical power P; is given by
A 38,
B=|=+—| II'R (2.60)

with R aload resistance. While the third harmonic power P3is

AN
%:(Ej 2R (2.61)

To determine the SFDR at a modulation depth Ay, we set A = Ay in (2.60) and solve
for the value of Ain (2.61) such that P; = P;. If Agis<<1, the second term in (2.60)
can be neglected, so

A’ =244 (2.62)
The SFDR for modulation depth Ao is equal to (A/Ag)?, so that

SFDR = (24/ A7)’

(2.63)

In the experiments described in chapter V section B., the SFDR was measured at a
constant modulation depth of 8.36%, or Ap = .0836. From equation (2.63), the
theoretical value of SFDR without feedback for an interferometric modulator at this

modulation depth is 227.6, or 23.6 dB.
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CHAPTER 111

DEVICE STRUCTURE AND ANALYSIS

In this chapter, the structure and the principle of operation of an electrooptic
intensity modulator with improved linearity is presented. Also, an analysis of this

modulator is described.

A. Device Structure and the Principle of Operation

The structure of this electrooptic intensity modulator is shown in Figure 3.1.
The modulator consists of a Ti:LiNbO;3; straight channel waveguide with electrodes
placed on either side of the waveguide. The electrooptic substrate is x-cut, with the
light propagating along the y-axis. The channel waveguide is fabricated such that the
refractive index of the guiding region is greater than that of the substrate. Light is
confined to the vicinity of the waveguide without scattering into the substrate. The

waveguide supports a single guided mode for both TE and TM polarizations.
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Channel
Waveguide

Electrodes

LiNbO3 Substrate

Figure 3.1 Schematic drawing of the device structure

Light is coupled into the waveguide with the polarization vector at an angle
of +45° relative to the optic axis; thus, the incident light contains equal amplitudes of
both TE and TM polarization components. A modulating voltage applied to the
electrodes produces an interna electric field in the waveguide region. The linear
electrooptic effect or Pockels effect provides a change in refractive index that leads to
a relative phase retardation between the TE and TM modes in the waveguide. Since
the electrooptic coefficients which affect the TE and TM polarization modes are
different, there is a voltage-dependent shift between them. They are effectively mixed
by the output polarizer (analyzer) set at -45° relative to the optic axis to convert the

phase modulation to intensity modulation as shown in Figure 3.2.
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Figure 3.2 An electrooptic intensity modulator in which alinear polarizer

converts the phase modul ation into intensity modul ation

B. Analysis of Device with Improved Response Linearity Using Optical Feedback

The nonlinearity analysis is the same as for the case of interferometric
modulators such as the Mach-Zehnder modulator (Appendix 17). The nonlinearity in
this modulator results from the nonlinear dependence of the sine function on its
argument. Normally, this analysis neglects the Fabry-Perot effect which results from
reflections at crystal edges. In this work, this optical feedback is taken into account
and used to improve the linearity of the optical modulator. The waveguide axis in this
modulator is oriented perpendicular to the polished edges of the substrate; therefore,

the crystal forms a Fabry-Perot resonator for both TE and TM modes. The effect of
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the Fabry-Perot modulation on TE and TM modes is superimposed as a relatively
small perturbation on the effect of the relative phase retardation between TE and TM
polarizations. This Fabry-Perot effect can be considered to improve the modulation

linearity. The model for this analysisis shown in Figure 3.3.

Mirrors, reflectance= R

A A @,0 Aout

Figure 3.3 Mode for analyzing Fabry-Perot effect

The Fabry-Perot interferometer (FPI) or etalon consists of a resonant cavity
formed by two parallel mirrors[19]. Let R be the power reflectivity or the reflectance

of each of the two mirrors. The reflectance can be calculated by

R= (M] (3.1)

n+n
where n and n, are refractive index outside and inside the cavity, respectively. The

input electric field amplitude A, and output electric field amplitude Aoy, are
measured immediately before the first and after the second mirror, respectively. The

field amplitude in the resonant cavity A, is measured just following the first mirror. On

each reflection, the reflected field amplitudeis JR timestheincident field amplitude.
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Mirrors, reflectance= R

Ain 1-RA \/ﬁAnem—(s Aout

V1-RRA €% J1-RJRA €

Figure 3.4 How the light reflects inside the cavity of Fabry-Perot resonator

Electric field strength of successive reflections is illustrated in Figure 3.4.
Initially, it is assumed that no field is present. Then, the input electric field with

amplitude Ain is applied and produces afield in the cavity of

A=+1-RA, (3.2)
The light experiences a phase shift of ¢ radian and amplitude attenuation of € in
propagating from one mirror to the other, and a n/2 phase shift at each reflection. The
light first arrives at the second mirror with the field amplitude v1- RA € and a
portion v1— RVRA, €’ is reflected back to the first mirror. This portion arrives at
the first mirror and is reflected back toward the second where the field amplitude of
light that has made one round trip can be expressed as+1- RRA €# 2% . The

amplitude of the light just entering the cavity through the first mirror adds to that

which has made one round trip to give
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A=+1-RA, —V1- RRA g% (3.3)
After N round trip, A can be expressed as
A= Jl——RAnZN: a" (3.4)
=0
where
a=-R.e"?% (3.5)

It is assumed that a steady state condition has been reached by N — o and |a| <1,

then

P
2 al=— (36)

n=0

Therefore, the steady state value of A is

An (3.7)

This light following the first mirror, whose amplitude is A, travels through both the
cavity and second mirror before leaving the second mirror with afield amplitude, Ao,

that can be written as

(1-R)e"’

s (3.8)

Abut = An

This Agyt in equation (3.8) can be expressed in terms of real and imaginary parts as

(1-R)(1-a)€e?*?
(1-a)(1-a’)

A = A (3.9)

Substituting equation (3.5) into equation (3.8) yields,



(1-R)cosg(e’ + Re¥) +i(1- R)sing(e’ —Re™)
1+ R’e ™ + 2Re *° cos2¢

Abut = An (3 10)

The complex amplitude Aq for TE and TM modes is different because of the different
refractive indices and attenuation of the LiINbO3z; waveguide modes in each case. Let
a =z correspond to TE polarization and « = x correspond to TM polarization. The

vaues R , o, , and ¢, , with the previous convention of ¢, are used to determine the

amplitude Aot for each polarization. For example, using n, = 2.137 and n, = 2.216,
corresponding respectively to extraordinary and ordinary refractive indices for
LiNbO; at 1.55 um, R, = 0.131 and Ry = 0.143 at air interfaces. The phase shifts for
both polarizations can be written as the function of modulation voltage, V, as
¢, =0¢,+KV (3.11)
where K, is an electrooptic coefficient. The desired values of input phase shift ¢, and
#o can be adjusted by changing the temperature of the substrate to affect the
modulator response linearity. There are multiple temperatures which can yield the
same value of ¢o or ¢y, because of the fact that equivalent of phase shift values are
separated by 2.
If the electric field amplitude of the incident light is normalized to 1 at an

angle of &, relative to the optic axis (z-axis), then

sing, ;a=x

Ain = { (3.12)

cosl, ;a=12
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The output power for the modulator results from the interference of orthogonally
polarized waves and is the fraction of the input optical power transmitted through an

anayzer. It can be written as

Pout :|A<out8in9

2
out |

+ A,y COSO,

it (3.13)
with the angle of the transmission axis of an analyzer, 6., relative of an optic axis.
Using equation (3.10)-(3.13), it is possible to calculate P as a function of V. Output

optical power (Pouk can be calculated for M discrete values of V with a smal

increment AV given by
V, =(k—M?_1jAV k=0,,2..,.M -1 (3.149)

The value of signal photocurrent, I, is considered to observe the nonlinearity. This

photocurrent is proportional to Poy as |, = pP where p is the sensitivity of the photo

detector. Therefore, each value of (I5)k is proportional to each one of (Poy)k for k=0, 1,

2,...,M-1las
M-1 m
(1), =lo 2 (V)" k=012..,M-1 (3.15)
m=0

where colg is the photocurrent without the modulation and M-1 is the degree of the
polynomial fit. To analyze the nonlinearity, the M real values of coefficients ¢, are
obtained by using numerical method for solving M simultaneous equations of equation
(3.15). Then, these values of ¢’ s are used to determine the modulator’ s spurious-free
dynamic range for each harmonic. Normally, a modulating voltage is a sinusoidal

function with amplitude, A, and can be expressed by
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V = Acos(wt) (3.16)

Equation (3.16) can be rewritten in exponential form, using Euler’ s equation, as

ot —iwt
V= A(é%j (3.17)

Using equation (3.16), |5 can be written as
=1, {co +¢ Acos(at) + ¢, A’ cos’ (wt) + } (3.18)

Assume that ¢, << ¢y, equation (3.18) yields
2
| = |O{co+clAcos(wt)+czA%s(2"’t)+..} (3.19)

The electrical signal power at the first two harmonic Py and Ps, are given by

b _ RIZC A

sl 5 (3.20)
2.2 p4
R, = RloeA ";2 A (3.21)

with Ris the load resistance. While the noise power of photodetector is dominated by
ashot noise which is given by

P, =2eRc,|,B (3.22)
Following from equation (3.21) and equation (3.22), the value of A? that makes the

second harmonic power equal the noise power is

1
A :i(ecijz (3.23)
e 1
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The SFDR, represents the range of electrical power which can be generated in the
receiver by the value at which the n-harmonic electrical power equals the noise power.
It can be defined as the ratio of Ps, to P,.. Therefore, SFDR; istheratio of P, to P, for

the value of A in equation (3.23), which is given by

2 2
SFDRZ:i( lo ] (3.24)
c, | eC,B

The same approach is used to determine the third-order nonlinearity starting with the

third-order term of equation (3.18) as

3
= [ ,C;A” cos(3mt) (3.25)
32
Thus, the electrical signal power at the third harmonic, P, is expressed as
RIZCA°
P,=—%3— 3.26
s3 32 ( )
Thus, SFDR;3 can be given by
ol )
SFDR, = —5| —° (3.27)
¢\ ec,B
Therefore, the genera formulafor SFDR,, can be written as
2 =X
SFDR, = Qg/fl ( lo j (3.28)
c’’ \egB

where Q, is a constant value for each harmonic.
The analysis so far has dealt with harmonics ¢ of the fundamental radian

frequency 1. In case of modulating signals with 2 frequencies of w, and @, the
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SFDR still yields the same general formula of equation (3.28) except the value of Qj
is different. Table 3.1 shows the values of coefficients Q, for harmonic analysis and

Q. for intermodulation analysis. It can be clearly seen from the value of Q. ’s that the

SFDR becomes lower when intermodul ation products are considered.

Table 3.1 The values of the coefficients Q, (harmonic) and Q. (intermodulation)

n
2 3 4 5 6
Qn 1.0 1.0 05 0.525 0.405
Q, 0.5 0.481 0.204 0.209 0.149

From above analysis, these parameters Ry, R, &, &, ¢o, and ¢ are needed to
be attuned to achieve a high SFDR. The reflectance values of R, and R, can be
adjusted by applying some index-matching fluid or thin film coatings to one or both
ends of the substrate. The value of & and &, can be adjusted by changing the length of
the substrate. The longer the substrate is the greater the value of the amplitude loss
coefficient dis. The phase shift ¢o and ¢, can be tuned by changing the temperature

of the substrate.
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CHAPTER IV

DEVICE FABRICATION

The process for fabrication of an electrooptic light modulator is presented in
this chapter. The process consists of two main procedures: Ti:LiNbO; straight channel
waveguide fabrication, and metal-electrode fabrication. Fabrication parameters are

shown in this chapter, and a step-by-step outline of the processis given in Appendix 1.

A. Ti:LINbO; Straight Channel Waveguide

There are severa methods to fabricate optical channel waveguides. The
conventional thermal titanium in-diffusion technique is used in this work. The details
of the channel waveguide fabrication process are described below.

First, a 72-mm. diameter, 1-mm. thick x-cut LiNbO; crystal wafer supplied by
Crystal Technology Inc. (Palo Alto, CA) was cut using the dicing machine (Appendix
2) into severa small samples with dimensions of 9 mm. along the z-axis and 25.4 mm.
along y-axis for making straight channel waveguides with light propagation in the y-
direction. These small substrates were cleaned with liquid solvents (Appendix 3). A Ti
film of thickness in the range 1,040 A to 1,100 A was deposited onto the substrates
with a DC sputtering process (Appendix 4). A positive photolithography process
(Appendix 5) was applied to pattern the desired straight channel waveguides on top of
the Ti film. After the photoresist was devel oped, the substrates were inspected under a

microscope to ensure the quality of the channel waveguide patterns. A very thin layer
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of photoresist left from the previous process on each substrate was taken off
chemically using Plano descum. The substrates were cleaned in a barrel asher with
oxygen plasmaat 135°C for 3 minutes (Appendix 6). This oxygen plasma also hardens
the patterned photoresist to endure in the reactive ion etching (RIE) process
(Appendix 7). Unwanted portions of Ti on the substrates were removed by RIE.
Typically, the RIE process is anisotropic, and is preferred over wet etching because it
preserves the desired Ti channel waveguide width, and gives good sidewall
smoothness. However, to prevent the substrate surface from being over etched, it is
critical to etch the Ti film to such an extent that a thin layer of Ti is |eft on after the
RIE process [20]. The remaining Ti film was later completely moved by an acid wet
etch with diluted hydrofluoric (HF) acid (Appendix 8). However, it is very difficult to
control the wet etching process to avoid overetching. Oxidation of Ti in air leaves a
very thin layer of titanium oxide on the surface of the substrate. This titanium oxide
layer reacts very slowly with the HF acid, whereas pure Ti is removed rapidly. When
the oxide layer is etched, the pure Ti is removed rapidly. This probably leads to
waveguide undercutting which narrows the waveguide width and produces rough
edges. Therefore, a proper acid solution and wet etching time is very important to
obtain a good etching result. An acid solution of HF:DI Water with the ratio of 1:20
and an etching time of 8 to 10 seconds was proven to work well.

After wet etching, the substrate was put in a heated photoresist stripper,
Clariant AZ300T, at a temperature of 90°C for 20 minutes to remove the remaining

photoresist from the substrate surface. Then, solvents such as acetone and methanol
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were used to clean the substrate prior to the measurement of both the channel
waveguide's pattern width and the thickness of the Ti film. The width of the Ti
straight channel waveguide pattern was inspected under a high-magnification
microscope. The thickness of the Ti film was measured with a Dektak® Surface Profile
Measuring System.

Then, the substrate was put into a diffusion furnace (Appendix 9) under a wet
oxygen ambient to obtain a high index optical waveguide at atemperature in the range
1,025°C to 1,050°C for 10 to 13 hours, depending on the thickness of the Ti film. The
wet air ambient treatment was used to reduce LiO out-diffusion, which can cause
unwanted planar guiding for the extraordinary polarization, the TE mode on this work,
and lead to considerable increase in the propagation loss [21]. Severa parameters such
as the thickness of in-diffused Ti on the substrate, the diffusion time, and temperature
in the diffusion furnace were optimized to achieve good quality channel waveguides.
A good quality waveguide in this work exhibits single mode characteristics with low
propagation loss and strong confinement of light for both TE and TM modes. The
temperature of the diffusion furnace, T, is more critical than the diffusion time, t, as

indicated by the following equation [22].
d = 2Dt (4.1)
with d the diffusion depth and

D=D,e """ (4.2)
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where Dy is the bulk diffusivity and Ty is the activation temperature. Both Dgand Ty
depend on the LiNbO3; composition. For 48.6 mole % of Li,O in LiNbOs, To = 2.5x10*
K and Do = 2.5x10"* cm?s[22].

After the diffusion process, both ends of the substrate were polished
(Appendix 10), so that the light can be coupled into the waveguide. To achieve a good
fiber-to-waveguide coupling, a good optical finish and 90° edge are required at both

input and output optical faces[23].

B. Electrooptic Light M odulator

The electrode patterns were produced on the substrate from the previous
process to obtain an electrooptic light modulator. Electrode patterns as shown in
Figure 4.1 were delineated in photoresist by an image reversal photolithography
process (Appendix 11).

200pm
<+—>

200um I

30um ¢

A
v

20,000pm

Figure 4.1 Schematic drawing of electrodes



The baking and exposing time are very critical to have good image reversal
pattern on the substrate. The pattern was carefully inspected under microscope prior to
the metal deposition to ensure that the desired areas are properly open for deposited
metals in later stage of the process. The thicknesses 500 A of Cr, 1,500 A of Al, and
1,000 A of Au were deposited on the substrates using electron beam (E-beam)
evaporation (Appendix 12). The Cr layer, the first electrode layer, was used to
improve the adhesion of the metal to the surface of the substrate. The Au layer was
used because of its high electrical conductivity. Finally, the lift-off process (Appendix
13) was used to remove the metal deposited on the photoresist, leaving the desired

electrode pattern. Then, the substrate was thoroughly cleaned prior to the optical tests.



CHAPTER YV

OPTICAL TESTING AND RESULTS

In this chapter, the performance results of channel waveguides, including
insertion loss and mode profile scans, are shown. The results of tests on modulator

SFDR and linearity are aso presented.

A. Channel Waveguides

To obtain good optical modulator performance, a high quality channel
waveguide is required. This waveguide should be single mode with low propagation
loss and strong confinement of light for both TE and TM polarization modes. The
output optical power for TE and TM polarizations is optimized by controlling
parameters such as the thickness of in-diffused Ti on the substrate, the time, and
temperature inside the diffusion furnace. The waveguide insertion loss is the total
amount of optical intensity lost through a device. This consists of a mode mismatch
loss, Fresnel reflection loss, and propagation loss. Insertion loss can be written in dB

as

Insertion Loss (dB) = —10Iog% (5.2)

with Pi, and Py, an input and output light intensity, respectively. The mode mismatch
loss results from the difference of the mode profile between the fiber and the

waveguide. It can be caculated using the measured near-field mode profile. The
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coupling efficiency can be determined by calculating the overlap between the fiber

and waveguide modes. The power coupling coefficient can be written as [24]

k=093 4 (5.2)

(w,/a+a/w,)(w, /a+a/w,)

where a is the fiber mode intensity diameter which is 10.5 um for SMF-28 single
mode fiber at 1.55 pm wavelength [25], wy,wy, are defined as the waveguide mode
width and depth at /e of maximum intensities, respectively, and the constant of 0.93
accounts for the mismatch between the symmetric fiber and the diffused channel
waveguide mode assuming identica 1/e dimensions for the two. Thus, the mode
mismatch can be expressed as
Mode mismatch loss (dB) = —10log x (5.3
Fresnel loss is caused by the reflection of light at the two end of the crystal. It
isgiven by 1-R where R is the reflectance. At normal incidence, the reflectance can be

calculated from

R- (1‘ ”OveJ (5.4

1+ Noe

with n, and n, the ordinary and extraordinary reflective indices of the crystal,
respectively. Thus, the Fresnel reflection loss can be expressed by

Fresnel Loss (dB) = —20log(1-R) (5.5)

This Fresnel reflection loss can be reduced by using either index-matching

fluid or antireflection coatings on the crystal edges [26]. Propagation loss is caused by
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a combination of optical absorption and optical scattering in the channel waveguide.
Once the insertion loss, Fresnel reflection loss, and mode mismatch loss are known,

the propagation loss can be found in the unit of dB/cm by

Insertion loss - (Mode Mismatch loss + Fresnel loss)

Propagation Loss = C (5.6)
with all other lossesin unit of dB, and L in units of cm.
q Opticd
Current Fl_ber _ Pgwer
Source Polarization Channel Moter
Controller waveguide
X Photodetector
Pigtailed o
1.55 um 20x Objective
DFB LD Lens

Figure5.1 Test setup for insertion |oss measurement

The optical test setup to measure insertion loss is shown in Figure 5.1. A
pigtailed 1.55 pum distributed feedback (DFB) laser diode (Alcatel, Module: 1915-
LMI) driven by a current source laser diode controller (ILX Lightwave, Model: LDC-
3742B) at 36.76 mA and 20°C temperature setting supplied 1 mW of optical power at
A = 1,558.2 nm. The laser diode was spliced to a single mode fiber (Corning SMF-

28™), and the light passed through a fiber polarization controller (Thorlabs Inc.,
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Model: FDCO010) used to control the polarization of the light before it is launched into
the channel waveguide. The light was butt coupled to a waveguide through a polished
edge of the substrate. The output 20x objective lens was used to collect the output
light coming out of the waveguide and focus it onto a InGaAs p-i-n photodetector
(OSl Fibercomm, Model: FCI-In-3000-10), which was connected to an optical power
meter (Newport, Model: 1825-C).

Many samples have been fabricated with different Ti-thickness, waveguide
widths, and diffusion conditions. Sample # 18, with Ti-thickness of 1,090 A and 10
hours of diffusion at 1,035°C, was tested using the above mentioned setup. The
sample was 22.5 mm. long. The results of insertion loss measurements are shown in

Table5.1.

Table 5.1 Channel waveguide insertion loss for sample # 18 for both TE and TM

polarizations with different channel widths

Insertion Loss
TE mode (dB) TM mode (dB)
W/G Width (um)
7 3.01 3.16
8 2.61 2.72
9 2.56 2.72

The spatial mode profile (dependence of optical power on position) is
measured using the setup illustrated in Figure 5.2 to determine waveguide quality. At

the input side, the setup is the same as the insertion loss measurement setup. On the




output side, a vibrating mirror and a 100 um wide dlit was used to deflect the output
light onto the Ge Photodetector (Newport, Model: 818-IR). The output port of an
optical power meter was connected to a BNC mount accessory (National Instrument,
Model: BNC-2090) which was connected to a personal computer via a Data
Acquisition (DAQ) board (National Instruments, AT-MIO-16E-1) to display and
acquire the data using a LabVIEW™ program. A vibrating mirror was driven by a
circuit that scans the beam horizontally or vertically to obtain a near field intensity
distribution of the light. The dlit put in front of the detector was oriented vertically for

the horizontal scans (transverse lateral), and was oriented horizontally for the vertical

scans (transverse depth).
Photodetector
Current | Fiber .
Source Polarization Channel sit i ng'v‘;
Controller waveguide n
- " || X/ Meter
Vibrating
Pigtailed 1.55 Mirror

pm Objective —

DFB Laser Lens LabVIEW

Diode or

Oscilloscope

Figure 5.2 Mode profile measurement setup
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The results of those scans provide mode profiles corresponding to transverse
lateral and transverse depth near field distributions, respectively. The full width at half
maximum (FWHM) was measured to evaluate the mode confinement of channel

waveguides. Mode profiles for a 7 um wide channel waveguide on sample # 18 are

shown in Figure 5.3.

(a) TE Horizontal Scan

\
\

N

(c) TM Horizontal Scan (d) TM Vertical Scan

Vertical scalefor all scansis 100 mv/div and horizontal scale for TE is 4.69 pum/div
and TM is 8.12 pnvdiv

Figure 5.3 Mode profile of a7 um wide channel waveguide on sample # 18
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The mode profiles clearly show that the waveguide supports both TE and TM
polarization modes. There is only one peak in each scan showing that only the
fundamental mode is supported by this channel waveguide. The horizontal scans show
that the mode profiles are symmetric and have a nearly Gaussian intensity distribution.
The vertical scans show that the mode profiles are asymmetric as expected since the
vertical refractive index distribution is highly asymmetric. The measured mode profile

dimensions for a 7 um wide channel waveguide on sample # 18 are given in Table 5.2.

Table 5.2 Measured mode profile dimensions for a 7 pm wide channel waveguide on

sample # 18
Mode
Scan TE ™
Horizontal FWHM (um) 6.56 7.93
Vertical FWHM (um) 7.46 7.98

B. Modulation Test

The modulation performance is tested using the setup in Figure 5.4. The input
DFB laser (same models for the laser and controller as for the insertion loss
measurement setup) was spliced to a Corning SMF-28™ fiber, which is connected to
the 90:10 directional coupler. The 10% output of this directional coupler was used to
monitor the stability of the laser intensity. Most of the light went through the 90% part

of the directional coupler.
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Figure 5.4 Modulation test setup

Light from the 90% leg of the directional coupler was coupled into a
polarization controller (Thorlabs Inc., Model: FDC010) oriented at 45° relative to the
optic axis. Equal amounts of TE and TM light were coupled into the channel
waveguide. A function generator (Hewlett Packard, Model: HP 3325B) and a power
supply amplifier (Hewlett Packard, Model: HP 6824A) were used to apply a
modulating voltage to the electrodes. The output light from the channel waveguide
was collected using a 20x objective lens, before being focused into an analyzer
(Newport, Model: GT-25A10) oriented at -45° relative to an optic axis, to produce
intensity modulated output light. The intensity modulated light was focused onto an
INGaAs p-i-n photodetector (OSl Fibercomm, Model: FCI-In-3000-10) and its
receiving circuit, which was connected to an oscilloscope or LabVIEW™ board to

acquire and display data. The modulation performance of a device # 18 with a single
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mode waveguide width of 7 um, an electrode interaction length of 20 mm, and a gap

between electrodes of 21um isshown in Figure 5.5.

i / /
Mcgg'nﬁ”g \\// \\J/ \ \\ //
Modulated A N\
Optical Signal [\ |/ [\ \
L o/ ./

Figure 5.5 The modulation performance of sample # 18. The top waveform isan

applied electrical signal, and the bottom one is a modulated optical output signal

Table 5.3 Length and diffusion parameters of device samples

Sample #17 #18 #21

Sample Length (mm) 22.5 22.5 239

Ti-Thickness (A) 1,085 1,090 1,040

Diffusion Temperature (°C) 1,035 1,035 1,025
Diffusion Time (hours) 13 10 10

Sample # 17 and sample # 21 were tested on their 7 um wide single mode

channel waveguides in the same manner as the previous sample (# 18) to observe their
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modulation performance. The properties of samples are shown on Table 5.3. Table 5.4

summarizes the modulation performance of those mentioned samples.

Table 5.4 Performance of intensity modul ation on various samples

Sample #17 #18 #21
Modulation Depth (%) 98.5 97.2 96.4
V, (Volts) 13.8 14.1 14.0

The birefringence of the waveguide; i.e., the phase shift experienced between
TE and TM polarization modes, can be tuned by varying the substrate temperature. By
slowly increasing the substrate temperature and monitoring the optical output power,
temperatures, and temperature ranges in which the modulator linearity is best can be
identified. A thermoelectric cooler (Melcor, Model: CP 0.8-71-06L) was placed under

the crystal to control the substrate temperature as shown in Figure 5.6.

Thermo-€electric
Cooler

Figure 5.6 A thermo-electric cooler arrangement for adjusting the device temperature




By using the same setup as the intensity modulation test (Figure 5.4) without
applying a modulating voltage, the transmitted optical output power out of the
waveguide was thermal-modulated by slowly increasing the temperature of the
substrate. A thermistor was placed onto the crystal surface to read the temperature.
The temperature and optical output power were monitored and recorded with the
LabVIEW™ data acquisition system. The dependence of output power on temperature
is illustrated in Figure 5.7. Temperatures in the middle of the linear regions, for
example, points 1 and 2 in Figure 5.7, were candidate operating temperatures for

achieving a high degree of linearity in the electrooptic modulator.

I

Output Transmitted Signal
|_\
|
N

Temperature (C)

Figure 5.7 Measured optical output intensity on a 7 um waveguide of sample # 18

plotted while slowly heating the substrate
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Three different Fresnel reflectance conditions were used to investigate the
effect of feedback on modulation linearity. First, the modulator crystal edges interface
with air. Then, reflective index-matching fluid (n ~ 1.45) was placed on an input side
of the crystal to match the index of the fiber. The last case was that reflective index-
matching fluid was applied on both crystal ends using SMF-28™ fiber to couple an

output light as shown in Figure 5.8.

\V_ Electrodes

Fiber Photodiode
L Polarization receiver
Directiona oo
Coupler Controller Analyzer circuit
90:10 000 SMF @
. 20x Photodetector
IndexFll\/Iaéchmg = Objective
— ui : lenses v
i’l ggtsauﬁ]d Thermistor Oscilloscope
. and/or
DFB Laser Photodetector Labview

Figure 5.8 Linearity test setup with index-matching fluid applied to both crystal edges,

using a single mode fiber to couple light out of the substrate

A sinusoidal voltage signal, of frequency f,,, and amplitude V, is applied to the
electrodes, and the detected optical output signal serves as the input to a spectrum
analyzer (LabVIEW™ software). The electrical power is measured as a function of Vp,
for the first and higher harmonics of fn,. The linearity is determined by the degree to

which the higher harmonics are present as V, increases. The three different substrate



56

edge conditions were used to give different levels of feedback. In each case, the
modulating voltage was slowly increased while the spectrum of the first and higher
harmonics of the optical signal were carefully monitored and recorded. The 7 um
wide channel waveguide with electrode gap of on sample # 21, with an electrode
pattern with interaction length of 20 mm and a gap between electrodes of 21um, was
modulated with f,, = 5 kHz at room temperature with three different feedback levels as

indicated in Table 5.5. Theresults are illustrated in Figure 5.9.
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(@ Index-matching fluid was applied at both edges of a substrate
Figure 5.9 Plot of first and higher harmonics for a7 um wide waveguide

modulator on sample# 21 at T = 23.31°C (room temperature)
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Table 5.5 Reflectance values for various substrate end conditions
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Substrate End Conditions Rre R
Interfacing Air at both ends 0.131 0.143
Index-matching placed at both ends 0.0367 0.0437
Index-matching placed at input end only 0.0680 0.0757

From Figure 5.9, with index-matching fluid applied to both input and output

edges of the substrate (case a), the second harmonic limits the SFDR to 64.84 dB. In

case b, in which both edges of the substrate interface with air, the third harmonic

limits the SFDR to 69.17 dB, while with index-matching fluid put at the substrate

input end only (case c), the linearity was limited by the third harmonic to 68.04 dB. It

is clearly seen that with different feedback conditions, the SFDR was limited by

different harmonics and yields different SFDR values.
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Figure 5.10 (continued)

However, the SFDR could aso be improved by adjusting the phase shift with
changing the temperature of the substrate as mentioned in Chapter 3. Therefore, the
datain Figure 5.7 for the 7 um wide waveguide on sample # 21 was used in selecting
substrate temperatures. The modulation results with a sample temperature of 37.67°C
are shown in Figure 5.10. With index-matching liquid applied to both crystal ends,
the SFDR limited to 67.27 dB by second-order nonlinearity. With no index-matching
fluid, and with fluid only at the input end, the SFDR was limited by the third
harmonic to 71.49 and 71.83, respectively. It is noted that the SFDR was increased by
amost 7 dB from 64.84 dB, in case of applying index-matching fluid at both input and

output crystal ends, to 71.83 dB in case of index-matching fluid applied only at input
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end. Table 5.6 summarizes the linearity test results with various temperatures on

sample # 21. AT in Table 5.6 is the range of temperature which yields a linear region

on the plot in Figure 5.7. According to results, the smaller this value is the better

SFDR.

The SFDRs at a modulation depth of 8.36% were also measured to compare

with the theoretical SFDR value of 23.6 dB for this modulation depth with no

feedback. The highest SFDR of 33.2 dB, 9.6 dB above the aforementioned theoretical

value, was obtained with index-matching fluid only at the input end and T = 37.67°C.

Results for an 8 um channel waveguide on the same sample (# 21), given in

Table 5.7, are similar to those for the 7 um waveguide in Table 5.6.

Table 5.6 Values of SFDR for various conditions and temperatures on sample # 21

o Index-
Temperature | AT €O | matchi ngfluid | SFDR, SFDR, | DR (dB)
for linear . at 8.36%
(°C) region applied (dB) (dB) mod. depth
conditions '
Both ends 64.84 68.04 27.94
2331 - None 71.07 69.17 30.57
(room temp) Input only 70.22 68.04 29.07
Both ends 66.40 68.31 28.86
30.30 0.244 None 72.36 70.38 31.25
Input only 71.27 69.86 30.28
Both ends 65.36 68.21 28.84
31.67 0.349 None 71.28 69.76 30.49
Input only 71.08 69.16 30.50
Both ends 67.27 70.02 31.19
37.67 0.209 None 72.15 71.49 32.72
Input only 73.35 71.83 33.20
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Table 5.7 Summary SFDR test of sample # 21 on an 8 um wide channel waveguide

Condition of Temp. forﬂ]ear SFDR, SFDR; S';DSRgéf)j/?)
Sample Ends (°C) region (dB) (dB) mod. depth
Index-matching 23.31 - 64.20 67.00 28.08
fluid applied at 30.96 0.206 66.59 68.51 31.02
both ends
34.10 0.378 65.07 67.46 28.38
23.31 - 69.36 69.77 30.06
Air at both ends 30.96 0.206 71.51 70.87 31.26
34.10 0.378 69.81 69.46 30.28
23.31 - 70.02 69.16 29.43
Index-matching 30.96 0.206 72.04 70.98 32.82
fluid at input end
34.10 0.378 69.61 68.96 30.46

Other samples were tested in the same manner as the previous sample (# 21).
Sample # 17 was modulated with the same frequency and parameters as previous
sample on its 7 um wide single mode channel waveguide. The result summary shown
on Table 5.8 is similar to previous sample. The SFDR was improved from the worst

case by nearly 7 dB.
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Table 5.8 Summary SFDR test of sample# 17 on a7 um wide channel waveguide

Condition of Temp. forﬂ]ear SFDR, SFDR; S';DSRgéf)j/?)
Sample Ends (°C) region (dB) (dB) mod. depth
Index-matching 23.31 - 63.32 67.43 27.15
fluid applied at 30.33 0.179 66.17 69.87 30.88
both ends
37.04 0.358 63.52 67.84 28.49
23.31 - 70.63 69.93 28.68
Air at both ends 30.33 0.179 71.33 70.33 31.24
37.04 0.358 70.28 69.77 29.29
23.31 - 67.89 66.63 27.65
Index-matching 30.33 0.179 71.07 70.12 32.39
fluid at input end
37.04 0.358 69.25 68.75 29.63

The waveguide with a width of 7 um in sample # 18 was aso tested to

determine SFDRs. When index-matching fluid was applied to both crystal ends, the

substrate modulated at room temperature gave an SFDR of 65.73, limited by second

harmonic nonlinearity. Whereas, when the fluid was applied only at the input end of

the substrate and the modulation was done at 30.21°C, the SFDR increased to 72.37

dB, limited by the third harmonic. Again, the SFDR was improved from the worst

case by nearly 7 dB. Test results on this waveguide are shown in Table 5.9.




Table 5.9 Summary SFDR test of sample # 18 on a7 um wide channel waveguide

Condition of Temp. forﬂ]ear SFDR, SFDR; S';DSRgéf)j/?)
Sample Ends (°C) region (dB) (dB) mod. depth
Index-matching 23.31 - 65.73 69.07 27.68
fluid applied at 30.21 0.248 68.92 71.03 30.68
both ends
38.01 0.578 66.22 69.85 28.93
23.31 - 70.53 69.28 29.14
Air at both ends 30.21 0.248 72.13 71.33 32.23
38.01 0.578 70.32 69.58 30.68
23.31 - 72.01 71.62 29.80
Index-matching 30.21 0.248 73.83 72.37 33.19
fluid at input end
38.01 0.578 72.17 71.38 30.83
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CHAPTER VI

CONCLUSIONS

The use of optical feedback for improving the response linearity of an
electrooptic light modulator has been demonstrated. The modulator is configured as a
straight channel waveguide flanked by electrodes in a lithium niobate (LiNbO3)
substrate. Light is coupled into the waveguide in both TE and TM polarizations, and a
voltage applied across the electrodes causes a relative phase shift between these two
polarization components. A linear polarizer at the output converts the phase
modulation to intensity modulation. Optical feedback of light in the TE and TM
modes results from reflection of light at the polished edges of the substrate.

Channel waveguides supporting a single guided mode for both TE and TM
polarizations were produced by diffusing 1,040-1,100 A thick Ti films at temperatures
of 1,025°C to 1,035°C into a LiNbO; substrate. The waveguides and modul ators were
characterized at a wavelength of 1.55 um using a distributed feedback (DFB) laser.
Insertion losses of 3.01 dB for TE polarization and 3.16 dB for TM polarization were
achieved on 7 um wide channel waveguide.

The modulators were driven with a sinusoidal voltage waveform. A
modulation depth of 98.5% was achieved on a device with a 7 um wide channel
waveguide. To minimize harmonics of the modulating frequency in the intensity
output, the magnitude of the optical feedback and the substrate temperature were

adjusted. The feedback level was altered by applying refractive index-matching liquid
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to one or both ends of the waveguide at the edges of the crystal. It was found that a
high degree of response linearity in the presence of feedback was achievable at certain
substrate temperatures.

The spurious-free dynamic range (SFDR) relative to the noise floor was
measured under different conditions in an effort to maximize the modulator response
linearity. An SFDR of 68.04 dB, limited by third-order nonlinearity, was achieved by
applying index-matching fluid to the input end of the substrate. This compares with an
SFDR of 64.84 dB limited by second-order nonlinearity when index-matching fluid
was applied at both ends of the substrate. By changing the temperature of the same
substrate to adjust the phase shifts experienced by TE and TM polarizations, the
SFDR with index-matching fluid at the input end increased to 71.83 dB, limited by
third-order nonlinearity.

In tests at constant modulation depth, an improvement of as much as 9.6 dB in
SFDR vs. the theoretical value for an interferometric modulator without feedback was
achieved.

These results indicate that optical feedback is an important factor in the
response linearity of electrooptic modulators of the type investigated, and that
adjusting the feedback level and substrate temperature can be used to optimize the

modulator performance.
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CHAPTER VII

SUGGESTIONS FOR FUTURE WORK

Based on the modulator linearity test results, an improvement in linear
dynamic range is achievable by adjusting the optical feedback level and the phase
shift experienced by TE and TM polarization modes. The Fresnel reflection plays vital
part in optical feedback. In order to obtain wider linear dynamic range, a dielectric
film of amaterial such as SIO, may be deposited on one or both of the crystal edgesto

reduce or increase the optical feedback shown in Figure 7.1.

Didectric Film

Figure 7.1 Dielectric film applied to the input edge of the substrate to adjust the

reflectance

By choosing dielectric materials with different refractive indices, and varying
the thickness of each material, it is possible to adjust the level of optical feedback over
a wide range, from a small fraction of 1% to > 20 % per end of the substrate. The

dielectric film can be applied by e-beam evaporation or magnetron-sputtering method.
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Furthermore, the substrate length can be changed in order to adjust the values of the
single pass amplitude loss coefficients, which would also affect modulator response

characteristics.
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APPENDIX 1

FABRICATION OUTLINE OF ELECTROOPTIC LIGHT MODULATOR

8.

0.

Cut an x-cut, y-propagation LiNbO3z wafer into small substrates.

Clean substrates with proper solutions.

Deposit Ti Film on the substrates with DC sputtering machine.

Delineate channel waveguide pattern by a positive photolithography process.
Hard bake and O, descum the substrates.

Etch Ti layer by using Reactive Ion Etching (RIE).

Wet etch to remove the remaining Ti using HF acid.

Diffuse Ti channel waveguide film into substrates.

Polish both ends of substrates.

10. Delineate electrode pattern by an image reversal process or a negative

photolithography.

11. Deposit the layers of metal: Cr, Al, and Au using el ectron beam evaporation.

12. Lift off the unwanted metal
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APPENDIX 2

CUTTING SUBSTRATESWITH DICING SAW

1. Mount the tape to an O-ring and stick LiNbO; wafer onto the tape.

2. Turn on 4 knobs/switches for saw: air knob (black); vacuum pump power
switch (silver); vacuum line switch (black); water line valve (yellow).

3. Measure resistance between blade and spindle. The meter should read less than
1or 2kQ.

4. R Turnon saw power (big red button).

5. Select program # 300 and check parameters: Mode 30, Speed = 0.127 mm/s,
25,000 rpm.

6. For 1 mm thick wafer, Height = 0.6 mm. and Thickness = 1.2 mm.

7. Clean chuck with methanol and Q-tip.

8. R Turn program off and turn spindle on and wait for stable.

9. Zero chuck (be prepared to press RESET if blade cuts into chuck).

10. Press ALIGN; align stage/sample with crosshairs using panel on the right.

11. Align the substrate with crosshairs and make atest cut on the tape.

12. To cut, press SINGLE CUT.

13. When finished, do steps marked R in reverse order to shut down the system

14. In any emergency cases, push RESET to shut down the system
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8.

0.

APPENDIX 3

SUBSTRATE CLEANING PROCEDURE

Gently brush with Q-tip using soapy water.
Rinse thoroughly with D.I. water.

Sonicate in acetone for 10 minutes.

Rinse thoroughly with methanol.
Sonicate in methanol for 10 minutes.
Rinse thoroughly with D.I. water.

Sonicate in soap water for 10 minutes.
Rinse thoroughly with D.I. water.

Sonicatein D.I. water for 10 minutes.

10. Gently brush with Q-tip using methanol if needed.

11. Blow dry with Na.
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APPENDIX 4

DC SPUTTERING PROCESS

Vent the chamber then load the samples.

Close the chamber and turn on mechanical pump on the back.

Turn on Chamber Roughing Valve and wait until the pressure is below 50 pm
of mercury.

Close Chamber Roughing Vave and slowly open high vacuum valve al the
way.

Wait until the pressure goes below 2x10°® pm of mercury.

Flow Ar gas at the rate of 140 sccm.

Adjust high vacuum valve to make Hastings vacuum gauge reads 20 um of
mercury.

Turn on DC power supply, push the red button, and turn the current knob
slowly to 40 mA.

Pre-sputter for 15 minutes. (check if current is40 mA)

Moving the plate to a desired position to start depositing Ti on the substrates.
After finishing deposition, slowly move current knob to zero position, and turn
off DC power supply.

Close LEAK valve and turn off Ar gas flow switches, and close Ar gas duel.
Wait for more than 2 hours to let the system cool down before taking

substrates out of the chamber.
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APPENDIX 5

POSITIVE PHOTOLITHOGRAPHY PROCESS

. Dehydrate the substrate in the oven set at 135°C for 10 minutes. Take out from
the oven and let it cool down for at least 10 minutes.

. Spin Clariant photoresist AZ5214 for 30 sec at 5,000 rpm.

. Soft back for 2 minutes at 100°C and let it cool down.

Expose a substrate with UV light intensity of 21.3 mW/cm?® with pattern mask
for 3 seconds without filter.

. Develop the substrate in the solution of Shipley MF312:H,0 in aratio of 1:1.2
for 45-50 seconds, then rinse with DI water for 3 minutes.

. Softly blow dry the substrate with Nitrogen.
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APPENDIX 6

O, PLASMA ASHING (BARREL ASHER)

Turn on power supply and vacuum pump.

Set the temperature of the chamber to 135°C, and wait until it reaches to that
temperature.

Vent and load the substrate into the chamber.

Pump chamber and O, line down to a pressure of 50 um of Mercury.

When the temperature reaches 130°C, establish O, flow so that the chamber
pressure is 500 pum of Mercury.

Tune forward RF power to 100 W while keeping reflected RF power below 5
W.

Set timer for 5 minutes.

When finish, vent the system and take out the substrate.

Set the temperature setting to 0°C.

10. Turn off vacuum pump and power supply.
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APPENDIX 7

REACTIVE ION ETCHING (RIE)

1. Turnonthe main power and turn on amechanical pump.

2. Turn on the cooling-water system, and set the temperature to 35°C. Let it
warm up for 15-20 minutes.

3. Vent the chamber

4. Load the substrate into the chamber.

5. Close the chamber, and open a roughing valve while pushing the door tightly
closed.

6. When the pressure shows below 7,000 um Mercury, close a roughing valve,
and open a high vacuum valve.

7. Turn on a blower, and wait until the pressure drops to 20 um Mercury or
below.

8. Fow Ar, CHF;3, and He into the chamber with flow rates of Ar = 3, He = 7.5,
and CHF3;= 30.

9. Change the flow switch to AUTO, wait until the pressure indicator shows 70
and the gas flow rates stabilize.

10. Turn on RF power, adjust forward power to 350 mW and reflected power
below O mW.

11. Start etching and timing.
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12. When finish etching, turn off RF power, close all gas valves and switches.
Wait for 2 minutes.
13. Close high vacuum valve, turn off Baratron and blower, vent chamber, and

take out substrates.
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APPENDIX 8

WET ETCH

. Put the substrate in diluted acid (HF:DI water = 1:20) for 8-10 seconds

depending on Ti thickness.

. Put the substrate in water for a minute.

. Gently blow the substrate with Nitrogen.
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APPENDIX 9

TITANIUM IN-DIFFUSION PROCESS

Load well cleaned substrates onto alumina (AL.O3) holder, and put the holder
in the center of big aluminatube.

Use glass rod to push alumina tube to the center of quartz tube.

Seal tube with quartz cap at front and connect to bubbler.

Turn on compressed air and adjust airflow at the back of afurnace.

Adjust settings for desired temperature.

Wait until the airflow stabilizes at 1 bubble/second, then turn on control switch.
Wait until current meter stabilizes, then turn on element switch.

Wait until the furnace temperature reaches to a desired temperature. It takes
about 45-60 minutes.

When current meter starts to swing on/off, begin counting diffusion time.

Keep bubbling rate at 1 bubble/second throughout the process.

After completion of the diffusion, turn off element and control switches.

After 3-4 hours, the temperature should drop below 200°C, close gas and
remove the quartz cap at the front.

After the furnace temperature drops to room temperature, take out the

substrate.
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APPENDIX 10

POLISHING PROCESS

Apply one small drop of U.V. cure epoxy (Norland optical adhesive P/N 8101)
to the substrate waveguide surface.

Place another substrate on top of the first one, so that both waveguide surfaces
face each other.

Expose the pair to U.V. light for 10 minutes at each end to cure epoxy.

Secure mount to polishing fixture.

Mix 0.5 teaspoon of polishing grit with lapping oil and spread mixture evenly
over the rough polishing plate.

Polish at speed of 6 rpm for 10-15 minutes.(Rough polishing)

Unfasten mounting fixture from polishing fixture and clean.

Mix 3 um diamond polishing grit with water, soap, and suspendex following
the mixing formula.

Pour the solution into polishing wheel and tray.

10. Put polishing jig onto the plate.

11. Turn on pump to circulate slurry mixture.

12. Polish for about 50-60 minutes with the speed of 18 rpm.

13. Clean substrate and inspect the edges under microscope before moving on.

14. Clean al equipments thouroughly.



15. Repeat fine polishing procedure with 0.3 pum diamond polishing grit for 45
minutes at 16 rpm.

16. Clean and Inspect edge quality under microscope. If needed, repeat polishing.

17. Clean all equipment thoroughly.

18. Soak substrate into MF312 until separation.

19. Clean substrate with methanol and water.

20. Inspect edge quality and cleanness under microscope prior to optical testing.
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APPENDIX 11
IMAGE REVERSAL PROCESS

(NEGATIVE PHOTOLITHOGRAPHY PROCESS)

. Dehydrate the substrate in the oven set at 135°C for 10 minutes. Take out and
let it cool down.

. Apply photoresist on the substrate, and spin at 5,000 rpm for 30 seconds.

. Soft bake the substrate at 96°C for 1 minute. Let it cool down.

. Expose the U.V. light of the intensity 21.3 mW/cm? onto the substrate with
mask without filter for 3 seconds.

. Soft bake again at 106°C for 2 minutes. Let it cool down.

. Flood expose with U.V. light of the intensity 21.3 mW/cm? with filter for 2
minutes.

. Develop the substrate with the solution of MF312:H,0O (1:1.2) for 30-40
seconds, then put the substrate into D.l. water for 3 minutes.

. Gently blow dry with nitrogen.
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APPENDIX 12

E-BEAM PROCEDURE

Clean the plate with sand-blasting gun.

Check the nitrogen tank if it is enough for arun.

Mount substrate onto the plate.

Test the thickness monitor. If working properly, the light should brink twice.
Flip on the control and make sure that roughing valve and Hi-vacuum valve
are closed.

Turn on vent switch to vent the chamber.

Load substrates and metals in the system.

Close the lid and turn on mechanical pump and open roughing valve.

Turn on ionization gauge to monitor the pressure.

10. Pump the system until the pressure shows below 70 um of Mercury.

11. Close the roughing valve and open Hi-vacuum valve.

12. Pump the system until the pressureis below 5x10°° Torr.

13. Turn on thickness monitor.

14. Set the keyboard switch to Program, and set Control PWR to Auto.

15. Set density, Z-ratio, and tooling.

16. Reset the keyboard switch to Lock and reset Control PWR to Main Power.

17. Press ZERO button.

18. Turn on cooling water system.
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19. Plug in the key.

20. Turn on main power, and wait for the system to start.

21. Press the High Voltage ON button, and wait for relay to turn on (click).

22. If current shows, turn off High Voltage immediately. Short circuit is presented.

23. Turn on the scanner.

24. Wait for the beam to warm up.

25. Increase the current gradually, and adjust the light spot position to start
deposition.

26. Rotate the crucible if needing to deposit more than one.

27. After finish, turn down the current and voltage. Plug off the key.

28. Turn off the thickness monitor.

29. Turn off the ionization gauge.

30. Wait for 5 minutes, and turn off the power supply.

31. Wait for 15 minutes, close cooling water for crystal, and turn off crystal cooler.

32. Wait for 45 minutes, and close other cooling water under the front panel.

33. Turn off Hi-vacuum switch.

34. Vent the system, and take out samples.

35. Once everything has been removed from the chamber, rough slightly.

36. Turn off control.
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APPENDIX 13

LIFT-OFF PROCESS

1. Place the substrate on the sample holder.
2. Sonicate in acetone until the unwanted portions of metals are peeled off.

3. Gently clean the sample prior to optical testing.



APPENDI X 14

CHANNEL WAVEGUIDE LAYOUT
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APPENDI X 15

MASK LAYOUT OF ELECTRODES

Device E1 E2 E3 E4 E5 E6
g [um] 11 12 13 21 22 23
]
#EL - A
C/L 300 um
o 4
#E2 o ¥
C/L 300 um
o 4
#E3 - ¥
CIL 2400 um
HEA o : 4
C/L 300 um
#ES o I ¢
C/L 300 um
#E6 1Y
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APPPENDIX 16

SCHEMATIC DRAWING OF ELECTRODE
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APPENDIX 17

SFDR ANALYSISOF MZ INTERFEROMETRIC MODULATOR

In Mach-Zehnder interferometric el ectrooptic modulator, the transmittance is a
sinusoidal function of the voltage-induced optical phase shift. With a quadrature
biasing, the signal photocurrent Is can be written as

I, =1,d+sing) (al7.1)
where |y is the average photocurrent and ¢ is the induced phase shift that depends on
the modulating voltage. A sine function of equation (al7.1) is expanded, so that

equation (al7.1) can be rewritten as

|s=|0(1+¢—¢—63+%— ..... ] (al7.2)

If the modulator is driven by a single-frequency voltage waveform of
¢ = Acos(wt) (al7.3)
where A is the modulation amplitude and @ =27zf with f being the modulation

frequency. An equation (al7.3) can be rewritten as

¢ _ A( eia)t _|_2eiwt ] (a174)

The eectrical power that is generated in the load resistor with a resistance R at the

fundamental frequency f is given by

o _RIEA

als.5
= (a17.5)
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The third harmonic power Pg; can be given by

1°)  RIZA°
P.=R 6 | =11 (al7.6)

where the photodetector noise power Py, is expressed as
P, =2eRI B (a17.7)
with e an electron charge and B the receiver bandwidth. By solving for A that makes

the third harmonic power in equation (al7.6) equals to the noise power in equation

(al7.7), it yields

A= 3.24(@]6 (al7.8)

0
The spurious-free dynamic range SFDR3, defined as P/ P, using the value of A from

equation (al7.8), is calculated from equation (al7.5) and (al7.7) to be

2
3

SFDR, = 3.30(%) (al7.9)

For biasing exactly at quadrature, only odd harmonics are present in the
receiver output. However, a dight bias error can result in sizable even harmonics.
From equation (al7.1), if we have a bias error, ¢, the photocurrent, |5, can be written
as

|, =1,(1+sing) (a17.10)

with ¢’ =6, + ¢ . Assume 6,<< 1, |s can be expanded as

I = |0(1+¢e+¢_¢e_§2] (al7.11)



The second harmonic power Py is given by

2 42 p\4
o RGN
16

and it equal s to the noise power when

1
4
A=2[2e8]

2
I 0¢e
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(al7.12)

(al7.13)

Thus, the SFDR; (Ps/ Py), calculated using A from equation (al7.13), becomes

2 [T,

SFDR, == |2
¢\ 2eB

e

(al7.14)



APPENDIX 18

MATLAB PROGRAM FOR CALCULATING SFDR

Clear;

format short;

e _charge = 1.602e-19;

dv =1le-2; % deltaV
theta in = pi/4,

theta out = pi/4;

r13 = 8.6e-12; r33 = 30.8e-12;

k =r13/r33;
10 = 8.73e-5; % Photocurrent
B = 1.25¢6; % Bandwidth
RR(1) = 0.131; % Rx
RR(2) = 0.143; % Ry
phi(1) = 0; % phi(x)
phi(2) = pi/2; % phi(y)
del(1) = .136; % power attenuation(x)
del(2) = .143; % power attenuation(y)
Vmin=-3*dV;
Vmax = 3*dV;,
V =Vmin - 0.0000001;
i=1;
whileV <= Vmax

for j=1.2

R =RR());

if J ==
kth = cos(theta in);
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fac =1,
att = exp(-del(2));
else
kth = sin(theta_in);
fac = k;
att = exp(-del (2));
end
att2 = att"2;
ph = phi(j)+fac*V;
den = 1+(R"2)* (att2* att2)+2* R* att2* cos(2* ph);
Ar(j)=(1-R)* att* (1+R* att2)* cos(ph)* kth/den;
Ai(j)=(1-R)* att* (1-R* att2)* sin(ph)* kth/den;
end
Br = Ar(1)* cos(theta_out)+Ar(2)* sin(theta_out);
Bi = Ai(1)* cos(theta_out)+Ai(2)* sin(theta_out);
sm(i) = (Br*2)+(Bi"*2);
V =V+dV;
i =i+l
end
kfit = 10/(e_charge*B);
fori =13
jp=i+4,
jm=-i+4;
sS(i+1)=0.5* (sm(p)+sm(m));
dd(i+1)=0.5* (sm(jp)-sm(jm));

end

ss(1) = sm(4);
dd(1) = O;
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cc(1) = ss(1);

cc(2) = (45* dd(2)+dd(4)-9* dd(3))/(30* dV);

co(3) = (270 sx(2)+2* s5(4)-27* s5(3)-245* s3(1))/(180* (dV2)):

co(4) = (13*dd(2)+dd(4)-8* dd(3))/(-24* (dVA3));

co(5) = (39* s3(2)+55(4)-12* s5(3)-28* s(1))/(-72* (V" 4)):

cc(6) = (dd(4)-cc(2)* 3* dV-co(d)* 27* (AVA3))/(243* (dV/5));

co(7) = (s3(4)-cc(1)-co(3)* 9* (AV/2)-cc(5)* 81* (dV4))/(729* (AV6));

cX = cc(2"2;

DR(1) = (cc(2)/cc(1))n2;
DR(2) = (cx/cc(3))* sgrt(Kkfit);

DR(3) = ((abs(kfit/cc(4)))N(2/3))* cx;

DR(4) = (kfit"(3/4))* cx* 0.5/(sgrt(abs(cc(5))));
DR(5) = (kfit"(4/5))* cx* 0.525/((abs(cc(6)))\(2/5));
DR(6) = (kfit"(5/6))* cx* 0.405/((abs(cc(7)))N(1/3));

SFDR = DR(2:6);
SFDR = 10*10g10(abs(SFDR))

end
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