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ABSTRACT

KEYWORDS: Lithium niobate, integrated optics, nonlinear optics, periodic pol-
ing, ridge waveguides, channel waveguides, photorefractive dam-

age.

All-optical wavelength conversion is the most desirable option to use in DWDM-networks
as it solves the channel contention problem, increases the network flexibility, efficiency and
provides a dynamic reconfiguration of the network. Nonlinear integrated optical devices
fabricated using periodically poled lithium niobate (PPLN) waveguides have received ex-
tensive attention in all-optical signal processing due to their interesting features (e.g. low
propagation-loss, very high conversion efficiency, ultra-fast optical response etc.). A thor-
ough literature survey reveals that these devices also suffer from photorefractive damage
in presence of near-IR radiations (A < 900 nm). Even devices operating at communica-
tion wavelengths (A ~ 1550 nm) are also affected by the photorefractive damage because
of the generation of shorter wavelengths during various nonlinear wavelength conversion
processes. Photorefractive damage decreases the overall performance of a nonlinear in-
tegrated optical device. Hence, the suppression and control of photorefractive damage in
lithium niobate waveguides is an active area of research over the years. Recently, it has
been experimentally demonstrated that the ridge waveguide has much higher threshold for
photorefractive damage compared to a standard diffused channel waveguide in presence of
a high power radiation near the room temperature. But, a detailed investigation which can

give further insight into this interesting feature of the PPLN ridge waveguide is still missing.

This thesis begins with a description of state-of-the-art understanding of photore-
fractive effect in bulk lithium niobate crystal and subsequently explains the superiority of
ridge waveguide geometry in terms of photorefractive damage resistance for guided modes.
Titanium-indiffused PPLN channel and ridge waveguides have been theoretically analyzed

for efficient second harmonic generation and then the damage-resistant characteristics of the

v



PPLN ridge waveguide during second harmonic generation has been studied. Experimental
investigations have been carried out on PPLN ridge and channel waveguides to validate the
theoretical prediction. As expected, second harmonic measurements showed that the PPLN
ridge waveguide (length - 15 mm) could sustain with a power level of Pz > 10 mW at room
temperature without significant degradation of the phase-matching characteristics, whereas
in case of channel waveguide (length - 36 mm) Pgy ~ 0.4 mW could easily destroy the
phase matching characteristics. The generated second harmonic power in ridge waveguide
was also found to be stable as a function of time at room temperatures. The experimentally
observed blue-shift in phase-matched wavelengths has been justified by the inherent bulk
photorefractive effect of LiNbOj3. Thus, experimental results support the theoretical predic-
tion and provides a reasonable explanation of the damage resistant characteristics in a PPLN

ridge waveguide.
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CHAPTER 1

Introduction

Lithium niobate (LiNbO3) is a widely used artificial ferroelectric material with many excel-
lent optical properties (e.g. electro-optic, thermo-optic, acousto-optic, photorefractive and
nonlinear-optic effects etc.) [1]. It has been used to demonstrate integrated-optical devices
with wide range of applications [2]. Though periodically poled lithium niobate (PPLN)
channel waveguides have very low propagation-loss and excellent conversion efficiencies
for various second order nonlinear interactions [3]; these waveguides are affected by severe
photorefractive damage at higher power levels [4]. Present thesis work is all about a study of
photorefractive damage resistance characteristics in PPLN ridge waveguides and to estab-
lish its superiority over conventional PPLN channel waveguides. Motivation of this work,

research objective and thesis organization have been presented in this introductory chapter.

1.1 Motivation

Many optical functions have been implemented using in LiNbOj5 as bulk material [5], single-
crystal fibers [6], thin films [7] and integrated optical substrate (waveguide devices) [8].
Among these waveguide/integrated optical are the most popular class due to well-established
and matured waveguide fabrication technologies [9, 10, 11, 12]. Almost all the known inte-
grated optical devices have been demonstrated either with Ti-indiffused (Ti:LiNbO3) or with
annealed proton exchange (APE:LiNbOs) channel waveguides till date. TE/TM-mode split-
ter (crosstalk < -20 dB, insertion loss 1.7 dB) [13], polarizer (TM-mode extinction > 35 dB)
[14], polarization splitter (crosstalk < - 20 dB, total insertion loss 3 dB, wavelength inde-
pendent operation over A\ ~ 100 nm) [15], directional coupler (crosstalk upto -24 dB, bar
state extinction 47.8 dB) [16] and Y-junction power splitter / combiner (angular separation
1.1°, separation between parallel branches 30 pm, splitting ratio ~ 50:50) [17], wavelength
multiplexer (insertion loss < 3dB, temperature sensitivity ~ 5.6 x 1072 nm/° C, tuning rate

2.5 nm/V) [18], wavelength filter (switch data among channels 0.4 nm apart in less than 50



ns, insertion loss ~ 19 dB and crosstalk < - 22 dB.) [19], DBR filter (reflectivity > 80%)
[20], Bragg grating (reflectivity ~ 94 % @ 1546 nm) [21] etc. have been fabricated using
LiNbO;3 channel waveguides. These components have been used to demonstrate various

complex integrated optical devices.

It is worth mentioning here that by exploiting the excellent electro-optic property,
high volume LiNbO3 waveguide modulators with Mach-Zehnder interferometer (MZI) con-
figuration have been commercially produced for ultra-high speed (~ 100 Gbit/s) data trans-
mission [22, 23]. These are also being used for electric field sensing, optical metrology
and in many other allied fields [24, 25, 26, 27]. Recently, ferroelectric domain-inversion
technique has been used to develop electro-optic modulators with large bandwidth (> 10
GHz), low driving voltage (< 2 V), adjustable chirp parameters for the output wave and sin-
gle side-band [28, 29, 30]. Acousto-optic (AO) effect in LiNbO3 has been used to develop
AO tunable filters (AOTFs). This device has a bandwidth of 2.0 nm and a tuning range
of 130 nm, with fiber-to-fiber insertion loss < 4.6 dB, residual polarization dependence of
1.3 dB for bar-state and 0.1 dB for cross-state [31]. These filters can used for configur-
ing WDM-networks. Integrated acousto-optic 2x?2 switches or add/drop multiplexers have
also been developed at an operating wavelength ~ 1550 nm. AO-filters can also be used
in spectral slicing of supercontinuum source [32], acoustic modulation [33] and biomed-
ical sensing [34]. Holographic digital memories also have been demonstrated in LiNbOj3
crystals [35, 36, 37]. These devices can be used for secured data storage with 3D encryp-
tion [38]. LiNbOj3 based holograms have longer life-time and hence are suitable for com-
mercial applications [39]. Holographic gratings fabricated using LiNbOs:Fe can be used
to develop narrow-band filters for using in high-resolution spectroscopy, solar and stellar
astronomy, LIDAR, terrestrial remote sensing, laser wavelength locking, integrated waveg-
uide lasers, grating couplers, optical sensors, confocal microscopes, wavelength filters etc.
[40, 41, 42, 43]. Er-doped LiNbOs is a laser active material and it provides optical amplifica-
tion and lasing in the wavelength range 1530-1576 nm [44, 45, 46, 47, 48]. A new family of
compact, efficient, inexpensive waveguide amplifiers and lasers with advanced functional-
ity have been demonstrated using low-loss Er:Ti:LiNbO3 channel waveguides by exploiting
electrooptic, acoustooptic and nonlinear optical properties of LiNbO3. These lasers and am-

plifiers can be combined with other active and passive devices on the same substrate to form



integrated optical circuits to be used in optical communications, sensing, signal-processing

and in various measurement techniques [49, 50, 51, 52, 53, 54, 55].

In recent years, quasi-phase matched (QPM) PPLN channel waveguides have been
used to demonstrate various second-order nonlinear interactions [56, 57, 58, 59, 60, 61].
These devices exhibit very high nonlinear conversion efficiency, low propagation-loss, ultra-
fast optical response, negligible spontaneous emission noise, low cross talk, very low in-
trinsic frequency chirp and complete transparency to bit rate and modulation format [62].
Compact, stable, high-power and low-noise visible and multi-color laser sources have been
demonstrated using PPLN channel waveguides [63, 64, 65, 66]. These lasers can be used
in optical data storage, high-brightness displays, color printing, medical science, quantum
communication, DWDM-systems and various sensors [67, 68, 69, 70, 71]. LiNbOs non-
linear integrated optical devices are considered to be the most promising class of devices
which can be for highly efficient all-optical signal processing in modern DWDM-networks
[72, 73, 74]. But, these devices are highly sensitive to photorefractive damage at higher
pump power levels in presence of generated visible and near-IR waves (A < 900 nm). Pho-
torefractive damage is more prominent in channel waveguides fabricated on congruent crys-
tals. This process cascades itself with the increasing light intensity as the beam propagates
through the waveguide and finally degrades the guiding characteristics completely. It is an
inherent issue with lithium niobate waveguides with varying degree of sensitivity based on
the fabrication methodology [75, 76, 77]. It is the most serious bottleneck for nonlinear
integrated optical devices. Hence, proper control and reduction of photorefractive beam-

distortion is absolutely essential for any practical application.

1.2 Research Objective

Most commonly used technique for controlling the photorefractive damage in PPLN waveg-
uides is to operate the device at a higher temperature (~ 200° C) and increase the dark
conductivity, which can subsequently compensate for photo-induced electronic conductiv-
ity [78]. But, higher operating temperature makes fiber pigtailing more challenging and

results in unstable device performance. Use of stoichiometric substrates for fabricating de-



vices can control the photorefractive damage to a great extent [79, 80]. But, stoichiometric
LiNbOjs crystals are internally disordered and they have much lower dielectric breakdown
voltage, which can cause breakdown during periodic domain inversion process. Another
option to control optical damage in LiNbOs is to use various optical damage resistant addi-
tives [81, 82, 83]. But, doping results in degradation of the optical quality of the substrate
and also exhibits unstable device performance. Similarly, there are some more proposed
techniques for the control of photorefractive damage [84, 85, 86], but all these need further
investigations and understanding of resulting material behavior. Very recently, it has been
demonstrated that, PPLN ridge waveguides are much more tolerant against photorefractive
damage. Nishida et al. have demonstrated second harmonic generation (@ Agpyr ~ 1535.8
nm) using directly bonded PPLN ridge waveguides (length-13 mm, width 10-20 gm and
height 30 pum, poling period - 18 pm) with a peak conversion efficiency ~ 44 %/W. When
these waveguides were irradiated with an external high power pump wave (A ~ 784 nm, ~
64 mW), they did not show any significant damage even after 10 minutes [87]. Sugita et.
al. have demonstrated second harmonic generation in a pure crystal directly bonded ridge
waveguide fabricated on Y-cut MgO:PPLN wafer (thickness- 4 pm, length - 10 mm, poling
period - 3.2 pm). They could generate Pgy ~ 40 mW from P, ~ 67.8 mW (@ Agpus
~ 849.2 nm) at room temperature [88]. Nishida et. al. have generated Psy ~ 110 mW
from Ppypmp ~ 190 mW (@ A\gpyr ~ 1542.4 nm) on a ZnO-doped PPLN directly bonded
ridge waveguide (length - 55 mm, width - 10 pm, thickness - 6.2 um, poling period - 18
pm) at 50° C device temperature without any saturation in second harmonic power due to
photorefractive damage [89]. L. Gui et. al. have shown stable Psy ~ 50 mW using P,
~ 700 mW (@ Agpyr ~ 1548.5 nm) in a Ti:LiNbO3 locally poled X-cut ridge waveguide
(width 8 pum, height 3 pm, length - 13 mm, poling period - 16.1 um) [90]. Jedrzejczyk et.
al. have demonstrated Pgy ~ 386 mW using Py, ~ 1.01 W (Agpar ~ 1061 nm) at ~ 30°
C in a MgO: PPLN ridge waveguide (length - 11.5 mm, width ~ 5 ym and ridge height 4
pm) [91]. Sun et.al. have generated Psy ~ 466 mW green laser (CW) near room temper-
ature in a APE-MgO:PPLN ridge waveguide (width - 8.5 pm, length - 1.4 cm long) [92].
All these results clearly demonstrate the photorefractive damage-resistant characteristics in

PPLN ridge waveguides.



Due to their photorefractive damage resistant characteristics, PPLN ridge waveguides
are ideal candidates for the development of nonlinear integrated optical devices for high
power applications near room temperatures. Hence, a complete understanding of this char-
acteristics is essential to design and develop damage-resistant QPM-PPLN waveguides. But,
a proper explanation of the mechanism of damage-resistant characteristics in PPLN ridge
waveguides is not yet available in literature and it needs further exploration. The main ob-
jective of the present research work is to investigate thoroughly the reason behind the higher
photorefractive damage threshold in PPLN ridge waveguides in comparison to that of con-

ventional buried channel waveguides and then give a suitable explanation for the same.

1.3 Thesis Organization

With in the scope of the research objective, a theoretical study on the photorefractive dam-
age resistant characteristics of PPLN ridge waveguides has been carried out and it has been
explained with the help of it’s strong modal confinement. Subsequently, theoretical predic-
tions were validated with further experimental investigations. Accordingly, the entire thesis
is organized into three main chapters as discussed below.

In chapter 2, the origin of the photorefractive effect and physics behind the photo-induced
charge transport process in LiNbO3 have been discussed with the help of well-established
theoretical models from the literature. The photorefractive damage in LiNbO3 waveguides
has been theoretically analyzed using two-center charge transport model.

In chapter 3, second harmonic generation has been theoretically investigated in both Ti-
indiffused PPLN channel and ridge waveguide, and it has been shown that a PPLN ridge
waveguide with optimized dimensions is more efficient as a second harmonic generator
compared to a PPLN channel waveguide. Then the effect of photorefractive damage has
been theoretically analyzed in both Ti-indiffused PPLN channel and ridge waveguides and
it has been found that, the higher modal confinement in PPLN ridge waveguide provides a
better modal stability. Hence, the higher photorefractive damage threshold in a PPLN ridge
waveguide can be attributed to it’s much stronger modal confinement compared to a PPLN
channel waveguide.

In chapter 4, initially various device fabrication steps have been discussed. Then optical



characterization results of these fabricated waveguides are given. The catastrophic change
in the characteristics of LiNbO3 channel waveguide and better stability of guided modes
in ridge waveguide have been shown experimentally at an operating wavelength of \ - 635
nm. Results from second harmonic generation experiments in PPLN waveguides have been
thoroughly analyzed and with the help of these results the damage-resistant characteristics
of PPLN ridge waveguides have been validated.

Finally, the work carried out in this thesis has been summarized and possible directions for

future investigations have been outlined.



CHAPTER 2

Photorefractive Effect: Background Study

In this chapter, the origin of photorefractive effect and various well-known charge-transport
models which are used to describe the photorefractive effect in bulk LiNbO3 have been
discussed and these models have been used to estimate the effect of photorefractive damage
in LiNbO3 waveguides. The charge transport-model discussed in this chapter has been used

in chapter 3 to investigate the damage resistant characteristics in PPLN ridge waveguides.

2.1 Physics of Photorefractive Effect

The photorefractive effect is a change in refractive index of LiNbQOj in presence of a nonuni-
form light intensity. It was observed for the first time by Ashkin et al. [93]. Though the
photorefractive effect in LiNbOs is attractive for memory applications [94, 95]; it is also
turned out to be the main bottleneck against high power applications of nonlinear integrated
optical devices. The change in optical properties of LiNbO3 during photorefractive effect
is driven by the gradient of incident light intensity. An inhomogeneous light intensity of
proper wavelength can cause donors species in the illuminated region of the crystal to re-
lease valance electrons, which are then elevated into the conduction band and finally get
trapped by acceptor species in darker region of the crystal after being transported along the
crystallographic c-axis [96]. Due to relatively longer life time of trapped charges (~ ms),
the incident light intensity needed to drive the photorefractive optical changes can be very
low. The mechanism of photorefractive effect in LiNbOj is shown in Figure 2.1. Three
most important steps during the entire process are: optical absorption, charge transport, and
electro-optic effect. Optical absorption and charge transport together give rise to photocon-
ductivity, while the electro-optic effect translates the internal electric field into refractive
index changes and modifies the actual index distribution of the crystal [97]. Various transi-
tion metal ions; e.g. Fe*"/Fe3*, Cu™/Cu®*, and Mn?**/Mn3* [98] etc. or color centers (~

ppm level) incorporated in LiNbOj3 crystal during growth or waveguide fabrication act as
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Figure 2.1: Physical mechanisms of photorefractive effect in LiNbOs.

photorefractive centers. Here, reduced valence ions act as charge donors, whereas oxidized
valence ions act as acceptors. The photorefractive change in refractive index is reversible in
nature and depends on the input intensity and impurity concentrations [99, 100, 101, 102].
Photorefractive relaxation time is a measure of specific resistance of the crystal and it de-
pends on crystal temperature [103, 104], impurity concentration and can vary from 10~*
seconds to several months [105, 106]. The relaxation is also possible upon illumination of
LiNbOj crystal with photoactive radiation [107]. At room temperature, the persistence of
the induced photorefractive damage in LiNbOj is in general very large. Sometimes, band-
to-band electron excitation induced by deep UV light [108] or sometimes X-ray [109] or

~-ray [110] radiation can also cause photorefraction in lithium niobate crystal.



2.2 Analytical Model of Photorefractive Effect

When an undoped LiNbOj crystal is illuminated with a light intensity I at a particular wave-
length electrons trapped at various defect/impurity levels are excited into the conduction
band and a charge transport process is initiated due to bulk-photogalvanic effect, diffusion
and drift process or a combination of these processes. Total photo-induced current density J
in LiNbOs can be written as:

J= jphg + jdiff =+ jdrift (2.1)

Here, j phe 18 the current density due to bulk-photogalvanic effect, j aife 1S the diffusion current
density and jdrift is the drift current density. Each of these current components are briefly
described below:

Bulk-photogalvanic current: The bulk-photogalvanic effect is the most prominent effect
causing photorefractive damage in lithium niobate [111]. The bulk-photogalvanic current is

a light-induced current in absence of an electric field. It can be written as [112]:
Jong = SlIé (2.2)

Here § (= as3) is the bulk-photogalvanic constant and a3z is a component of the bulk-
photogalvanic tensor (o) of lithium niobate. ¢ is the crystallographic c¢-axis and for lithium
niobate Z || ¢. Bulk-photogalvanic current migrate charges in darker regions of the crystal
resulting in the development of the space-charge field. It can also be dependent on the polar-
ization of the incident radiation and the polarization-dependent bulk-photogalvanic current

can be written as [113, 114]:
1 *
Jongi = D 5 (il By + c.c) 2.3)
j7k

where «;j;, are components of photogalvanic tensors. The bulk photovoltaic effect can be
observed in lithium niobate both under visible and X-ray irradiation [115].
Diffusion current: The diffusion current is driven by concentration gradients of free charge

carriers and it can be written as follows:

jdiff = —eDVn 2.4)



where D is the diffusivity tensor and D=(p kgT/e). Here, e is the electronic charge, kg is the
Boltzmann constant and 7 is the crystal temperature.
Drift current: The drift current results from the Coulomb interaction of an electric field

with various charge carriers. It can be written as:
Jarie = epnE (2.5)

Here, e is the electronic charge, o is the conductivity, x4 is the mobility for electrons,  is the
electron density in conduction band and E is the electric field. Electric field consists of three
contributions: the space charge field ﬁsc, external electric field Eext and the pyroelectric field

—

Eyro- Hence, Equation 2.6 can be written as:

— —

jdrift - 6/vbn(l:—jsc + Eext + Epym) (26)

The space charge field results from the redistribution of charge carriers and it is responsible
for the photorefractive damage. The applied electric field is externally controlled. The
pyroelectric field is generated due to changes in spontaneous polarization once the crystal
temperature is raised during light illumination. Pyroelectric field is more prominent at higher
input power and for pulsed radiations. The photorefractive space-charge field developed in
lithium niobate can be obtained from the solution of Poisson’s equation and the continuity
equations as shown below:

V-D=p (2.7)

and

—

L9
vVeT+ 2

5 0 (2.8)

Charge transport models:

To understand the physics behind the charge-transport process and to explain various exper-
imental results related to photorefractive effect models were developed considering genera-

tion and recombination rates of free charge carriers. At first, rate equations were developed
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with considering only one set of filled and empty traps for charge carriers and the corre-
sponding model was named as the one-center charge transport model. Different predictions
of one-center model were in very good agreement with experimental results obtained at
continuous wave (cw) intensities over a wide range of intensities [116]. Hence, this model
became widely accepted. But, at very high light intensities experimental results showed con-
siderable deviations from predictions of one-center charge transport model. It was subse-
quently observed that this anomalous behavior can be explained considering the presence of
atleast one additional set of filled and empty traps for charge carriers in the charge-transport
process and corresponding model was named as the two-center charge transport model. It
could successfully explain various experimental results related to photorefractive effect at
high light intensities. In this section one-center and two-center charge transport models have
been briefly discussed along with necessary rate equations.

(i) One-center charge transport model: In one-center charge transport model photo-
excited free electrons travel along the crystallographic z-axis from filled traps i.e. Fe?"-ions
(in the illuminated region) to empty traps i.e. Fe>*-ions (in the dark region) according to the
following scheme:

Fe*t + hv o Fe*t + e (2.9)

The basic scheme of one-center charge transport model has been shown in Figure 2.2 [117,

118, 119]. One-dimensional space-charge field generated in lithium niobate can be calcu-

LiNbO3 Conduction Band
e e
7\ -
¢ \_/ - O'
2.6eV 1.6 eV
-
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\ 2
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FEsce—----=-=----
LiNbOz Valance Band

Figure 2.2: Scheme of one-center charge transport model (not in scale).
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lated using following set of coupled equations (considering only one set of filled and empty

traps) :
" on _ ONi. | 107 (2.10)
ot ot e 0z '
ON
afe = QFeSFe[(NFe - N;e) - ypen]\/'},fe (2.11)
on n
J=—epunE —eD— + Kpe(Npe — Ni, )1 (2.12)

0z
In Equation (2.12), the electric field component E=FE,., where E,. is the photorefractive
space-charge field (assuming that both external field and pyroelectric field are absent). The

space charge field can be calculated from the following equation :

oF
— = —e(n+ Np. — N.)/eeqg (2.13)
0z

Here, N. is the concentration of non-mobile charges which maintain the overall charge neu-

trality of the substrate. Using the charge conservation condition (p = 0), the approximate

expression for the photo-conductivity can be written as:

QFeSFeI(NFe_Nc) (NFG_NC) NI:L—
= =A [ =A—*X¢] 2.14
o=ep o N, N, (2.14)

Here, Lis light intensity, 7z.= (1/vr. N.) is life time of photo-carriers in the conduction band,
1 1s mobility, g, is quantum efficiency, sg. is absorption cross-section of donor impurities,
Nr,. and N}Se = (Np.-N.) are concentrations of donors and ionized traps respectively. Ac-
cording to one-center charge transport model, the photoconductivity is a linear function of
the light intensity and the concentration ratio of donors and traps and this relation is found
to be experimentally valid over a wide range of impurity concentrations and also at low and
moderate light intensities [120]. An approximate expression for the saturation refractive

index change according to one-center model can be derived as follows:

1 e(Npe — N,
Ane,sat — —57137” % [/fF ( F C’)

|1 (2.15)

¢ o

(i) Two-center charge transport model: Two-center charge transport model was devel-

oped with the help of experimental data obtained from various LiNbOj:Fe samples [121,

12



122]. The scheme of the two-center charge transport model is shown in Figure 2.3. In
LiNbO3 Conduction Band
.-
> o,
/VV\-)' e W

A 4 0
2.6eV " X 1.6eV
(Y WV

Fe3+

Qe

I‘\

LiNbO3 Valance Band

Figure 2.3: Scheme of two-center charge transport model (not in scale).

the two-center model it was assumed that Fe?*-ions were donor species with a concentra-
tion Nz, and Fe®>"-ions were acceptor species with a concentration N . The rate of light-
induced excitation of electrons from the Fe?* -state into the conduction band was S re(N -
N1, where sp. was the absorption cross-section and qr, was the quantum efficiency of
transition. 7. is the recombination constant of electrons. The secondary donor center
(X-center) was assumed to have a concentration Ny, which becomes active at higher light
intensities. [Sx is the spontaneous ionization probability of filled X-centers. Also, it was
assumed that electron can directly transfer from Fe?" to X and from X° to Fe3* states with
excitation and recombination rates as qr.xSrex and vx e respectively. Equations describ-
ing the Two-center charge transport process along the crystallographic z-axis in LiNbO3 can

be described using following equations [123]:

ON.

o (qrespe + qrex Srex Ny ) (Npe — Ni )1

- [7F6n+7XFe<NX - N;(_)]N;e (2.16)
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ON
ot

= (Bx +qxsxI +vxreNp)(Nx — N¥)

— [”an + quXsFex(Npe — N;fe)[]N; (2.17)

an _ ONgZ, aN;JrlQ
ot ot ot e 0z

(2.18)

0
J = —eunk — eDa—: + kipe(Npe — Ni)T + kx (Nx — N§)I (2.19)

In Equation (2.19), the electric field component E=E,., the photorefractive space-charge
field. All X centers are typically ionized in dark i.e. Nx=N%. The photorefractive space-

charge field space charge field can be calculated from the following equation :

oF

g = —€(N;vre — NC + N;(r — NX — n)/eeo (220)
Since, n < N, Nx [124, 125], these can be omitted in the charge density expression. Also,
the free electron concentration in lithium niobate does not change with time, hence using the
adiabatic approximation in Equation (2.18) and then using Equation (2.16), an approximate

expression of the concentration of free electrons in the conduction band can be written as

follows:
- qreSrel (Npe — Nj) + (Bx 4+ axsxI)(Nx — N¥)
’YFeN;‘_e + fVXN)—('—

(2.21)

Using the charge conservation relation one can write that, ON;, /0t= -ONY /Ot and N}, =

(NA+N X—N;). With these relations Equation (2.17) can be written as:

ON
ot

=&L(NE) + &N + & (2.22)

where

§1 = YxFe — qrexSrex{, (2.23)

52 = _BX - CJXSXI - VXFe(Nc + 2NX) - QFeXSFeX](NFe — N, — NX) (2-24)
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and

& = (Bx + axsxI)Nx + vxre(N. + Nx)Nx (2.25)

From Equation (2.17) the time evolution of the secondary shallow trap can be derived as

follows (using Nt /N, ~ 1):

QFeXSFeXI(NFe - NC)NX
BX + rYXFeNc + [QXSX + quXSFeX(NFe - Nc))]]

X [1 —exp(—{fx + VxreNe + [qx5x + qrexsrex (Npe — Ne)|I}t)]  (2.26)

N} = Ny —

Similarly, the time evolution of the primary acceptor state can be derived from Equation

(2.26) as follows:

C]FeXSFeXI(NFe - NC)NX
Bx + vxreNe + [qxSx + qrexspex (Npe — Ne))| L

X [1 —exp(—{fx + VxreNe + [gx5x + qrexsrex (Npe — No)|I}t)]  (2.27)

Ni = N.+

Above equations can be used to simulate the effect of an incident focused laser beam (CW)
to a lithium niobate waveguide, if the beam diameter is much smaller than the width of the
crystal. The steady-state value of the filled trap density Ng( can be approximated according

Equation (2.26) as follows:

& + (6 — 46:6)""
261

Nf = Nx — (2.28)

under the assumption that : the time development of the space-charge field E,,. is much
slower than the buildup time of filled trap density Nf( = (Nx - N¥). Using the charge con-

servation condition, the intensity dependent photo-conductivity can be written as follows:

sl (Npo — NI — qposp) [N
o= 6,[LQF SF ( F ) + [6)( + <QXSX dFeSF ) ] X (229)

'YFC(NC + N)f()

The increase in photoconductivity will result in a spatially varying space-charge field within

the substrate and it will change the refractive index of the substrate via electro-optic effect
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according to the Equation (2.30) as shown below:

1 Np. — N, — kp) N
Ategar = LI [/%'Fe( Fe o)+ (kx — kre) Ny

2 ¢ o

|1 (2.30)

Typical parameters used for calculations using in two-center charge transport model has

been listed in Table 2.1.

Table 2.1: Typical parameter values for two-center charge transport model.

Primary (Fe) - center parameters

Typical value

Abs. cross-section (sp.) [m?/J]
Recomb. const.qr. [m3/s]
Glass const. Kp,

1075 [126]
1.65 x 10714 [126]
2.80 x 1079 [127]

Secondary (X) - center parameters

Typical value

Donor (X°) conc. [m™?]

Shallow trap (XT) N conc. [m~3]
Thermal ionization prob. Sy [s7}]
Absorption cross-section sy [m?]
Quantum eff. gx (X* — C.B.)

Glass constant of X-center xy [m3/V]

1026 [122]

1026 [122]

0[122]

5.00 x 1075 [126]
5.00 x 10716 [126]
42.40 x 10733 [122]

Two - center parameters

Typical value

Absorption cross-section (Fe?* —XT) sp.x [m?]
Quantum eff. of transition qp.x
Recombination constant yx g, [s~/m?]

4.00 x 10731 [122]
3.22 x 10730 [122]
1.14 x 10721 [122]

2.3 Photorefraction in LiNbO3; Waveguides

In telecommunication networks wavelength conversion can be easily carried out within the
communication band via cascaded second-order interactions (cSHG/DFG) [128]. In this
technique any two wavelengths within the communication band are chosen as the pump and
the signal wave respectively. Initially a second harmonic wave is generated from the pump
wave, which subsequently interacts with the signal wave via DFG to complete the conversion
process. Hence, for successful wavelength conversion second harmonic generation is an
inherent process to start with [129]. During QPM-SHG in PPLN waveguides very high

power second harmonic waves (@ A < 900 nm) are generated due to lower propagation
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loss and very high nonlinear co-efficient (dss). Typically, lithium niobate waveguide cross-
sections are relatively low (~ 1.2 x 1077 cm? [4]), hence the generated intensity inside
lithium niobate waveguides is very high resulting in onset of photorefractive damage almost
instantly as soon as the second harmonic wave is generated. Hence, two-center charge
transport model has been used to analyze the effect of photorefractive damage in lithium
niobate waveguides with continuous wave illumination. For calculations, various parameters

have been taken from literature [123].

Figure 2.4 shows the redistribution of primary and second traps/acceptor states in a
waveguide as a function of time at different intensity level. It can be seen that for a constant
incident intensity, initially N;e (N}L() increases (decreases) with time and finally (for t > 10

ms) reaches a quasi steady-state. In the quasi-steady state, any photorefractive change in the
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Figure 2.4: Evolution of primary and secondary acceptor concentrations as a function of
time for different incident intensities of laser light (A ~ 488 nm).

waveguide is mainly controlled by the intensity I of the incident radiation and the device
operating temperature. Higher value of the incident radiation shows larger change in the

waveguide.

Figure. 2.5 shows the intensity dependent change in the steady-state photo-conductivity

in the waveguide with different impurity concentrations [122]. From the figure it can be
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Figure 2.5: Intensity dependent change in photo-conductivity o (7).

understood that as the photo-conductivity increases, more free carriers (electrons) are trans-
ported from the illuminated region substrate to the dark region. If the impurity concentra-
tion is higher in the substrate it results in even larger increase in the photo-conductivity.
The photoconductivity creates a spatially inhomogeneous charge-distribution and finally a
space-charge field is created within the substrate which changes the local refractive index
within the waveguide via electro-optic effect. Figure 2.6 shows the typical variation of the
saturation photorefractive index change (An. s,;) as a function of the incident intensity I
for different impurity levels. The saturation refractive index change inside a waveguide can
increase with the increase in the input intensity, resulting in higher photorefractive damage.
For a fixed intensity inside a waveguide, the photorefractive index change can be higher if
the impurity concentration is higher within the substrate, hence the photorefractive damage
in a waveguide is also dependent on the property of the substrate material (e.g. impurity
concentration etc.). Figure 2.6 gives a typical idea of the optical damage threshold present
in LiNbO3; waveguides. With the help of this idea waveguides can be designed to obtain
better stability against photorefractive damage.

In a Ti-indiffused waveguide the original refractive index profile can be defined as:

nw(llf, Z/) = nbulk,air(xa ?/) + AnTi (ZE’, y) (231)
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Figure 2.6: Variation of An, 4 as a function of logo[I (mW/um?)] in LiNbO3.

where AnT%(x, y) is change in refractive index due to Ti-indiffusion in the waveguide region.
In presence of a photorefractive incident radiation (App), the changed refractive index profile

in the waveguide region becomes:

nprw (T,Y) = Npuk air (T, y) + An" (2,y) — AnTE1, (2, 9))] (2.32)

Here, An"f[I,,.(z,y)] is the refractive index change due to I,,,(z,y). The ultimate
change in refractive index can be calculated accurately by updating the intensity profile
of the guided mode in an iterative manner. The photorefractive damage becomes stronger at

shorter wavelengths [130, 131].

2.4 Conclusions

In this chapter, the origin of the photorefractive effect and different photorefractive charge-
transport models in lithium niobate have been briefly discussed. Then time-evolution accep-
tor (both primary and secondary) concentrations as a function of the incident intensity, in-
tensity dependent change in photo-conductivity at various impurity levels have been studied.

Finally, the effect of photorefractive damage in lithium niobate waveguide i.e. an intensity
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dependent change in extra-ordinary refractive index have also been studied using two-center
charge transport model. Various parameters used for the calculation were obtained from
the literature [122] meant for an incident wavelength A = 488 nm, which is close to the
peak wavelength of Fe?* absorption spectrum (A ~ 470 nm). Hence, without loss of gen-
erality it can be assumed that the photorefractive index change is of the same order for a
given wavelength in both LiNbOj3 channel and ridge waveguides. With the knowledge of
the intensity dependent change in refractive index, Ti-indiffused ridge waveguide geometry
have been optimized in the following chapter such that it can withstand against the so called

photorefractive damage.
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CHAPTER 3

Damage Resistance in PPLN Ridge Waveguides

A theoretical investigation has been carried out in this chapter in an effort to justify the supe-
riority of photorefractive damage resistance of guided modes in ridge waveguide. The PPLN
ridge waveguide has been chosen for the second harmonic (SH) generation via QPM process
operating at A ~ 1550 nm. It is worth to mention here that the harmonic generation (visi-
ble wavelength range) in PPLN devices is responsible for photorefractive damage. Initially
the geometry of a Ti-indiffused ridge waveguide has been optimized for highly efficient
second harmonic generation. Then with the knowledge of the intensity dependent refrac-
tive index change in lithium niobate according to two-center model, modal characteristics
of PPLN waveguides have been studied in presence of second harmonic generation. It has
been observed that modal properties of a Ti-indiffused ridge waveguide with an optimized
geometry are more tolerant against small photorefractive changes or these waveguides are

photorefractive damage resistant in nature.

3.1 Waveguide Design

In the present work Ti-indiffused ridge waveguides have been investigated and results were
compared with those from channel waveguides having similar diffusion parameters. Ti-
indiffusion process was carried out at a temperature ~ 1060° C for ~ 8.5 hour in an inert
environment. Various fabrication parameters (e.g. waveguide width, effective depth, and
peak index change) were controlled to design and fabricate single-mode waveguides with

minimum waveguide-fiber coupling loss [132, 133].

3.1.1 Single mode guidance

Schematics of LiNbO; ridge and channel waveguides are shown in Fig. 3.1a and Fig. 3.1b,

respectively. Lithium niobate channel waveguides used in various nonlinear applications
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Figure 3.1: Schematic of LiNbO3 waveguides along with crystallographic axes :(a) ridge
waveguide, (b) channel waveguide.

are fabricated on crystallographic -Z surface of a Z-cut lithium niobate substrateon crystal-
lographic -Z surface, wheres ridge waveguides are fabricated on X-(Y-) substrates so that
the largest nonlinear co-efficient (ds3) can be used for most efficient nonlinear interactions,
which is oriented along crystallographic Z-axis. During Ti-indiffusion, in case of ridge
waveguide the Ti-ion distribution diffuses only vertically downwards within the ridge region
due to the physical boundary, and subsequently beyond the ridge region it may spread along
the lateral direction too. For channel waveguides the Ti-distribution spreads both in lateral
as well as in the vertical direction. Refractive index profiles of lithium niobate waveguides

can be well-approximated by mathematical function with an assumption that the diffusion
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Figure 3.2: Extraordinary index distribution of LiNbOs (a) ridge waveguide (Y-cut, X-
propagating, Ry - 4 pum, W - 7 um) and (b) channel waveguide (Z-cut, Y-
propagating, W - 7 um) for Ti-layer thickness - 100 nm, diffusion duration of

8.5 hours at 1060° C.

time is long enough to diffuse all Ti-atoms into the substrate. For a ridge waveguide, within

the ridge region the profile is linear with Ti-concentration decreasing downwards, whereas
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beyond the ridge region it can be approximated by the sum of error functions laterally and
by a Gaussian function perpendicular to the substrate surface. Similarly, for the channel
waveguide it is approximated by a sum of error functions laterally and by a Gaussian func-
tion vertically. The refractive index profile in a Ti-indiffused waveguide (Ridge/Channel)

can be defined as:

nw(flf, y) = nbulk,air(xa y) + AnTi (33', y) (31)

where An(x, ) is change in refractive index in the waveguide region due to Ti-indiffusion.
Typical refractive index profile for a ridge waveguide (Y-cut crystal and X-propagating) of
ridge height Ry and that of a channel waveguide (Z-cut crystal and Y-propagating) have
been shown in Fig. 3.2a and Fig. 3.2b. Diffusion parameters used for this calculation are:
Ti-layer thickness - 100 nm, diffusion time - 8.5 hour, temperature - 1060 °C. For the given
diffusion parameters the vertical diffusion depth of 4.3 ym (5.0 um) is obtained for ridge
(channel) waveguide configuration and the corresponding maximum surface refractive in-
dex change is found to be ~ 1.2 x 1072 (0.8 x 102) at an operating wavelength ) - 1550
nm. Here, only only the change in the extraordinary refractive index change is estimated
as the extra-ordinary polarized light is used in majority of PPLN nonlinear integrated op-
tical devices. For a ridge waveguide, the waveguide IV is width of the ridge structure, but
for channel waveguide we have defined it by the width of deposited Ti-film used for indif-
fusion. Detailed mathematical relations used for the calculation are given in the literature
[134]. Guided fundamental modes (@ A\ ~ 1550 nm) of a ridge waveguide (W -7 um, Ry
=4 pum) and channel waveguide (W - 7 um) are shown in Figure 3.3. The 1/e? mode-size
for TE-polarized (TM-polarized) fundamental mode at A - 1550 nm for the ridge (channel)
waveguide are estimated to be ~ 5.5 yum x 5.3 pm (9.5 pm x 6.8 pm). Which clearly shows
that even for similar fabrication parameters the mode size of the ridge waveguide is much
smaller compared to the mode size of the channel waveguide. Figure 3.4 shows width de-
pendent dispersion curves for both channel and ridge waveguides. From dispersion curves
it is observed that for the ridge waveguide single-mode cut-off width ~ 10 pm, whereas
for the channel waveguide single mode cut-off width ~ 8 ym. The single mode guided re-
gion is of great interest because almost all integrated optical devices are designed to sustain
only the fundamental mode for their efficient operations and better coupling efficiency with

optical fibers. Since, the ridge waveguide is having larger single-mode guidance region it
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Figure 3.3: Intensity distributions of guided fundamental modes for : (a) ridge waveguide
(Ry -4 pm, W -7 pm) and (b) channel waveguide (W -7 um) at A - 1550 nm.

is more suitable to use ridge waveguides for the design and development of various novel

integrated optical devices. From the modal dispersion curves it is also observed that effec-
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Figure 3.4: Modal dispersion for LiNbO3; waveguides: (a) ridge (Ry - 4 um) and (b) chan-
nel. Calculations are carried out for TE- (TM-) mode in case of ridge (channel)
waveguide which is used to avail the highest nonlinear coefficient (dss) for wave-
length conversions.

tive indices of ridge waveguides are much higher compared to effective indices of channel
waveguides. Figure 3.5 shows the variation of n.f; — np,; as a function of waveguide

width for guided fundamental modes at A - 1550 nm and its second harmonic wavelength
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at A - 775 nm, respectively, by taking ridge height Ry as a parameter. It is seen that index
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Figure 3.5: Effective index contrast with respect to bulk for the guided fundamental mode
as a function of waveguide width for varying ridge heights :(a) A - 1550 nm, (b)
A - 775 nm. Calculations are carried out for TE- (TM-) mode in case of ridge
(channel) waveguide which is used to avail the highest nonlinear coefficient (dss3)
for wavelength conversions.

contrast for both the pump mode as well as the second harmonic mode are much higher in
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case of ridge waveguide compared to channel waveguides. The tighter modal confinement
in ridge structure is mainly attributed to The higher value of (7. s f — Ny 0ir) In case of ridge
waveguide can be attributed to it’s tighter modal confinement and hence smaller mode size.
The value of (n.fy — npu) is found to increase for the ridge waveguide to its maximum
for Ry ~ 4 pm, which is close to the Ti-diffusion depth in vertical direction. Similar plots
for the channel waveguide much weaker index contrast, which clearly explains weak modal
confinement of channel waveguides compared to an optimized ridge waveguide structure.
Higher effective index contrast also suggests for a better modal stability in case of ridge

waveguides.

3.1.2 Effective mode area

For efficient operation of nonlinear integrated optical devices smaller waveguide mode di-
mensions are essential. Waveguide mode size can be optimized by varying various waveg-
uide fabrication parameters. In the present work, the width of the Ti-strip has been varied
and corresponding effective mode area (A.s) has been calculated at A ~ 1550 nm to deter-

mine the optimum mode size using the formula as shown below:

Uf ez(x,y)dxdy}2
L[ e*(z, y)dzdy]

Acgp = (3.2)

Here e(x,y) is the electric field profile of the propagating waveguide mode. Lower value of
A. sy leads to the tighter modal confinement and stronger overlap between various interacting
waves during nonlinear interactions. Figure 3.6 shows the effective area of the pump wave
mode as a function of the waveguide width for both lithium niobate ridge (Figure 3.6a)
and channel (Figure 3.6b) waveguides within their range of operation under single mode
condition. In case of lithium niobate ridge waveguide, effective mode area of the pump wave
is relatively larger for the smaller value of ridge height (Ry), and it is progressively reduced
with the increase in ridge height. But, for Ry > vertical diffusion depth (~ 4.3 pm for used
set of parameters), the value of the effective mode area of the pump wave nearly saturates.
For similar set of fabrications parameters it has been observed that the effective mode area
for the pump wave is always much larger in case of channel waveguide, which implies

that it is always possible to achieve better modal confinement hence improved nonlinear
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Figure 3.6: Effective mode area (A.ss) for the pump mode :(a) ridge, (b) channel for
Ti-layer thickness - 100 nm, diffusion time- 8.5 hours, temperature - 1060°
C.Calculations are carried out for TE- (TM-) mode in case of ridge (channel)
waveguide which is used to avail the highest nonlinear coefficient (ds3) for wave-
length conversions.
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interactions using ridge waveguides. For the present work, channel waveguide width ~ 7
pm has been used (standard waveguide width used for all LiNbOj integrated optical devices
fabricated using channel waveguides for efficient coupling with standard single-mode fiber
at 1550 nm). For comparison purpose, the width of the ridge waveguide is also considered
as 7 pm and the ridge height is kept as 4 ym (so that the mode can confined within the ridge

structure).

3.2 QPM-Second Harmonic Generation

Nonlinear optics deals with the nonlinear interactions of light with matter. When a beam
of light passes through a material, it interacts with individual atoms and molecules and
polarizes them. If the intensity of the input beam is large and comparable to the electric
field binding electrons to the nucleus of atoms or molecules, the response of dipoles to the
input optical field becomes nonlinear and dipoles begin to oscillate anharmonically. As
a result these dipoles generate an optical field having a frequency different from that of
the incident field. In a source-free (p = 0), linear, isotropic, homogeneous, lossy (o # 0)
nonlinear dielectric medium the light-matter interaction can be described by the following
equation: B . .
2 2

V2E — uoe%—f - Mogaa—f - Mo% =0 (3.3)
Here, 13]\/ 1, 1s the nonlinear polarization term, € is the permittivity of the medium, i is the
permeability of the free space. The polarization term induced by the second-order nonlinear
interactions are much stronger compared to other higher order terms. Hence, the nonlinear

polarization term can be written as:

— =

Py, = e[\ PEE] (3.4)

Second order nonlinear interactions are observed in non-centrosymmetric crystals. Second
harmonic generation (SHG) is one of the basic second-order nonlinear interaction. During,
SHG two photons having same polarization at a frequency w, (pump frequency) combine
and generate one photon with the same polarization at a second harmonic frequency wgy

(=2w,). This process is known as the type-zero phase matching in literature. Using the
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slowly varying envelope approximation, coupled-mode equations for second harmonic gen-

eration can be written as:

0A .
- F Ap + /AN Agexpl—jAkspaz] = 0 (3.5a)
and
0A o
ajH ;HASH + j/nApAp.exp[jAkspcz]) =0 (3.5b)
k2 82 dﬁ
77:_5:_ —ff (3.5¢)
)‘P €C | n ngH)\2 Aeff
and
{f Jo Iepnydedy} [f S lesm (@, y)P drrdy}
S& = (3.5d)

[f 1%, en( y)esn (e, ey, y) dxdyr

In above equations Ap, Agy are normalized complex amplitudes of the pump and the
second-harmonic wave respectively. ap and agy are propagation-loss for the pump and the
second harmonic wave respectively. Aksya = ksgc — 2kp is the phase-mismatch during
second harmonic generation. d.y is the effective nonlinear coefficient for second harmonic
generation, which depends on the material property and polarization of the pump wave. 7
is the normalized conversion efficiency for the second harmonic generation. Wavelength
dispersion in lithium niobate waveguides causes variations in both pump and second har-
monic refractive indices, thereby making Akgye # 0 in a waveguide. Hence, the phase
relationship between these two waves changes continuously as a function of position and
consequently the direction of power flow also follows the same. But, an efficient and steady
growth of the second harmonic power needs a continuous conversion of the pump power into
the second harmonic power. This can be accomplished in LiNbO3 waveguides by compen-
sating the phase-velocity mismatch between the pump wave and the second harmonic wave
using quasi-phase matching (QPM) [135]. Here, the largest nonlinear coefficient, ds3) is

used for the phase-matching by aligning all interacting waves along crystallographic z-axis
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and hence achieving the highest possible conversion efficiency. In this technique, initially
the pump and the second harmonic waves are allowed to propagate along the waveguide
in a non-phasematched fashion, till the point where the accumulated phase mismatch be-
tween these two waves reaches a value 7, and then immediately the sign of the nonlinear
coefficient ds3 is reversed and the interacting waves are forced to interfere constructively.
For steady growth of the second harmonic wave, this periodic modulation of the nonlinear
coefficient is carried out along the entire waveguide length and a d33 grating is formed along
the waveguide length. This QPM grating introduces an additional phase-term K¢py, in the

phase mismatch equation as shown in Equation (3.6):

Akgopy = Aksue — Kopym = (ksu — 2kp) — Kopu (3.6)

where, there term Kgpy = (27m/Agpa) compensates for the phase-mismatch during
second harmonic generation. Here “m” is the order of the QPM-grating, Agpar = 2. is the
grating period and [. is the coherence length, the distance over which both the pump and the
second harmonic wave propagate in the same direction. The effective nonlinear co-efficient
dcsr in a QPM-lithium niobate waveguide with first order grating structure can be written
as:

2
defy = %d33 (3.7)

where d33 is the nonlinear co-efficient of lithium niobate within the waveguide. The QPM-
SHG was quantitatively investigated with the help of coupled mode equations as shown in
Equation (3.5). Here pump (Ap) and second harmonic (Agy) wave amplitudes are normal-
ized such that the power in each wave Pi=]Ai|2, where i=P, SH. ap, agy are waveguide
propagation losses for the pump power as well as the second harmonic power respectively,
Akgpr is the phase-mismatch for QPM-SHG and 7 [W—'.m~2] is the normalized conver-
sion efficiency which depends on pump wavelength \p, effective refractive indices of pump
(n.r7,p) and second harmonic (n.yrsy) modes, effective nonlinear coefficient ds3 = 13.1

pm/V [136] and the effective area (overlap) of interacting modes Sgc)f.

[ ey } (3.8)
No = .
£0CNo,Nn2 A2 S g)f
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eg(x,y) and €% (x,y) are intensity distributions of guided pump and second harmonic modes,
respectively. The quasi phase-matched condition is achieved by a periodic ferroelectric do-
main inversion with a periodicity of A= Ap/[2(n.f¢ 51 - Neff,p)]. The peak second harmonic
conversion efficiency in a waveguide of length L is defined as nsy = [Psy (L)/Ppcoup(0)].
Since guided modes are tightly confined in ridge waveguides, a better non-linear optic inter-
action is expected when it is compared to typical channel waveguides. The smaller effective
area S.sy in the ridge waveguide is attributed to the tighter modal confinements and better
overlap of pump and second harmonic guided modes; it is mainly responsible for the higher
SHG efficiency in ridge guides even for higher propagation losses. Fig. 3.7a shows the
SH-conversion efficiency 1 = Psg(z = L)/ P,(z = 0) vs. pump wavelength A, plot for
Ti:PPLN waveguides (channel and ridge) of same length, L = 15 mm and same propagation
loss (o, = asy= 0.01 dB/cm) for a given coupled pump power P,(z = 0) = IW . From
Fig. 3.7a it can be observed that the conversion efficiency for second harmonic generation
in a PPLN ridge waveguide is much higher compared to a channel waveguide and also the
band-width (FWHM) of the phase-matching curve is narrower in case of the ridge waveg-
uide. Fig. 3.7b shows the SH- conversion efficiency as a function of coupled pump power
P,(z = 0) under phase-matching condition (ASsus = 0), with waveguide propagation loss
(o, = agy) as the parameter. It can be seen that even with increasing propagation loss the
generated second harmonic power will be always higher in case of ridge waveguide due to
it’s higher conversion efficiency. In ridge waveguides, tighter modal confinement and better
overlap of pump and second harmonic guided modes is responsible for higher SH- conver-
sion efficiency even with higher propagation losses. Figure 3.8 shows calculated second
harmonic conversion efficiency as a waveguide length for PPLN channel and ridge waveg-
uides assuming waveguide loss as a parameter. From the figure it is seen that for the similar
propagation loss, the second harmonic conversion efficiency in case of ridge waveguide is
always higher compared to a PPLN channel waveguide of same length. Hence it is possible
to achieve a similar level of second harmonic conversion efficiency as in case of a PPLN

channel waveguide using a PPLN ridge waveguide of smaller length.
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3.3 Modal Stability in Ridge Waveguides

In this section, we have theoretically analyzed modal stabilities of single-mode Ti-indiffused
ridge and channel waveguides at communication wavelengths (A ~ 1550 nm by evaluating
eigen modes under the influence of photorefractive effect in presence of second harmonic
waves (A ~ 775 nm). We have also investigated photorefraction induced detuning of phase
matching wavelengths as a function of generated second harmonic powers for PPLN waveg-
uides with a quasi phase-matched period of A ~ 16.1 um.

Intensity dependent photorefraction : Photorefractive effect is an inherent property of
LiNbO3, but the actual strength of photorefraction depends also on the concentration of de-
fect and/or trap states present in the crystal. Various experimental results suggest mainly the
Fe?* and Fe®' ions serve as defect- and trap-states, respectively. When LiNbOj is exposed
to intense laser beams in the visible and near infrared regions, electrons are photo-excited
(from defect states) into the conduction band in bright regions and then migrate into the
dark areas and subsequently captured by trap states. A net amount of charge transport in
any direction is determined by the photovoltaic tensor [121]. In LiNbOs, light induced pho-
torefraction have been observed for both ordinary (n,) as well as extra-ordinary (n.) indices.

However, the change in n, is relatively smaller compared to that of n. as shown by [96].
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Again in most cases, extra-ordinarily polarized light is used for various nonlinear interac-
tions, hence we have discussed only the effect of photorefractive change of n.. The change
in refractive index (n.) as a result of net charge transport along +c direction of LiNbOg3 has
been derived by widely accepted two-center model as proposed by Jermann et al [123].

Photorefractive Damage Resistance : In a Ti-indiffused waveguide (Channel/Ridge) the

refractive index profile can be defined as :

nW(fI;7 y) = nbulk‘,air(xa y) + AnTi (33', y) (39)

where AnT?(x, y) is change in refractive index in the waveguide region due to Ti-indiffusion.
As discussed earlier, in presence of visible and near infra-red radiation (A < 900 nm), there
will be an intensity dependent change in refractive index profiles (photorefractive damage),
which would result in deformation of the guided mode structure and finally may result into
a change in phase-matching condition. Therefore, as the second harmonic waves (Asy ~
775 nm) generated from Ti:PPLN waveguide for an incident pump wavelength of A\, ~ 1550

nm), the changed refractive index profile of the waveguide can be written as:

nprw (T,Y) = Npuk air (7, y) + An" (2,y) — An" P Isg (2, y)] (3.10)

In the above equation, Anf%[Igy(z,y)] is the refractive index change due to Isy(z,y),
which can be represented by the normalized second harmonic intensity profile fsy(z,y) in
the unperturbed waveguide. Thus the generated second harmonic power can be expressed

as:

Psp = Iﬁi?’“// fsu(z,y)dzdy (3.11)

I g%k is the peak intensity of the guided second harmonic mode in the unperturbed waveg-
uide. We have computed An”®[Isy(x,y)] using equation (1) after inserting the unperturbed
guided second harmonic intensity distribution by using Lumerical Mode Solver. The result-
ing refractive index profile npgw (x,y) of the photorefractive damaged waveguide is then
used again to obtain the final “steady-state” mode profiles for both pump and second har-
monic waves. Figure 3.10 shows the algorithm used for photorefractive mode calculations in
PPLN waveguides. We have calculated intensity profiles at different second harmonic power

levels are shown in Figure 3.9 and noticed that ridge waveguide is far superior in preserving
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Figure 3.9: Pump intensity profiles for channel (Pol-TM) and PPLN ridge (Pol-TE) waveg-
uide at different internal power : (a) P, - 1 pW, (b) P, - 100 W, (c) P,, - 200 uW
(50 mW)

guided mode field distributions as predicted earlier. From our results it has been observed
that for a given power level though the intensity inside a ridge waveguide is more (because
of tighter modal confinement), it is able to maintain the stability in the guided- mode profile
due to its high index contrast, whereas in case of channel waveguide even a lower intensity

is inducing a dramatic change. It is evident from Figure 3.9 that the confinement of second
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Figure 3.10: Algorithm used for Photorefractive Mode Calculations.

harmonic mode in channel waveguide is getting weaker at 100 W power level and nearly
destroyed at 100 W. However, the calculated mode profile for ridge waveguide does not
show any significant degradation even at a power level of 50 mW. This result agrees very

well also with experimental results reported by [137].

3.4 Photorefraction Induced Detuning of \gpr),

Photorefractive damage in PPLN waveguides during second harmonic generation also causes
a detuning of the phase-matched wavelength (known as the blue-shift) according to the
Equ. 3.12:

Adopav = 2M(Anesrsn — Anerrp) (3.12)
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Here, An.s¢sm and Angysy,, are intensity dependent changes in guided mode effective in-

dices at second harmonic and pump wavelengths, respectively. Figure 3.11a shows the
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Figure 3.11: Phase-matching wavelength detuning AXgpys due to: (a) low Pgy, (b) high
Psy (for ridge), (c) temperature change.

QPM-wavelength detuning AAgpys for Ti:PPLN ridge and channel waveguides as function
of the generated SH-power level Pgy up to 100 W (assuming constant SH-power along
the propagation direction). As expected, the calculated detuning is much stronger for the
channel guide. After the onset of photorefraction the effective area (overlap) S.;¢ of the

interacting modes grows due to the change of the effective indices as discussed above. This
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growth results in a reduction of the SHG-efficiency which is much stronger in the conven-
tional channel waveguide than in the ridge waveguide. Similarly, Figure 3.11b shows the
QPM-wavelength detuning in case of ridge waveguide when the generated second harmonic
power inside the waveguide is much higher. Such detuning in quasi-phase matched wave-
length can be compensated by slightly increasing the device operating temperature. The
direction of the QPM-wavelength shift due to the temperature change is exactly opposite to
the direction QPM-wavelength change due to photorefractive detuning (known as red-shift).

The temperature detuning occurs according to the following equation:

dAn
A\ =2A——dT 1
QPM 0T (3.13)

where, d(An)/dT= (dngy/dT) - (dn,/dT). The blue-shift in the phase matching wave-
length can be exactly compensated by changing the device operating temperature (close to

room temperatures) according to the temperature tuning curve as shown in Figure 3.11c.

3.5 Conclusions

In this chapter Ti-indiffused PPLN ridge waveguides have been theoretically analyzed for
single-mode guidance and optimum mode area. For similar set of fabrications parameters it
has been observed that the effective mode area for the pump wave is always much larger in
case of channel waveguide, which implies that it is always possible to achieve better modal
confinement hence improved nonlinear interactions using ridge waveguides. Photorefractive
damage resistance in PPLN ridge waveguides have been theoretically analyzed using two-
center model. It has been observed that though there is detuning of the phase-matched
wavelength in case of PPLN ridge waveguide due to inherent bulk-photorefractive effect
in LiNbQOs, the stronger modal confinement in PPLN ridge waveguides always provides a
better modal stability against photorefractive damage, resulting in a higher photorefractive
damage threshold. In the following chapter various experimental investigations have been

carried out to validate the theoretical prediction.
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CHAPTER 4

Device Fabrication and Experiments

In the previous chapter, it has been theoretically established that the PPLN ridge waveg-
uide structures are superior in terms of photorefractive damage resistance. For experimental
validation, at first fabrication of APE: PPLN ridge waveguides were attempted. However,
at later stage only Ti: PPLN ridge waveguides have been studied because of the access of
nearly optimized fabrication process available with the Integrated Optics Group, University
of Paderborn, Germany. For the completeness of the thesis work, some preliminary studies

for the sample preparation carried out at IIT Madras have also been included.

4.1 APE Ridge Waveguides: Preliminary Studies

Different fabrication approaches towards the realization of LiNbO3 channel and ridge waveg-
uides have been discussed in this section. Work started with the development of a suitable
proton exchange reactor and annealing furnace. Subsequently, investigations were carried
out for fabrication and optimization of various parameters towards single-mode guidance of
lithium niobate channel and ridge waveguides. A proton exchange reactor has been designed
and constructed using in-house facilities (as shown in Figure 4.1a and Figure 4.1b). In the
reactor the proton exchange reaction has been carried out inside the inner glass chamber.
Before starting the reaction, the chamber was filled with benzoic acid. Then small pieces
of LiNbO3 were placed inside the chamber using a sample holder with adjustable height.
Initially the holder was clamped much above the acid level to avoid any unwanted chemical
reaction. Then the temperature of the chamber was slowly raised by using a heating coil kept
surrounding the chamber. At 180° C benzoic acid started melting and became completely
liquid above ~ 200° C. The chamber was covered with an insulator layer to avoid heat dis-
sipation during the reaction. During the entire process temperature inside the chamber was
monitored and controlled using a resistance temperature detector (RTD) and PID controller.

Once the temperature of the acid melt became stable at 200° C, samples were inserted into
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Figure 4.1: Annealed-proton exchange setup: (a) schematic of the proton exchange reactor,
(b) photograph of the proton exchange reactor and (c) photograph of the anneal-
ing furnace.

the acid melt by changing the height of the holder. The sample holder was made to process
four samples (30 mm x 15 mm) at a time. For an uniform rate of reaction rate, the acid melt
was continuously stirred during the reaction using a magnetic stirrer. The exhaust outlet
in the setup was used for safe disposal of benzoic acid fumes from the reaction chamber
into the main exhaust system of the laboratory. After proton exchange process waveguide
samples were annealed at 350° C for 1-8 hours with a constant oxygen flow using a furnace
installed in the lab (as shown in Figure 4.1c) to remove the index instabilities.

Figure 4.2 shows the surface profiler image of fabricated APE-channel waveguides on X-cut

LiNbO3 wafer parallel to crystallographic Y-axis. These waveguides guide only extraordi-
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Figure 4.2: Microscope picture of fabricated APE Channel Waveguide (length - 2 cm, width
- 6 pm).

narily polarized light at A\ ~ 1550 nm [138] and hence could be used as TE-pass polarizer

with an extinction ratio ~ 35 dB for the ordinarily polarized light [139].

After fabrication of channel waveguides, various etching techniques were investigated
for realization lithium niobate ridge waveguides. Existing etching techniques in lithium
niobate can be classified into two categories: wet-etching and dry-etching. Wet etching
is the most simplest method for etching, hence initially wet etching technique in lithium
niobate has been studied followed by dry-etching of lithium niobate.

Fabrication of LiNbO; ridge structures by wet etching : Wet etching is a widely used
technique for micro-structuring of many materials. But, etching of lithium niobate is a
challenging process due to its strong etch resistance [140] and non-uniform etch rates. Wet
etching has been carried out by following scheme as shown in Figure 4.3. Initially, a Cr-
layer (4pum - 8 ym wide and 250 nm thick) deposited on the substrate by e-beam evaporation
and it was subsequently patterned. The patterned layer was used as a mask to protect the
waveguide region during the wet etching process. The adhesion of the mask layer was
increased by annealing the sample at 500° C for 5 hours in an inert ambiance (Ng-flow).
It has found in literature that the wet etching of lithium niobate is excessively slow, but
the introduction of structural defects on the substrate surface can accelerate the etching
rate. Hence, surface activation of the unmasked lithium niobate surface was carried out in

99.9% benzoic acid melt which acted as a source of protons (H") and Li*-ions from the
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Figure 4.3: Fabrication scheme for APE:LiNbOj3 ridge waveguides.

substrate surface were replaced by H'-ions creating sufficient surface modifications and
hence defects. The chemical reaction that took place at the surface layer of LiNbO; crystal

during the proton exchange process can be written as:
LiNbO3 + XH' — Li(_xyHxNbO3 + X Li* 4.1)

Here Li(;_yx)HxNbOs is the composition of the exchanged layer and X is the fraction of
exchanged ions. Normally, the rate of indiffusion of H-ions to lithium niobate increases
at an elevated temperature for proton exchange. Initial calculation showed that the proper
confinement of the guided mode is possible with ridge height greater than 3 pm or even
more, following that the surface activation was carried at a temperature 230° C (diffu-
sion co-efficient: D = 0.818 um? / hr [141]) for 3 hrs so that subsequently the optimum
etch depth can be realized by wet etching. However, it was observed that due to a strong
proton exchange reaction at 230° C at a temperature close to the boiling point of benzoic
acid (~249° C), micro-cracks were developed in proton exchanged regions of the substrate
which were then propagated towards masked regions in course of time as shown in Fig. 4.4.
Subsequently, surface activation was carried out at 200° C and for relatively longer time to

achieve the optimum diffusion depth. After surface activation by proton exchange process,
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Figure 4.4: Surface damage in LiNbOj substrate during surface activation.

wet etching of C-cut lithium niobate was carried out. Two different types of solutions were
used for this purpose. Solution I : conc. HF and conc. HNOj3 = 1:2 and solution II : 60-ml HF

with 40% conc, 39-ml HNO3 with 100% conc. The wet-etching was performed at the room

1.3 g 36
10 : 60-ml1 40% HF + 39-m1 100% HNO, i) —e—Soln : II
_ o, % —=—Soln : |
d | i
< 121 o/ 8 /
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Sample Serial No Sample Serial No
(a) (b)

Figure 4.5: Wet etching of LiNbO3: (a) etch-dept and(b) surface roughness.

temperature without stirring. After etching the sample has been cleaned thoroughly and then
the Cr-mask has been removed from the surface. Then followed by another cleaning step,
the sample was coated with a very thin layer of Al before any further measurement. Surface
characteristics of the lithium niobate sample carried out using a surface-profiler (Model No:
VEECO NT 1000). The average etching depth was found to be higher in the sample etched
using the solution-II (shown in Figure. 4.5) and also the measured rms surface roughness

was found to be relatively less in the second sample. Hence, solution-II was used for sub-
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sequent wet etching studies. The etch depth could be increased with increasing the depth

of the proton exchanged region (as shown in Fig. 4.6). After the surface activation, the wet
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Figure 4.6: Wet etch depth vs. proton exchange duration

etching of the substrate was carried out using a mixture of 60-ml HF (40% conc.) and 39-ml
HNO; (100% conc.) at room temperatures (see Fig. 4.7). After 12 hours of wet etching an
etch depth ~ 2.8 ym was obtained, but considerable amount of under-etching was observed
underneath the mask and the boundary between etched and non-etched part had a spread

of over a distance ~ 20 pum (as shown in Fig. 4.7)due to long etching time. Also, at the
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Figure 4.7: Wet etching of LiNbOj5:(a) wet-etched surface, (b) wet-etch step height.

end of the process ridge cross-sections became almost triangular in shape due to excessive
under-cut (as shown in Fig. 4.7). Hence, these structures are found to be unsuitable for the
fabrication of APE:LN ridge waveguides.

Fabrication of LiNbO; ridge structures by RIE : After wet etching dry-etching (RIE and
ICP-RIE) of lithium niobate were also investigated. Dry etching of lithium niobate was
carried out using fluorine based plasma due to good volatility of fully fluorinated niobium

species at temperature ~ 200° C. But, it could also result in re-deposition of LiF [142] on

46



the etched surface. LiF has a melting temperature more than 800° C. Also LiF re-deposition
could lower the subsequent etching rate. To prevent the re-deposition of LiF, lithium concen-
tration at the substrate surface was reduced by proton exchange process [143]. To keep the
re-deposition of LiF under control etching process was carried out in smaller steps (3-4 min
duration) and then post-etching the substrate was cleaned using a solution NH,;OH: H5O:
H>0 = 7:10:35 solution for 30 sec to remove the etching residue as described in [137]. The
etching process was repeated multiple times till the final etching depth is achieved. prior to
dry etching, surface activation was carried out by proton exchange process in a benzoic acid
melt at 200° C for 12 hours. At first attempt, dry etching was carried out with the following

chemistry - SFq: Ar :: 25 sccem: 20 scem, RF power - 200 W, pressure - 100 mTorr. After

X 4886 um
Y. -3.730 um

m
T X 7828 um
] Y: -4.631 um

wnzoeo A

() (b)

Figure 4.8: Reactive ion etching of LiNbO3 by SF4: Ar Recipe : (a) step height, (b) surface
morphology.

etching the sample for 3-4 minutes, it was cleaned thoroughly in NH,OH: H;O5: H50 so-
lution. An etch depth ~ 0.9 um was obtained after 60 min of etching and also the surface
roughness of the substrate was very high. Step height and the surface morphology of the
etched structure has been shown in Figure 4.8. Next, dry-etching of lithium niobate sub-
strate was carried out using the recipe: CHF5: Ar :: 50 sccm: 50 sccm, RF power - 350 W,
pressure - 60 mTorr. The sample was etched upto a depth ~ 3.23 ym in 100 minutes (as
shown in Figure 4.9a). But, after etching many islands like depositions were observed on
the etched surface (as shown in Figure 4.9b), which could not be removed by plasma clean-
ing or high temperature annealing. Even keeping the sample in concentrated HF solution
for ~ 12 hours did not have effect any effect on those white deposits. Also some residual

stress were observed on the surface in a regular linear pattern at an angle ~ 8° with crys-
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Figure 4.9: Reactive ion etching of LiNbO3 by CHF;3: Ar recipe : (a) ridge rtructure (side
view), (b) ridge rtructure (top view), (c) EDS analysis.

tallographic Y-axis (waveguides are parallel to Y-axis), which was not removed completely
even after etching up to 3.23 um. But, no surface stress was observed at portions of the
substrate covered by the metal mask (ridge region). EDS studies of the white deposition on
the substrate showed that these deposits were Nb,O5 compounds (as shown in Figure 4.9c).
Due to non-ideal surface condition the above approach was also found to be unsuitable for

subsequent waveguide fabrication.

4.2 Ti:PPLN Waveguides: Sample Preparation

The fabrication work for Ti:LiNbO3; PPLN ridge waveguides was carried out in the Tech-
nology Laboratory of the Integrated Optics Group, University of Paderborn. Ti-indiffused
PPLN ridge waveguides were fabricated on both X-cut and Y-cut LiNbOg substrates fol-
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lowing a similar fabrication scheme. Hence, only the fabrication scheme for Y-cut ridge
waveguides has been briefly discussed. Details of the fabrication technique can be found
elsewhere [90]. A scheme for the ridge waveguide fabrication is shown below in Figure

4.10.

Residual Cr-mask

___LiNbO; | LiNbOs |
(b) (c)
Ti-layer
Ti:LiNbO3: Waveguide

(d) (e

Figure 4.10: Scheme of ridge waveguide fabrication: (a) wafer cleaning and, (b) Patterning
of Cr- mask, (c) Ridge structure definition, (d) Deposition of Ti-layer on top of
the ridge, (e) Ridge waveguide fabrication by Ti-indiffusion.

Substrate preparation : Initially, the Y-cut substrate was diced into smaller pieces (20 mm
x 25 mm) and then these were thoroughly cleaned in “piranha" solution (HySO4:H205 =
3:1) at 50° C for 15 minutes to remove various organic residues from the sample. After
that, the sample was cleaned in a running flow of DI water to remove various residues of the
acid. Next, it was cleaned in RCA-I solution for (HoO:H;05:NH,OH = 7:2:1) for 30 minute
to remove various metal contaminant from the wafer. Finally, after drying the sample with
N,-gun, it was immediately loaded into the e-beam evaporation system.

Deposition and definition of Cr-mask : A 300 nm thick Cr-layer was deposited on the
substrate surface. Then it was patterned into 8 m and 10um wide Cr-strips parallel to crys-
tallographic X-axis by optical lithography and wet chemical etching of Cr. These Cr stripes
were used as masks during subsequent dry etching process.

Definition of ridge structure by ICP-etching : For I[CP=etching of the Y-cut substrate the

following recipe was used : C4Fg:He = 15 sccm:15 scem, Pressure - 10 mT, ICP power -
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1000 W, RF power - 50 W. To avoid the re-deposition of LiF inhibitors the etching process

Figure 4.11: SEM micrograph fabricated ridge structure after ICP etching.

was continued in small steps (3-4 minutes) and in repetitive manner. The average etch rate
was found to be ~ 300-400 nm/step. After etching the sample was cleaned using NH,OH:
H505: Hy0 = 7:10:35 solution for 30 sec to remove the etching residue. The final etch depth
of the ridge structure was found ~ 4um. After etching, waveguide cross-section was found
to be trapezoidal in nature and also waveguide side-walls were found to be extremely rough
(as shown in Fig. 4.11).

Waveguide fabrication by Ti-indiffusion : A 100 nm thick Ti-layer was deposited on top
of fabricated ridge structures, and Ti-indiffusion was carried out at 1060° C for 8.5 hours in
O, environment. During the high temperature indiffusion process the sidewall roughness of

waveguides reduced considerably (as shown in Figure 4.12).

Mag= 336KX WD =10.1 mm
InLens EHT = 10.00 kV

Figure 4.12: SEM picture of fabricated Ti-indiffused ridge waveguide
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Local periodic poling of Ti:LiNbO; ridge waveguides : The spontaneous polarization of
the fabricated Y-cut LiNbO3 was oriented along the crystallographic Z-axis i.e. perpendic-
ular to side walls of fabricated ridge waveguides. To use the highest nonlinear coefficient
dss of LiNbOg3 (which is oriented along Z-axis) in the phase-matching process, metal elec-
trodes for periodic poling were deposited on side walls of ridge waveguides. For electrode
structures, initially 100 nm thick Ti-layer was deposited on the entire substrate and subse-
quently it was patterned using optical lithography to fabricate com-like electrodes on side

walls of fabricated waveguides as shown in Figure 4.13. Waveguides were fabricated with

W - ridge width
H - ridge height

Electrode

(@) (b)

Figure 4.13: Local periodic poling :(a)scheme of the electrode pattern, (b) deposited comb-
electrode structure.

two different poling periodicity (A): 16.1 um. The spontaneous polarization of congruent
LiNbOj3 at room temperature is, P, = 0.72 ;C/mm?. The height of the ridge waveguide was
4 pm (= 0.004 mm) and length of the electrode section - 15 mm. Since, a group of four
ridge waveguides were poled together, corresponding total poling area, A, = (0.004 mm
x 15 mm) = 0.06 mm?. So, the total amount of charge needed to be transferred during the

domain reversal process can be calculated according to the Equation (4.2):

Qpot = / idt = 2.P,. Ay (4.2)

Here, i is the switching current and the total poling charge, Qo = (0.72 uC/mm? x 0.12
mm?) = 0.0864 ;C ~ 0.1 uC. The poling process was carried out in an oil bath to maintain
a very high resistance between two electrodes and avoid any short-circuit current that could
have been generated between electrodes during the application of a high-voltage pulse. At

the beginning, voltage pulses were applied along -Z axis of the crystal to that all the ran-
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domly oriented domains were oriented along Z-axis. A poling voltage V. n = 0.7 kV was
applied across the sample using a DC voltage amplifier and the corresponding poling current

17 can be written as:

R, + R
Vin = %.m —Vy (4.3)
3
and
Vs
Iy = — 4.4
=g (4.4)

A schematic of the poling circuit and a photograph of the poling setup is shown in the

Fig. 4.14. Figure 4.15 shows the poling characteristics for a Ti-indiffused ridge waveguide

R,=20 MQ
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g LiNbOd
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14.90 kQ
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(@) (b)

Figure 4.14: Periodic poling setup for ridge waveguide: (a) circuit diagram, (b) photograph
of the setup (@ Integrated Optics Group, University of Paderborn).

with a single voltage pulse. The domain inversion process started at a voltage ~ 0.4kV
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Figure 4.15: Poling characteristics of a Ti-indiffused PPLN ridge waveguide.

52



(as seen in 4.15). The switching current remained nearly constant as long as the constant
voltage was applied and then it started dropping as soon as the applied voltage was ramped
down. The total measured charge used to complete the polling process was 1.01 pC. The
difference between the calculated and the measured value can be attributed to the presence of
surface leakage current during the polling process. To reveal the shape of the ferroelectric
micro-domains, a periodically poled Y-cut ridge waveguide was immersed in HF:HNOg
solution for 30 minutes and then it was thoroughly cleaned under running flow of DI water

and photograph of the etched sample was taken using a confocal microscope. In Figure 4.16

o/ S AR o SIS S S A S A S ST4L ST

= s o v ]
,x?—) Y 20pm
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Figure 4.16: Visualization of micro-domains in a Y-cut PPLN ridge waveguide.

shows a periodical etching of ridge waveguide side walls. In the inverted domains both
directions of Z-axis were rotated by 180°. Hence, side walls of ridge waveguides showed a
sequence of +Z- and -Z-faces. Since, the differential etch along +Z and -Z faces of LiNbOs
are different from the etched structure the reversal of ferroelectric micro-domains could be

identified.

Reference PPLN channel waveguides used in the present investigations were fabri-
cated using similar standard fabrication procedure as described in the literature [3]. After
fabrication, waveguide endfaces were optically polished perpendicular to the waveguide
length and then various optical characterizations were carried out.

Measurement of waveguide dimensions : Measurement of waveguide dimensions by mi-
croscope showed that the etching processwas not completely anisotropic and waveguide
cross-sections have become slightly trapezoidal (as shown in Figure 4.17a). According to
the design waveguide cross-sections were considered to be rectangular (as shown in Fig-
ure 4.17b). Various waveguide parameters used to define trapezoidal and ridge waveg-
uide cross-sections have been shown in Figure 4.17. SEM-micrograph of a fabricated ridge

waveguide has been shown in Figure 4.17c and waveguide dimensions has been shown in
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Figure 4.17: Ridge waveguide cross-sections : (a) rectangular (W - ridge width, Ry - ridge
height), (b) trapezoidal (W; - upper ridge width, W, - lower ridge width, Ry -
ridge height), (c) fabricated Y- cut ridge waveguide end-face.

Table 4.1.

Table 4.1: Dimensions of Fabricated Ridge Waveguides (W - upper ridge width, W5, - lower

ridge width)
. Mask Width | Waveguide Width | Ridge Height
Waveguide No. | [im] [m] Ry [pm]

Sample # Pb11Y (Y-cut Ridge Waveguide, Length - 15 mm)

1 8 W;=56,Wy=74 |40

2 10 W;=8.0,W,=9.7 | 4.0
Sample # Pb349X (X-cut Ridge Waveguide, Length - 33 mm)

3 |7 | W1=5.6,W,=6.7[30

Measurement of guided intensity profiles: Guided intensity profiles for fabricated Ti-
indiffused ridge waveguides were measured @ A\ ~ 1550 nm using a free-space coupling
setup (shown in Figure 4.18). A lens with higher magnification was used at the waveg-

uide output for further magnification of the waveguide mode, which is essential for accurate
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Figure 4.18: Schematic of the mode-profile measurement setup.

determination of modal-dimensions. Waveguide mode distributions were captured using a
CCD camera kept at a distance (~ 1 m) away from the output lens. Figure 4.19 shows
guided optical mode distributions for both TE- and TM-polarized waves in case of a Ti in-
diffused ridge waveguide fabricated on a Y-cut substrate having width 8.2 ym (9.9 ym) and

ridge height ~ 4.2 um. Fabricated waveguides were found to guide only the fundamental

TM- mode Profile
Wy =8.5 pm,
Wy =8.2 pm

TE- mode Profile
Wy =7.4 pm,
Wy =5.5 pm

() (b)

Figure 4.19: Guided intensity profiles for Y-cut PPLN ridge waveguide: (a) TE-polarized
wave, (b) TM-polarized wave.

modes for our range of operation. For a ridge waveguide on a Y-cut LiNbOj3 substrate, the
index-contrast for the extra-ordinary polarized guided mode is much higher compared to
ordinary-polarized guided mode, hence TE-polarized mode distribution is smaller in size
compared to the TM-polarized mode distribution. Guided mode profiles for Ti-indiffused

channel waveguides fabricated with similar parameters on Z-cut substrate (Ti-layer thick-
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ness - 100 nm, diffusion temperature - 1060°C, diffusion time - 8.5 hours in O, environ-
ment) have been shown in Figure 4.20. At A ~ 1550 nm measured mode dimensions were:
TE-pol (11.3 pm x 7.9 pum) and TM-pol (8.4 ym x 3.7 pum), which were much larger in

size compared to ridge waveguide guided modes as expected from our calculations.

- TE- mode Profile ' TM- mode Profile
- Wy =113 pm, ‘ Wy =8.4 um,
Wy =7.9 pm ; - Wy =3.7 pm

(a) b)

Figure 4.20: Guided intensity profiles for Z-cut PPLN channel waveguide: (a) TE-polarized
wave, (b) TM-polarized wave.

Measurement of propagation loss : Propagation loss for fabricated PPLN ridge waveg-
uides were calculated using the low-finesse Fabry-Perot resonance method [144]. Polished
end faces of the waveguide formed a low-finesse cavity and the cavity was tuned by varying
the input wavelength of the propagating wave. The propagation loss a [dB/cm] of a waveg-
uide of length “L" was calculated from the resonance-contrast of the low-finesse cavity using
the Equ. (4.5):

434

a—T(lnR+ln2—an) 4.5)

Here, R is the reflectivity of waveguide end-faces and K is the measured intensity contrast
as shown in Equ. (4.6) :

]mam - [mzn
) — 4.6
Imax + Imm ( )

« defines the upper limit of the propagation loss for a given waveguide. The schematic
of the setup used for propagation loss measurement has been shown in Figure 4.21. The
output fiber from the tunable laser source (Santec TSL 210V) was connected connected
to a polarization controller and the output from the polarization controller was collimated

using a 10X-lens. Then collimated beam was polarized with the help of a polarizer and
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Figure 4.21: Schematic of waveguide propagation loss measurement setup.

the polarization controller. The polarized beam was then focussed at the waveguide input
using a 20X focusing lens. The transmitted output from the waveguide was collected by a
20X output lens (20X-magnification) and it was directly coupled onto the detector (S132A).
Transmitted output power of the waveguide was measured as a function of input wavelength.

Experimental setup for propagation loss measurement is shown in Figure 4.22. In ridge
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Figure 4.22: Experimentally measured waveguide propagation loss:(a) TE-pol;(b) TM-pol.

waveguides TE-polarized guided waves were found to have higher propagation loss due to
direct interaction of the corresponding with waveguide side-walls. Table 4.2 summarizes

propagation losses for different PPLN ridge waveguides investigated in this work.
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Table 4.2: Propagation Loss for PPLN Ridge Waveguides

. Loss (TE-pol.) | Loss (TM-pol.)
Waveguide No. [dB/cm] P [dB/cm] P
Sample # Pb11Y (L - 15 mm)
1 1.81 091
2 1.2 0.39
Sample # Pb349X (L - 33 mm)
3 | 1.19 | 0.55

4.3 Photorefractive Damage : Experimental Results

In this section various experimental results related to photorefractive damage and second
harmonic generation in PPLN waveguides have been discussed. All investigations were
carried out using an experimental setup developed at Integrated Optoelectronics Laboratory,

IIT Madras.

4.3.1 Photorefractive damage of guided modes at \ - 635 nm

Initially, the effect of photorefractive damage was investigated on fabricated channel and
ridge waveguides \ ~ 635 nm. The experimental setup used for this investigation is shown
in Figure 4.23. To maximize the effect of photorefractive damage polarized input beam
(TM-polarized in case of channel waveguide and TE-polarized in case of ridge waveguide)
was coupled into the waveguide and resulting intensity distributions were recorded with the
help of a CCD camera.

Figure 4.24 shows the photo-refraction induced catastrophic change in a Ti-indiffused chan-
nel waveguide fabricated on a Z-cut LiNbO3 wafer (on -Z-surface). A red laser beam (A\ppr
= 635 nm) of Py, ~ 210 uW was transmitted through the channel waveguide of 30 mm
length. Intensity distributions of the transmitted beam were recorded at different intervals
of time: (a) immediately after switching on the laser, (b) after 2 min of irradiation. Since,
the waveguide under investigation was designed to support only the fundamental mode at
A ~ 1550 nm, at Apr ~ 635 nm it would generally support multiple modes. During the
measurement effort was made to excite only the fundamental mode, but it can be seen from

Figure 4.24a that multiple transverse modes were generated. The photorefractive damage in
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Figure 4.23: Experimental setup for investigating photorefractive damage in LiNbOg
waveguides.

LiNbOj3 channel waveguide resulted in a catastrophic change in guided intensity profiles as

shown in Figure 4.24b. Figure 4.25 shows intensity distributions of a red laser beam (\ =

(a) (b)

Figure 4.24: Evidence of catastrophic photorefractive damage of multimode-excited inten-
sity distributions (extra-ordinarily polarized) in Ti-indiffused LiNbO3 channel
waveguide (L-30 mm)at Apr = 635 nm (P, ~ 210 pW): (a) immediately
after switching on the laser and (b) after 2 min of irradiation.

635 nm) with P, ~ 340 W transmitted through a 30 mm long Ti-indiffused ride waveg-

uide. During the measurement effort was made to excite only the fundamental mode, but it
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could be possible that multiple waveguide modes might have been generated as the waveg-
uide was designed as single-mode at A ~ 1550 nm. But, even then the ridge waveguide

mode was found to be more stable against photorefractive damage. Thus the photorefractive

(a) b)

Figure 4.25: Stable intensity distributions (dominant fundamental mode and extra-ordinarily
polarized) in LiNbOs3 ridge waveguide (L -30 mm) at Apr = 635 nm (P ~
340 ©W):(a) immediately after switching on the laser and (b) after 2 min of
irradiation.

damage resistance of guided modes (@ A\ - 635 nm) in PPLN ridge waveguides has been
experimentally established and validating our theoretical prediction. The generation and de-
tection of stable second harmonic power (@ A - 750 nm) in PPLN ridge waveguide has been

described in following section.

4.3.2 Second harmonic generation and characterizations

The experimental setup developed for demonstration of single-pass second harmonic gener-
ation (SHG) in PPLN waveguides has been schematically shown in Figure 4.26. An erbium-
doped fiber amplifier (EDFA) pumped by a narrow-band tunable laser source (1510 nm
< Ay < 1620 nm, tunability 1 pm) was used at the waveguide input. The amplifier output
was connected to a polarization controller and the polarized pump wave coming out from
the polarization controller was coupled into the waveguide input using a single-mode fiber.

A polarizer was placed at the waveguide output to maximize the transmission for the wave
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Figure 4.26: Scheme of the experimental setup used for second harmonic generation in
PPLN waveguide and measurement of wavelength dependent characteristics.

with the desired polarization state by adjusting the polarization controller. At the waveguide
output, the generated second harmonic wave and the residual pump wave were separated by
a dichroic mirror kept after the polarizer. Both the residual pump wave and the generated
second harmonic wave were simultaneously incident on the dichroic mirror at an angle 45°,
and the residual pump wave was transmitted through the mirror, whereas the generated sec-
ond harmonic wave was reflected and it’s power was measured by a silicon detector. The
power of the transmitted residual pump wave was measured by a Si-Ge photo-detector. The
backside of the dichroic mirror was coated with anti-reflection coating at 1550 nm to avoid
the back-reflection of the high-power pump beam which can destabilize the laser source
at the input. A stable temperature (~ 30° C) was maintained across the entire sample, by
mounting it on a temperature-controlled sample holder. Entire measurement process was
controlled using a computer and the data acquisition was done with a LabVIEW program.
Figure 4.27 shows the photograph of the fiber-butt coupling arrangement. Figure 4.28 shows
the transmission characteristics of the dichroic mirror used for the separating the pump wave
and the second harmonic wave. The curve shows high reflection for TE-polarized wave in
the wavelength range 700 nm < A < 900 nm and TM-polarized wave in the range 750 nm
< A < 850 nm and high transmission (< 98.66 %) for both TE and TM-pol ~ 1500 nm -
1600 nm. A brief description of various samples used for second harmonic generation has

been given in Table 4.3.
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Figure 4.28: Transmission characteristics of dichroic mirror

Table 4.3: Descriptions of Ti:PPLN waveguides used for second harmonic generation.

Length | Waveguide Width | Agpy, | Loss
[mm] | [pm] [pm] [dB/cm]
Y-cut Ridge Waveguide : Pb11Y
W; =5.6, Wy, =74,

Waveguide No.

RGl1 15 Ry =42 16.1 1.80
W1 = 82, W2 = 99,
RG2 15 Ry =42 16.1 1.20

X-cut Ridge Waveguide: Pb349X
W; =5.6, Wy, = 6.7,

RG3 33 R, = 3.0 16.1 1.19
Reference (Z-cut) Channel Waveguide

CH1 25 wW=70 16.5 0.5

CH2 36 wW=17.0 16.5 0.1
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Second Harmonic phase matching characteristics of PPLN ridge waveguides over wide
pump wavelength range : Figure 4.29 shows the second harmonic phase matching charac-

teristics of ridge waveguides for a wider pump wavelength range. Figure 4.29a shows that
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Figure 4.29: Second harmonic tuning characteristics of PPLN ridge waveguides for a broad
pump wavelength range:(a) Waveguide # RG1 (Y-cut ridge waveguide);(b)
Waveguide # RG2 (Y-cut ridge waveguide)and (c) Waveguide # RG3 (X-cut
ridge waveguide).

phase-matching curve for the X-cut ridge waveguide # RG3. The waveguide was phase-
matched for second harmonic generation A, - 1550.5 nm at a temperature 30° C. Addition-

ally, the waveguide was found to be phase-matched at A\, - 1512.5 nm, but the generated
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second harmonic power at the secondary peak as low as 13.8 % of the generated power at
the main peak. The main peak is due to Pump(TEy,) — SH(TE,) conversion, whereas the
secondary peak is due to Pump(TEyy) — SH(TEy;) conversion. Since the effective area of
mode overlap between the Pump(TE;) mode and SH(TE2() mode is very large compared to
the same between Pump(TE,) and SH(TE;) modes, hence corresponding conversion effi-
ciency is also very small. Similarly, Figure 4.29b shows that phase-matching curve for the
Y-cur ridge waveguide # RGI1. According to the curve,the waveguide is phase-matched at
Ap - 1548.5 nm at a device temperature 30° C . A secondary phase-matched wavelength was
also observed at A\, ~ 1512.5 nm, with the generated second harmonic power nearly 1.1 %
of the generated power at the main peak. Figure 4.29c shows that phase-matching curve for
the Y-cur ridge waveguide # RG2. The waveguide was found to be phase-matched for sec-
ond harmonic generation only at A, - 1548.5 nm at a temperature 30° C. It did not have any
additional peak due to higher order second harmonic conversion. According to the design
all waveguides should have unique second harmonic phase-matched wavelength for a given
sample temperature. But, due to waveguide non-uniformity and fabrication errors existence
of additional peaks due to conversion fundamental mode of the pump wave and higher order
modes of the second harmonic wave was observed with very poor conversion efficiency.

Second Harmonic Tuning Characteristics at Low Pump Power : Second harmonic wave
generation was investigated in X-cut and Y-cut PPLN ridge waveguides near room tem-
perature (~ 25° C). During the entire measurement process the device temperature was
controlled and made stable using a temperature controller. Figure 4.30 shows the second
harmonic tuning characteristics as a function of pump wavelength at low fundamental power
level. In Figure 4.30a tuning characteristics for the waveguide # RG3 (X-cut ridge waveg-
uide) has been shown. The waveguide was found to be phase-matched at A\p ~ 1550.5
nm at room temperature,but the conversion efficiency for the second harmonic generation
was found to be very poor, as low as ~ 0.8 %/W. Higher propagation loss of the pump
beam beam within the waveguide, waveguide non-uniformity and non-ideal ferroelectric
domain structures could be responsible for this. The waveguide non-uniformity was clearly
evident from phase-matching curve as shown in inset of Figure 4.30a. Figure 4.30b and
Figure 4.30c shows the phase-matching characteristics of Y-cut ridge waveguides RG1 and
RG2 respectively. Waveguide # RG1 was found to be phase-matched at A\p - 1548.5 nm at

room temperature and the conversion efficiency for the generated second harmonic power
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Figure 4.30: Second harmonic tuning characteristics of PPLN ridge waveguides at 25° C
:(a) Waveguide # RG1 (Y-cut ridge waveguide);(b) Waveguide # RG2 (Y-cut
ridge waveguide) and (c) Waveguide # RG3 (X-cut ridge waveguide).

was 2.54%/W. Waveguide # RG2 was found to be phase-matched at Ap - 1540.6 nm at room
temperature and the conversion efficiency for the generated second harmonic power was rel-
atively better ~ 10.3%/W. Figure 4.31 shows the second harmonic tuning characteristics of
reference channel waveguides as a function of pump wavelength at low fundamental power
level at room temperature. The reference channel waveguides were found to have higher

second harmonic conversion due to their low propagation losses and better domain quality.
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Figure 4.31: Second harmonic tuning characteristics of reference (Z-cut PPLN channel)
waveguides at 30° C :(a) Waveguide # CH1; (a) Waveguide # CH2.

Tuning characteristics of PPLN waveguides at higher pump power : The spectral
characteristics and stability of the generated SH-power in PPLN waveguides at higher pump
power has been studied in detail. Figure 4.32 shows the photorefractive effect of the gener-

ated second harmonic power on the PPLN channel waveguide near room temperature. With
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Figure 4.32: Photorefractive effect of increasing second harmonic power on PPLN channel
waveguide at room temperature.
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the increase in second harmonic power in the waveguide there was considerable blue-shift in

the phase-matching wavelength due to photorefraction. Psy ~ 35 uW was able to produce
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Figure 4.33: SHG power characteristics for Ti:PPLN waveguides as SH-power Pgy versus

coupled pump power P, ., measured at 40°C (channel) and 30°C (ridge):
(a) Ti:PPLN channel, (b) Ti:PPLN ridge guide. The insets show phase match
characteristics at different power levels.
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blue-shift nearly 1 nm. This shows the higher sensitivity of the PPLN channel waveguide
to photorefractive damage near room temperature. This photorefractive damage increases
considerably with the further increase in the second harmonic power.

Figure 4.33 shows the SH-power as function of the coupled pump power for both types of
waveguides measured at 40°C (channel) and at 30°C (ridge) together with phase match char-
acteristics as insets. The higher temperature of the channel guide was necessary to shift its
phase match wavelength into the range accessible by the EDFA. The SH-power character-
istics of the channel guide shows a parabolic dependence up to Psg ~ 0.23 mW (@ P, .o,
~ 14 mW) in accordance with theory. At higher SH-power levels photorefraction set in,
seriously deteriorating the phase match characteristics (shown at the right inset of Fig.4.33)
and the generated SH-power could increase at a much reduced rate. On the other hand, the
SH-power characteristics of the ridge guide showed a parabolic dependence with increasing
pump power even up to Pgg ~ 6 mW (@ P, ., ~ 520 mW). Moreover, the initial phase
match characteristics remain nearly undistorted (see insets of Fig. 4.33), though a small
initial blue-shift was observed in accordance with the result presented in Fig. 4.36. The
Ti:PPLN ridge guide has at SH-power levels up to several milliWatts a much better tempo-
ral stability of the generated SH-power than a conventional channel waveguide.

The detuning of the phase-match wavelength A\gpy; due to the onset of photorefraction
was investigated as function of the generated SH-power. It has been shown in Figure 4.34a
for a channel waveguide (up to Pgy ~ 90 W) and in Figure 4.34b for a ridge waveguide
(up to Psy ~ 9 mW). The results were obtained by increasing the input pump power level
in steps and subsequently scanning the pump wavelength around phase matching; the ini-
tial wavelength shift A\gpys with respect to the phase match wavelength at very low pump
power is displayed in Figure 4.34b. The blue-shifts of the phase-matched wavelengths,
which are much stronger in the channel guide, are attributed to the change of the effective
(extraordinary) refractive index of the waveguide due to photorefraction by the generated SH
wave. These results are in qualitative agreement with our theoretical considerations demon-
strating the substantially higher stability of the ridge guides: SH-power levels of about two
orders of magnitude higher are required to induce a comparable shift of the phase match
wavelength. The large deviation of experimental results from the theoretical predictions for
the ridge waveguide is not due to a measurement error as we could determine the phase

matching wavelength within & 1 pm. The deviation has been attributed to the heating ef-
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Figure 4.34: Detuning of the phase match wavelength A\gpys due to the onset of photore-
fraction by the generated SH power Pgsy for both types of waveguides: (a)

Ti:PPLN channel and (b) Ti:PPLN ridge guide.

fects (at higher pump power levels) which were not considered in the theoretical model.

The detuning of the phase-matching wavelength as function of the sample temperature

has been obtained experimentally for both channel and ridge waveguides as shown in Fig-

ure 4.35. Tuning slopes were found to be nearly identical; which are mainly determined by

69



i —HE— Channel waveguide 1
—®— Ridge waveguide /
_2r n /
= / O
=t /
< |
<]
1| /’
-/l
0 | 1 | 1 | 1 | 1
30 35 40 45 50

Temp [ °C]

Figure 4.35: Detuning A\ of the phase matching wavelength versus the sample temperature
for both types of waveguides.

the temperature-dependence of the extraordinary index of refraction. Since, lithium niobate
is a thermally insulating material, at higher pump power level there might be local generation
of temperature gradient within the waveguide. The temperature measured during the experi-
ment was actually the oven temperature, and there might be considerable difference between
the actual temperature within the waveguide (which is difficult to measure very accurately)
and the oven temperature. The difference between the theoretically obtained temperature
detuning (as shown in Figure 3.11a) and the experimentally obtained value (shown in Fig-
ure 4.35) can be attributed to this.

Effect of Photorefraction on Ridge Waveguides : With increasing coupled pump power,
the second harmonic conversion efficiency in Ti: PPLN channel waveguides deteriorates
very rapidly due to the photorefractive effect. This effect is very serious in waveguides
operated near room temperature; a second harmonic power in the micro-Watt range is suffi-
cient to induce considerable photorefractive damage deteriorating the SHG-efficiency. This
damage increases fast with increasing second harmonic power and may finally destroy the
guiding characteristics completely. On the contrary, we observed that the photorefractive
susceptibility of our ridge guides was much lower. It was possible to generate much higher
SH-power levels (up to several mW) even at room temperature and maintain the phase

matching condition. This is a consequence of the higher refractive index contrast of the
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ridge guides. To quantify these observations we studied the temporal evolution of the pho-
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Figure 4.36: SHG phase matching characteristics for Ti:PPLN waveguides as SH-power
Pgy versus pump wavelength A\, measured with different (coupled) pump

power levels P, ..., after 0, 60 and 120 mins. at room temperature (30°C):
(a) Ti:PPLN channel, (b) Ti:PPLN ridge.

torefractive effects for both types of waveguides. At first, low pump power levels of P, .o,
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~ 4 mW (channel) and P, .o, ~ 26 mW (ridge) were used (different pump power levels
were used to generate a same level of second harmonic power of ~ 20 pW). This study
was done by observing the phase matching characteristics as a function of time keeping the
samples nearly at room temperature (~ 30° C). Three different phase matching curves were
measured with both, the channel and the ridge guide, by tuning the pump wavelength quickly
around A, ,,,, after t =0, 60, and 120 mins, respectively (see Figure 4.36a and 4.36b). The re-
sult clearly demonstrates a photorefractive damage induced blue-shift of the phase-matching
wavelength of the PPLN channel waveguide (Fig. 4.36a), whereas for the ridge guide the
corresponding characteristics remains stable as theoretically expected at low pump power
levels (Fig. 4.36b). It was even possible to increase the pump power, coupled to the ridge
guide, up to several hundred milliWatts without a significant immediate change of the phase

matching characteristics. However, it was found to drift with time considerably. Figure 4.37
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Figure 4.37: SHG phase matching characteristics for Ti:PPLN ridge guides as SH-power
Psy versus pump wavelength A\, measured with a coupled pump power P, .o,
= 650 mW after 0, 60 and 120 min at room temperature (30° C). Blue- and
red-shifts were observed with time.

shows as example the photorefractive damage dynamics of a Ti:PPLN ridge guide for a cou-
pled pump power of P, .o, ~ 640 mW. Initially (at t = 0" sec) a relatively fast blue-shift
(~ 1.0 nm) was observed shifting the phase match wavelength from ~ 1541.5 nm Fig. 4.35

to ~ 1540.4 nm (Fig.4.37). However, after 60 and 120 min, we noticed a considerable red-
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shift of about AX ~ 1.5 nm (with respect to room-temperature phase-matching wavelength).
This is due to internal heat generation in the waveguide by partial absorption during high
power pumping over a long period of time; the initial blue-shift was over-compensated by
the red-shift due to local temperature increase of the waveguide. From the experimental data
it can be estimated that this wavelength shift could correspond to a local rise in temperature
inside the waveguide ~ 40° C. Such a red-shift due to a local temperature rise in a PPLN
waveguide was also reported earlier [91].

Stability in Second Harmonic Power : Figure 4.38 shows the stability of the generated

second harmonic wave inside the waveguide as a function of time. The measurement was
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Figure 4.38: Room temperature stability of generated second harmonic power in ridge
waveguide.

carried out by setting the pump laser at the peak phase-matched wavelength and recording
the corresponding generated second harmonic power. The fluctuation in the second har-
monic power during the measurement could be actually due to the fluctuation in the power
level of the pump laser. Also slight downward slope of the measures second harmonic power

could be due to change in the coupling condition over time.
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4.4 Conclusions

In this chapter initially preliminary experimental studies related to of APE-waveguides have
been discussed. APE-channel waveguides were fabricated on X-cut LiNbO3. These waveg-
uides were found to have polarization extinction ratio > 35 dB for the ordinarily polarized
light. Then various etching techniques on X-cut LiNbO3 have been discussed for the re-
alization of the ridge structure. The wet-etching in X-cut LiNbO3 was found not suitable
for ridge waveguide fabrication as it is extremely slow process, also lateral etching was ob-
served below the mask due to very long etching time. Then dry etching (RIE) of X-cut
LiNbO3 was investigated using CHF3:Ar and SFg:Ar combination. Initially, the etch rate
was slower due to the generation of LiF. Subsequently, to reduce the generation of LiF and
improve the etch rate, the substrate surface was activated using proton exchange prior to
reactive ion etching (RIE). As a result, the etch rate was improved, but the surface activation
process resulted in surface damage due to excessive stress generated on the surface. Also
after dry etching, a white residue (Nb,O5) was found to be deposited on the surface which
could not be removed even after HF/HNOj5 cleaning.

Subsequently, the fabrication flow of Ti-indiffused PPLN ridge waveguides have been dis-
cussed. Ridge structures were realized by ICP-RIE using C,Fs/He chemistry. Subsequently,
waveguides were fabricated by Ti-indiffusion only in the ridge region. Fabricated waveg-
uides were periodically poled by applying voltage across the ridge using comb-like elec-
trodes. PPLN ridge were found to have relatively higher propagation-loss (~ 1.2 dB/cm)
due to their sidewall roughness. After waveguide fabrication, investigation of photorefrac-
tive damage resistance and second harmonic generation were carried out on fabricated PPLN
ridge waveguides and reference PPLN channel waveguides. Initially photorefractive dam-
age resistant characteristics was investigated on both channel and ridge waveguide @ A\ ~
0.635 um. As expected, the weak modal confinement in PPLN channel waveguide resulted
in catastrophic change in waveguide characteristics, whereas the PPLN ridge waveguides
showed much better modal stability due to it’s higher refractive index contrast. Subse-
quently, second harmonic generation experiments were carried out at in both PPLN ridge
and also in reference channel waveguides. It has been observed that the PPLN ridge waveg-
uide (length - 15 mm) could generate and sustain Pgz > 10 mW at room temperature with-

out significant degradation of the phase-matching characteristics, whereas in case of channel
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waveguide (length - 36 mm) Pgy ~ 0.4 mW could completely destroy the phase matching
characteristics under similar experimental conditions. Hence, it can be concluded that PPLN
ridge waveguides are far more superior in terms of tolerance against photorefractive damage

compared to PPLN channel waveguides.
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CHAPTER 5

Conclusions

In this work, titanium-indiffused PPLN channel and ridge waveguides have been theoret-
ically analyzed for efficient second harmonic generation and the photorefractive damage-
resistant characteristics in PPLN ridge waveguide has been explained. The theoretical pre-
diction has been validated by carrying out various experimental investigations on PPLN
ridge and channel waveguides. The chapter-wise summary of the thesis outcome and future

scope of work have been discussed below.

5.1 Summary

In chapter 1, a detailed literature survey on LiNbOj integrated optical devices has revealed
that PPLN channel waveguides are very much interesting for all-optical signal processing
and various other practical applications due to their lower propagation-loss and very high
conversion efficiency. But, these waveguides are sensitive to photorefractive damage at
near-IR wavelengths (< 900 nm) which inhibits their high power applications. Prior to
this thesis work it was observed that the PPLN ridge waveguides have very high threshold
against photorefractive damage near room temperature and these can generate and sustain
very high power second harmonic waves without significant degradation. However, there
was no literature available explaining work till date explaining the physics and mechanism

of the damage resistant characteristics.

In chapter 2, the origin of photorefractive effect has been reviewed to quantify the
photorefraction in bulk LiNbO3 and then an analytical formula has been proposed to model

the modified refractive index profile of ridge/channel waveguides.

In chapter 3, Ti-indiffused PPLN ridge and channel waveguides have been theoret-

ically analyzed for single-mode guidance and optimum modal confinement. For the ridge



waveguide the effective modal area has been found to be A ~ 23 um? (width - 7pum, ridge
height - 4 m) and that for the channel waveguide is ~ 54 ym? (width - 7um) @ \ ~ 1550
nm when fabricated with standard fabrication parameters (Ti-layer thickness - 100 nm, dif-
fusion time - 8.5 hours, temperature -1060° C). Thus it has been shown that with the same
input power level much higher pump intensity can be generated inside a ridge waveguide
in comparison to that of single-mode optimized Ti-indiffused channel waveguide. After-
wards, the photorefractive damage resistance in PPLN ridge and channel waveguides have
been theoretically analyzed using two-center model. It has been shown that, in case of a
PPLN channel waveguide the pump mode nearly reaches the cut-off condition at Pgz - 200
1W due to photorefractive index change, whereas the in case of ridge waveguide the pump
mode remained well confined even at Pg - 50 mW. As expected, the detuning of the phase-
matched wavelength in case of PPLN channel waveguide (A A\gpar ~ 1 nm @ Pgy - 100
1W) was also found to much larger compared to the PPLN ridge waveguide(A Agpar ~
1 @ nm Pgy - 10 mW). Better modal stability as well as higher photorefractive damage

threshold in PPLN ridge waveguides can be attributed to it’s stronger modal confinement.

In chapter 4, initially the fabrication process flow for the APE-channel waveguides
have been discussed. Then preliminary studies on various etching techniques in LiNbOg
have been presented and different challenges faced towards realization of LiNbOj ridge
structures have been discussed. Finally, Ti:PPLN waveguide fabrication process carried out
at Technology Laboratory, Integrated Optics Group in University of Paderborn have been
discussed. Then various second harmonic generation and photorefractive damage related
experiments carried using fabricated Ti:PPLN waveguides at IIT Madras have been pre-
sented. From second harmonic measurement results it was observed that the PPLN ridge
waveguide have indeed much higher photorefractive damage threshold near room temper-
ature, it could sustain Pgy ~ 10 mW(@ A 775 nm) without significant degradation of the
phase-matching characteristics, and also the generated second harmonic power was stable
over time. But, the phase matching characteristics of the PPLN channel waveguide was
completely destroyed at Pgy ~ 0.4 mW due to it’s poor photorefractive damage threshold.
As expected the photorefractive wavelength detuning was also found to be much higher in

case of PPLN channel waveguide compared to the ridge waveguide.
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5.2 Future Scope of Work

Within the scope of present thesis work, it has been shown that PPLN ridge waveguides have
much higher threshold for photorefractive damage compared to diffused channel waveguides
by both theoretical calculations and subsequent experimental investigations. All calculations
related to photorefractive damage inside PPLN waveguides have been carried out assuming
quasi-steady state condition i.e. any change in modal characteristics due to photorefraction
is essentially a function of the incident intensity. But, according to two-center model the
photo-refractive space-charge field is also a function of time. For an accurate estimation of
the space-charge field in PPLN waveguides, the time-dependence part has to be included.
The space-charge field in PPLN ridge waveguides also depends on the surface conductivity
and density of surface states, which could play a role in the photorefractive damage thresh-
old. The surface charge recombination velocity needs to be considered in the estimation
of actual refractive index change due to photorefractive effect. The photorefractive dam-
age threshold for a given waveguide depends on the waveguide quality (e.g. waveguide
uniformity, propagation-loss etc.), domain structures and their orientations. The quality of
fabricated PPLN ridge waveguides can be improved further by reducing propagation losses,
quality of inverted ferroelectric domains. Optimized and photorefractive damage resistant
PPLN ridge waveguides can be used to realize highly efficient, ultra-compact and versatile

wavelength converter for high-power applications near room temperatures.
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APPENDIX A

Nonlinear Propagation Equations for Three-Wave Mixing

A.0.1 Nonlinear Propagation Equations for Three-Wave Mixing

The following derivation nonlinear propagation equation is based on the work available from
various literature [145, 146, 147]. An electromagnetic wave propagates in a waveguide as
a collection of oscillating fields, which interfere constructively and destructively. Whenever
these oscillating fields interfere constructively within the waveguide and certain boundary
conditions are fulfilled, a guided optical mode is generated. The propagation equation of an
electromagnetic wave in a linear, isotropic, homogeneous, charge-free and lossy dielectric

medium can be written as:

V-D=0 (A.la)
V-B=0 (A.1b)
. OB
E=_2" Al
V X 5 (A.lc)
. . 0D
V x B = noJ -
X HoJ + Ho En
, oD
:,LLOO'E—F/LOE (Ald)

Here, E ﬁ H , B and J are electric field, electric displacement, magnetic field, magnetic
induction and current density respectively. It has been assumed that the lossy dielectric ma-

terial behaves as a partially conducting material i.e o # 0 and the medium is non-magnetic.



Hence, it can be written as:

B = uoH (A.le)

and

D = ¢E + Py, (A1)

Here, Py, is the nonlinear polarization vector and ¢ is the permittivity of the medium. Using
Equation (A.1a) to (A.1f),the nonlinear wave equation can be written as:

, 0’E oE 02P
T uoa—t;“ =0 (A.2)

The nonlinear polarization term can be written as:
Py =eox? - EE +x® . EEE + " - EEEE + ..] (A3)

If all interacting waves are linearly polarized in a particular direction and these waves are
propagating along z-axis in a linearly isotropic medium, the wave equation Equation (A.2),
and the nonlinear susceptibility tensors of Equation (A.3) can be written in scalar form. For
LiNbO3, second-order nonlinear susceptibility is most prominent term. Hence, ignoring all
higher- order nonlinear susceptibilities, the nonlinear polarization vector Py, can be written
as:

— —

Pyi = eo[x? - EE] (A.4)

For generalized three-wave mixing, the total electric field can be written as:
FE=F +FEy+ E;3 (A.S)

where

11~
E;, = B Ei(z,y, z,t)explj(wit — Boiz)] + c.c. (A.6)
Substituting Equation (A.5) into Equation (A.2) and then using the permutation symmetry in

XE]Q; along with the frequency matching condition w3 = w; + ws, the second-order nonlinear

polarization term PE\Q,)L , can be written as:

PNL,I = EQX(Q).EgEg (A7a)
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PNL,2 = €0X(2)..E~'TE~'3 (A7b)
PNL,3 = €0X(2).E~1E1 (A7C)

Under the plane wave approximation, Equation (A.2) is converted into a scalar equation and

it can be written as:

O*E;,  0°F, 0E,  O*PY), |
S~ HoE g 0~ ot =0 (i=1,23) (A8)

Taking Fourier Transform of Equation (A.8) one can write:

A~

0*F;
022

+ poe(W)w? By — juoowE; + powPy, =0 (i=1,2,3)  (A9)

If the nonlinear effect is weak enough such that the waveguide transverse mode does not

change much during it’s propagation, the electric field E; can be written as:
Ei(z,y, z,w — w;) = viFy(2,y) Ai(2,0 — wi)exp[—jBo,2] (A.10)

where F;(X,y) is the mode distribution, fli(z, w - w;) 1s the spectral envelope and

%:[ 2 } (A1)

CeQNy;

F is in general a complex parameter and it can be normalized as follows:

/ / Fi(a,y)? dedy = 1 A12)

fli(z, w — w;) represents the power of the envelope and it has an unit Wz2. Then substituting
Equation (A.10) into Equation (A.9) and using the slowly varying envelop approximation

and dispersive nature of the material one can write that:

~

0A;
0z

Hoow

2[50,i

2
. HoW” 5(2)

+J Py;,=0 (A.13)
27ifo.i NE

F, A;

N 1 o
+ jBri(w —wi) A + j§52,i(w - wi)QAi +
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Converting Equation (A.13) into time domain and rearranging various terms one can write:

8A 1 8 A a0 . fow?
+ Bri— B i T A+ -
' ~ o 2 ]2%‘5072‘

(PE) Jexplifosz] =0 (A.14)

where « ; 1s the linear loss coefficient and it is defined as:

HoocC
no;

(A.15)

Qo =

Various second-order nonlinear terms can be written (taking inverse Fourier transform of

Equation (A.10)) as:

Pnpa = EOX(2)7273F;F3A§A3€$p[_j(50,3 - 50,2)2’] (A.16a)
Pyra = coX Py Fy FsAf Asexp|—j(Bos — Boa)z] (A.16b)
Pyps = EOX(2)7172F1F2A1A1exp[—j(ﬁog + Bo.2)7] (A.16¢)

Substituting all second-order nonlinear terms from Equation (A.16a) - (A.16c) in Equa-

tion (A.14) following coupled mode equations are obtained:

8A1 1 8 Al a1

Fy 511 —Jz 521 o +7A1

2mx?
+J Fy F3A5 Asexp[—jApBz] =0 (A.17a)
A1 \/2060%,1“0,2”0,3

8A 1 9*A «
Fy| == + i, 2 —-J3 52 2 5m 2 1 %Az
. 2mx? e g .
+7 FyF3 AT Agexp|—jABz] =0 (A.17b)

A2/ 2c€0m0,110,270,3
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and

8A3 A 1 8 Ag o 3

la =03
3 513 J523t+23

21y

A3/ 2¢c€00,110,2M0,3

+] FngAlAgexp[jAﬁz] =0

(A.17¢)

where A3 = By3 — Bo2 — Bo1 is the phase mismatch. Multiplying each equation by £,

and integrating over x and y and then using Equation (A.12) one can write:

04, 8A1 1 0*°A

5, —I—ﬁu —J= 521 5 +—A1+j/\AA3€LUp[ JABz] =0

0A, 0A, 1 0 A, -
s + Bra—— BN —J= 522 o + —A1 +])\2A 1Asexp[—jABz) =0
and
0A 0A 1 0% A
a3 + Br3—— 8 —j= 523 9 3 &OSAI +‘7)\ Ay Asexp[jABz] =0
3

where the second-order nonlinear coupling co-efficients are

R; =

2 f.(2)

(2
\/20€0n0,1n0,2n0,3

and the complex second-order overlap integral for waves 1 and 2 is,

f2:/ / xyFFngxdy

and for the wave 3 is ,

= / / X(2)<x,y)F1F2F3d$dy
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(A.18¢)

(A.19)
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(A.20b)



For a continuous wave propagating in a medium, propagation equations Equation (A.18a)

to Equation (A.18c) can be simplified as:

8A1 a1 K

E + TAl - ]A_iA;ASpr[_]ABZ] =0 (A'Zla)
A

S A - A A [—jAB2] = 0 (A.21b)
A

% + %Al — j/;—zAlAQGQTP[jABZ] =0 (A.2Ic)

Effective Areas and Nonlinear Coefficients

In a waveguide the second- order effective area can be written in terms of non-normalized

distributions FZ as shown below :

(A.22)
2
[ﬁugﬁ@gmq

(2

Here, for waves 1 and 2, S | = (2) (2)x

e? T2 and for wave 3, S é?f 3=, Fra- Hence, second-order

coupling coefficients can be written as:

21 )

- : (A.23)
\/2060n0,1n0,2n0,3sif},i

K
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Second-Harmonic Generation

In case of second-harmonic generation, the pump wave (frequency - w) interacts with the

second-harmonic wave (frequency - 2w) and corresponding nonlinear polarizations become:

Py, = XV E} By, (A.24a)
1 .
P](\?[),,Qw = §€0X(2)EwEw (A24b)

Hence, coupled wave equations for second harmonic generation becomes,

0A,
0z

(9Aw 1 82Aw Q0w
Plo _iop, Tl Q0w y
+ /8170_) at j252,w +

K
sl = A A —jABz] = A2
e y A Ty A werp[—jALz] =0 (A25a)

0Ay, 0Ay, . 32A2w Qo 20w . Row .
— — = A — A A ABz] = A2
5, TP g —ibagn + o Aw W werp[jABz] =0 (A.25b)

where AfS = (o, — 20, and

2
K = TXP 0 (A.26a)
CEonZN2wSery
2
Koy = Y 0 (A.26b)
CEONE N2 Syt
which can be further simplified as:
0A, ou ) . )
ER + %Aw + J/MwAL Asyexp|—j ALzl =0 (A.27a)
and
0As,  Qpow ) .
822 + %A% + IV AvAsexpljABzZ] = 0 (A.27b)
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Here, x? = (d.;;/2n) is the effective non-linear co-efficient within the waveguide and 7

is the conversion efficiency for second harmonic generation.

2 2 d2
_ k8 [ eff ] (A.282)

and

(A.28b)

k3,  8n [ deyy

*
7’]2w —= 5 —=
A2 g

2)*
ningw/\f)Séf)f

In general,the imaginary component of the overlap area is very small compared to the real
part for a dielectric waveguide and the fundamental mode of propagation. Hence, it can be
written as: Sgc)f: Sgc)f* and 7,,=n5,=n. Final coupled mode equations for second-harmonic

generation can be written as:

0A, w . :
S O%Aw + JvnAL Agpepl—jABz] = 0 (A.292)
0As, " : ,
a,j + ao; Asy + jy/nAGAexp[jABz] = 0 (A.29b)
k2 872 dsz
_ e ¢ A2
TN T e [ngnzwxgsgﬂf 4250

and

2
IR FEN AL e e
S - 2
{ffooo ffooo|F1|2F; dx dy}

eff — (A.29d)
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