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Abstract

Efficient wavelength conversion is an attractive approach for obtaining coherent radiation in

regions of the spectrum where lasers are unavailable or impractical. Optical signal process-

ing in WDM networks, optical-CDMA communications, and quantum communication are

examples of applications that can utilize efficient nonlinear frequency conversion at low

power levels. Lithium niobate (LN) is a very promising material for the purpose, because it

has a mature crystal-growth process, wide transparency range, large second-order nonlinear

coefficient, and allows quasi-phasematching via periodic poling (PP). Waveguides enable

efficient conversion at low powers and can be formed via reverse proton-exchange. Precise

modeling of both the fabrication process and the properties of the resulting waveguides is

thus necessary for the demonstration of high-density optical integrated circuits.

This dissertation presents a complete fabrication model that accurately predicts the

nonlinear diffusion of protons in PPLN as well as the dispersion of the waveguides between

450 and 4000 nm. Using this model, waveguides are fabricated for two experiments: efficient

generation of 3–4-µm radiation for spectroscopy via difference frequency generation using

two near-IR lasers; and parametric amplification of 1.57-µm seed signal radiation for remote

wind sensing using a 1.064-µm pump laser.

The waveguides are fabricated in conventional congruent-composition LN. Photorefrac-

tive damage (PRD) and green-induced infrared absorption (GRIIRA) limit the generated

output power in these devices at room temperature due to the presence of high-intensity

visible light. Resistance to PRD and GRIIRA can be achieved by heavy doping with Mg2+,

or by using crystals with stoichiometric composition.

PRD-resistant, bulk near-stoichiometric lithium niobate (SLN) was fabricated by vapor-

transport equilibration (VTE) of originally congruent lithium niobate wafers with light MgO

(0.3–1 mol%) doping. Details of the poling process and the dependence of photorefractive

properties on crystal composition are presented. We obtained periodic poling down to a

v



period of 7 µm and achieved 2 W at 532 nm via second harmonic generation in a 0.3 mol-

% VTE-MgO:LiNbO3 bulk crystal at room-temperature. These breakthroughs will enable

efficient tunable radiation from the visible to the mid-IR for a variety of applications.
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Chapter 1

Introduction

1.1 Motivation

The advent of the information age has introduced an ever increasing demand for bandwidth

on communication systems. Fiber-optic communication systems became prevalant at the

end of the last century due to their unmatched capacity for long-haul data transmission.

For larger data bandwidth to be available at low cost, higher bit-rates, denser WDM-

channel spacings and longer transmitter-receiver spacings are needed. To follow this path,

dispersion and nonlinear effects in the fiber must be managed, at increasing level of difficulty.

One possible approach to addressing ths challenge is mid-span spectral inversion, which

can achieved by optical frequency mixing (OFM), and allows the compensation of both

dispersion and nonlinear effects.

Providing larger bandwidth to the end user at low cost can be obtained by increasing

the “network transparency”, i.e., bringing the optical signal closer to the user by replac-

ing expensive high-speed signal-processing electronics for multi-user management with all-

optical signal processors in the design of a next-generation communication system. This

approach has the additional advantage of making signal conversions between the optical

and the electrical domain unnecessary. Signal manipulations such as wavelength switching,

time-division multiplexing, switching between time-division and wavelength-division multi-

plexing, picking and delaying of optical data pulses or packets, etc., could be done in the

optical domain. These functions can be implemented with the help of optical-frequency

mixers. Combining several functions in an integrated optical circuit on a single chip signifi-

cantly enhances the applicability of optical signal processing but requires accurate modeling

1



2 CHAPTER 1. INTRODUCTION

of the device fabrication process and performance.

Demand for secure communications has also grown significantly in recent years. Optical

code-division multiple access communication systems may provide increased security by

encoded spreading and overlapping of the spectra of multiple information channels. Proper

decoding with high suppression of multi-user interference is necessary for data recovery

and protection. Nonlinear thresholding performed by frequency doubling of the decoded

signal in an optical-frequency mixer drastically improves the contrast between properly and

improperly decoded signals.

Theoretically, only quantum communications promise absolute security of information

sharing. Quantum key-distribution systems based on single-photon data encoding require

low transmission losses and efficient single-photon detection. While propagation losses in

optical fibers are lowest in the 1550-nm communications band, detection of single photons

in that band has traditionally been done with InGaAs/InP avalanche photodiodes with

quantum efficiencies smaller than 15 %, cryogenic cooling and significant “dead time” which

limits the data transmission bit rate. The best single-photon detectors, namely, silicon

avalanche photodiodes, operate near 700 nm with quantum efficiencies exceeding 70 % and

very low rate of dark counts. In addition, silicon avalanche photodiodes do not require

cryogenic cooling and their dead time has only a small effect on high bit-rate detection due

to a large ratio between the detector area and the area affected by a signle-photon avalanche

process. Efficient wavelength conversion of 1550-nm single-photon data to 700 nm by using

sum-frequency generation in an optical-frequency mixer would make it possible to combine

low-loss transmission with efficient detection, allowing secure communication at high data

rates.

Bright coherent sources of narrow-line tunable mid-infrared radiation in the range 3000-

4000 nm operating near room temperature at milliwatt power levels are of interest to laser

spectroscopy and trace gas detection. Such sources at power levels exceeding 100 µW

are still lacking. Mid-infrared radiation can be obtained by difference-frequency mixing of

two solid-state lasers (for example, one operating near 1100 nm, and the other near 1550

nm). This optical-frequency mixing process can also be used to convert the wavelength

of optical data channels from the telecommunications band to the mid-infrared and vice-

versa, which would allow signal processing with standard telecommunications equipment of

data transmitted at mid-infrared wavelengths through free space. When high-energy pump

pulses are used, the same mixing process allows the parametric amplification of a narrow-line
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1550-nm laser to µs-pulses with energy levels unavailable from conventional laser sources in

this wavelength range. Such pulses are of interest to space-bourne wind-velocity sensing.

Lithium niobate is a ferroelectric crystal with high electro-optic and second-order non-

linear coefficients and a wide transparency range (0.3-4.5 µm). It can be periodically poled,

allowing quasi-phasematching for optical-frequency mixing. Large crystals of excellent op-

tical quality are commercially available at low cost. Periodically poled lithium niobate

waveguides provide the combination of low propagation losses and high conversion efficiency

necessary for the implementation of the functions described earlier.

The traditional powerful Watt-level continuous-wave coherent sources in the range 450-

600 nm are based on ion lasers and are very inefficient, with typical wall-plug efficiencies

of less than 0.1%. Such lasers can be replaced by frequency-doubled or frequency-summed

solid-state lasers, which would increase the energy efficiency by two-to-three orders of mag-

nitude. Lithium niobate has adequate nonlinear coefficient to allow single-pass frequency

doubling at these power levels, but the standard optical-grade congruent-composition crys-

tals of this material suffer from photorefractive damage and green-induced infrared absorp-

tion in the presence of intense visible or ultraviolet light. Developing methods to suppress

photorefractive damage in lithium niobate is still an area of active research due to the

significant potential impact for efficient and reliable solid-state laser sources in the visible.

This dissertation provides an accurate model for the fabrication of annealed proton-

exchanged and reverse proton-exchanged waveguides in congruent lithium niobate. These

waveguides are the basis of integrated optical-frequency mixers optimised for different appli-

cations. In addition, a significant portion of the dissertation is devoted to the development

of lithium niobate resistant to photorefractive damage by combining light MgO-doping and

vapor-transport equilibration.

1.2 Nonlinear optics

1.2.1 Generation of new optical frequencies

The process of optical-frequency mixing involves the generation of new optical frequencies

during interaction between an optical field and a propagation medium. If the response of

the medium to the field is linear, new frequencies are not generated. Therefore, a non-

linear medium is necessary for optical-frequency mixing. One kind of interaction between
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the medium and the optical field is the absorption of a photon by the medium at one fre-

quency, followed by some relaxation process and subsequent emission of a photon at a lower

frequency. This process is used in the optical pumping of lasers and is effectively optical

frequency conversion, but it is not the kind of coherent process considered in this work.

The nonlinear-optical processes used here involve off-resonance interactions of optical fields

with frequencies within the transparency range of the medium, where absorption of light is

negligible. In this case, the optical field polarizes the medium, causing the electric dipoles

of the medium to oscillate at the same frequency as that of the driving field. In many

media, this oscillation is not perfectly harmonic, such that a small fraction of the energy

of the oscillators is at frequency components different from the driving frequency. This

anharmonic part of the oscillation leads to the generation of an optical field at these new

frequency components. While some photons of the driving field are destroyed in the process

to provide energy for the creation of photons at the new frequencies, this process does not

involve absorption, conserves the field energy and can occur on a femtosecond time scale.

The propagation of light in optical media is governed by Maxwell’s equations:

∇× Ẽ = −∂B̃
∂t

(1.1)

∇× H̃ = J̃− ∂D̃
∂t

(1.2)

∇ · D̃ = ρ (1.3)

∇ · B̃ = 0, (1.4)

where Ẽ is the electric field, D̃ is the displacement vector, B̃ is the magnetic flux density, H̃

is the magnetic field vector, J̃ is the free-current density, and ρ is the the free charge den-

sity. Vector quantities are denoted by boldface type and tildes appear over time-dependent

variables.

The electric and magnetic properties of the medium play a role through the constitutive

relations given below in MKS units:

D̃ = ε0εrẼ + P̃NL (1.5)

B̃ = µ0µrH̃ = µ0H̃ (1.6)
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We will only consider nonmagnetic media, setting µr to 1 in Eq. 1.6, accordingly. The

nonlinear polarization P̃NL in Eq. 1.5 consists of the quadratic and higher order terms of

the expansion in the electric field of the induced dipole moment in the medium:

PNLi = ε0(χ
(2)
ijkEjEk + χ

(3)
ijklEjEkEl + ...) (1.7)

where summation over repeating indices is assumed. This dissertation is restricted to con-

sideration of only second-order nonlinear optics (three-wave mixing processes). For all the

material systems and applications considered in subsequent chapters, the third-order and

higher terms in the expansion 1.7 are negligible compared to the quadratic term. Therefore,

the symbol PNL will be used to denote:

PNLi = ε0χ
(2)
ijkEjEk (1.8)

Let the optical field impinging on the medium consist of two frequency components at

frequencies ω1 and ω2. Then, considering all permutations of indices in 1.8, the nonlinear po-

larization will contain frequency components at 2ω1, 2ω2, ω1±ω2 and DC. The corresponding

frequency-conversion processes are second harmonic generation, sum and frequency mixing,

and optical rectification. In order for efficient energy transfer to a newly generated optical

frequency to occur, the nonlinear oscillations of all dipoles along the medium need to be

properly phased to ensure constructive interference of the emitted optical waves. This leads

to the requirement of phasematching.

1.2.2 Quasi-phasematching

Consider three-wave mixing in a uniform nonlinear medium. One way to ensure that energy

is transfered efficiently to a new optical frequency is to use a medium without dispersion,

such that the phase velocity of light at all frequencies involved in the mixing process are

identical. In the case of second harmonic generation, for example, there is a driving field at

a frequency ω generating linear polarization at a frequency ω and nonlinear polarization at

2ω. All oscillators along the propagation direction are locked in phase by the driving field.

The fixed phase-difference between two oscillators separated in space along the propagation

direction is determined by the product of the frequency of the oscillators and the time it takes

for the driving field to travel between them. This time equals the ratio of the propagation

distance and the phase velocity of light in the medium at the frequency of the driving field.
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Thus, the phase difference between the dipole oscillations at frequency ω is ω∆znω/c =

kω∆z, where kω = ωnω/c is the magnitude of the k-vector at the frequency of the driving

field, and ∆z is the distance between the two dipoles. Accordingly, the phase difference

between the nonlinear oscillations at 2ω is (2ω)∆znω/c ≡ 2kω∆z. The field at the second

harmonic 2ω generated by the first nonlinear oscillator accumulates a phase of k2ω∆z ≡
(2ωn2ω/c)∆z while traveling to reach the second oscillator. If n2ω = nω, then this phase

exactly compensates the phase difference of the nonlinear dipole oscillations and the fields at

2ω generated by the two oscillators interfere constructively along the propagation direction

leading to quadratic growth of the second harmonic power with propagation distance in the

medium (curve (a) on Fig. 1.1). Otherwise, there is a phase mismatch of (k2ω − 2kω)∆z

which leads to oscillations of the power in the second harmonic (curve (b) on Fig. 1.1).

The maximum second harmonic power in this case is limited to the power generated over

an interaction distance equal to the so called coherence length:

Lc =
π

∆k
≡ π

k2ω − 2kω
≡ λω

4(n2ω − nω)
(1.9)

where ∆k is the k-vector mismatch and λw is the fundamental wavelength. It is clear from

1.9 that the coherence length is the distance over which the phase mismatch becomes equal

to π.

The coherence length in most nonlinear media is very small. For instance, in lithium

niobate the coherence length for second harmonic generation of 532-nm green light is only

6.5 µm. Such a small interaction length is usually not adequate for efficient energy transfer

to the new frequency component. Therefore, for efficient nonlinear mixing, phasematching

is necessary. One solution to the problem of phasematching was proposed by Bloembergen

and coworkers in 1962[1]. The method is called quasi-phasematching (QPM) and relies on

resetting of the phase mismatch to 0 every coherence length. After one coherence length

of propagation, the phase mismatch becomes π. If the sign of the nonlinear susceptibility

χ(2) is changed at that location, an additional π phase shift is added to the nonlinear

polarization (see Eqn. 1.8), resetting the phase mismatch to 0. After another coherence

length of propagation, another π of phase shift is accumulated and the sign of the nonlinear

coefficient has to be changed again in order to reset the mismatch to 0. In such way, the

power in the second harmonic field is allowed to grow along the crystal quasi-quadratically

(curve (c) on Fig. 1.1).
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Figure 1.1: SHG output power versus distance L normalized to the coherence length
Lc. (a) Quadratic growth in the case of phasematched SHG. (b) Oscillatory behavior
in the non-phasematched case. (c) Quasi-quadratic growth in the case of first-order quasi-
phasematched SHG using periodic sign reversal of the nonlinear susceptibility.
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In uniaxial ferroelectric crystals such as lithium niobate, the sign of the nonlinear sus-

ceptibility is fixed with respect to the polar axis. Therefore, periodic sign reversal of the

nonlinear susceptibility can be obtained by periodic reversal of the polar axis (periodic

poling) along the propagation direction. The resulting periodic pattern of the nonlinear

susceptibility is often referred to as a “QPM grating” with period Λg. With periodic pol-

ing, the QPM grating has the functional form of a square wave in space. In the spatial

Fourier domain, this square wave can have frequency components at all harmonics of the

fundamental grating k-vector 2π/Λg:

Km =
2πm

Λg
(1.10)

Phasematching can be viewed in the spatial Fourier domain as k-vector conservation. In

the process of optical-frequency mixing, photons are created and destroyed. For instance,

in the case of second harmonic generation, two photons at the fundamental frequency ω are

destroyed for the creation of each second harmonic photon at frequency 2ω. If 2kω = k2ω,

then the k-vector is conserved and the process is phasematched. If the k-vector is not

conserved, then the process is not phasematched and the mentioned oscillations of the

second harmonic power occur, limiting the energy conversion. Quasi-phasematching is

represented in the Fourier domain as the elimination of k-vector mismatch by including the

grating k-vector in the vector sum. Example k-vector diagrams for the cases of perfectly

phasematched, non-phasematched and quasi-phasematched SHG are shown on Fig. 1.2. As

can be seen on Fig. 1.2 (c), any harmonic Km of the fundamental grating k-vector can be

used for quasi-phasematching. Because the Fourier-series expansion coefficient of the mth

harmonic of a square wave is 2/(mπ), the effective nonlinear coefficient of the medium for

quasiphasematched optical frequency mixing is[2]:

χ
(2)
eff =

2
mπ

χ(2) (1.11)

Therefore, for strongest nonlinear mixing, it is desirable to use first-order quasi-phasematching

(m = 1).
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Figure 1.2: Phasematching represented by k-vector diagrams in Fourier space. (a) Phase-
matched SHG. (b) Non-phasematched SHG with k-vector mismatch ∆k. (c) Quasi-
phasematched SHG with QPM order m.

1.2.3 Efficiency of nonlinear optical frequency mixing

Phasematching allows the accumulation of the local effects of optical frequency mixing

along the volume of the dielectric medium exposed to intense optical fields. From Eq. 1.8

it can be seen that the strength of the local nonlinear response increases linearly with the

intensity of the optical field. The commonly used way to obtain high intensity is to use

pulsed lasers (Q-switched or mode-locked). For efficient continuous-wave optical-frequency

mixing, the two ways to increase intensity are to use cavity enhancement of the field (e.g.,

in pump-resonant second harmonic or difference-frequency generation, optical parametric

oscillation) or tight focusing of the input laser beam. In the case of SHG without depletion

of the fundamental field, the efficiency of power conversion in a plane-wave interaction is

given by the expression [2]:

ηSHG =
P2ω

Pω
=

8π2d2
eff

n2ωn2
ωcε0λ2

ω

PωL2

Aeff
sinc2

(
∆kL

2

)
(1.12)

where deff is the effective nonlinear coefficient equal to χeff/2, Aeff is the effective beam

area for the interaction, L is the interaction length, ∆k is the wave-vector mismatch and Pω

is the optical power at frequency ω. The above expression, a good approximation for η ≤0.2,

demonstrates that the SHG efficiency increases linearly with the pump intensity (which is

proportional to Pω/Aeff ) and quadratically with the interaction length L. With limited

fundamental power, the efficiency can be increased by increasing L or reducing Aeff . The

former leads to a reduction of the bandwidth available for phasematching due to the sinc2

term in 1.12. Since the efficiency increases quadratically with L, while the phasematching
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bandwidth decreases only linearly, in many cases a large interaction length is desirable.

Occasionally, though, the bandwidth requirement of certain devices sets an upper limit on

L. Reducing Aeff , on the other hand, increases efficiency without a bandwidth penalty.

This is why, in bulk crystals, efficiency is increased by properly focusing the beam such that

its transverse dimensions are kept as small as possible throughout the length of the crystal.

The optimum focusing for a gaussian beam in the case of SHG occurs when the length of

the crystal equals 2.84 times the beam confocal parameter[3].

Performing the optical-frequency mixing in a waveguide allows the combination of a

small Aeff with a large interaction length. The interaction length L can be set indepen-

dently of the effective area by adjusting the waveguide length. In the case of a quasi-

phasematched interaction, L is the length of the periodically poled part of the waveguide.

The effective area is determined by the mode overlap[2]:

Aeff =
∥∥∥∥∫ ∫

d̂(x, y)Ê2
ω(x, y)Ê2ω(x, y)dxdy

∥∥∥∥−2

(1.13)

where the waveguide modal fields are normalized according to∫ ∫
Ê2(x, y)dxdy = 1 (1.14)

and

d̂(x, y) =
d(x, y)
deff

(1.15)

where d(x, y) is the transverse distribution of the effective nonlinear coefficient, which may

vary across the waveguide. From equation 1.14 it follows that the normalized modal fields

Êω and Ê2ω are large when the transverse size of the mode is small. It is clear from 1.13

that the effective area is minimized when the peaks of the field distributions of the modes

at the different interacting frequencies are spatially aligned with each other (and with the

region of high nonlinear coefficient if the latter is not constant accross the waveguide).
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1.3 Photorefractive damage and damage-resistant QPM ma-

terials

Some ferroelectric materials such as LiNbO3 and LiTaO3 have the rare combination of a

high second-order nonlinear coefficient, a wide transparency range spanning from the mid-

infrared to the near-ultraviolet, and a possibility for periodic poling allowing for flexibility

in the design and fabrication of devices for optical-frequency mixing using QPM. A great

number of experimental demonstrations of practical devices have been published. Sev-

eral examples can be found in the following references: [2, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13,

14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36].

Many of the demonstrations involve the propagation of intense visible or ultraviolet light

in the ferroelectric crystal and cannot be used in practical applications unless the prob-

lem of photorefractive damage (PRD), which severely limits their lifetime or maximum

power, is solved. The photorefractive effect is a result of the combination of two phenom-

ena: the absorption of light by crystal defects leading to the formation of a space-charge

field by the generated photocarriers and the subsequent modulation of the refractive index

of the medium by this space-charge field via the electro-optic effect [37, 38, 39, 40, 41].

In standard optical-quality LiNbO3 (LN) and LiTaO3 (LT) the dominant photorefractive

effect is of the photogalvanic (photovoltaic) type, where the space-charge field is formed

due to a photogalvanic current generated by the crystal defects upon illumination and

absorption [38]. For the same photogalvanic current, crystals with higher electrical conduc-

tivity would exhibit smaller photorefractive effects due to a reduction of the space-charge

field. The standard congruent lithium niobate (CLN) and lithium tantalate (CLT) have

a composition determined by the point in the phase diagram where the liquid phase and

the signle-crystal LiNbO3(LiTaO3) phase with the same composition are in equilibrium at

the temperature of crystal growth (∼1250 ◦C for CLN). For these crystals, the equilib-

rium occurs at a Li-poor composition (the ratio xLi=[Li]/([Li]+[Nb,LT]) is ∼0.484, rather

than the stoichiometric value xLi=0.5). The excess of Nb(Ta) ions leads to the formation

of Nb(Ta) antisites - Nb(Ta) ions located at lithium lattice sites and represented by the

symbol NbLi(TaLi). These antisites act as relatively deep traps for electrons[38, 42, 43],

significantly reducing their mobility. As a consequence, CLN and CLT exhibit a very low

conductivity and prominent photorefractive effects. In both LiNbO3 [44, 45, 46, 47, 43]

and LiTaO3 [48, 49, 50], some combination of doping with a suitable ion and changing of
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the crystal composition toward stoichiometric can help reduce photorefractive damage to

levels that cause no problems for practical applications. Examples on the two extremes

in composition include 5 mol-% MgO:doped congruent LiNbO3 (5%MgCLN)[44, 45], non-

doped K2O-flux grown near-stoichiometric LiNbO3 [51, 52], near-stoichiometric LiTaO3

prepared by the double-crucible Czochralski growth (DCCG) [53] and near-stoichiometric

vapor-transport equilibtrated LiTaO3 (VLT)[49]. Examples of a combined approach are

1 mol-% near-stiochiometric LiNbO3 and LiTaO3 produced by top-seeded solution growth

(TSSG) or DCCG [54].

Direct growth of PRD-resistant LiNbO3 and LiTaO3 is difficult both for congruent crys-

tals with doping above the threshold for PRD-suppression (e.g., 5 mol-% MgO for LiNbO3)

[55] and for near-stoichiometric crystals with or without doping. On the other hand, con-

gruent crystals with small amounts of doping (below the PRD-suppression theshold) are

relatively easy to grow. The method of vapor-transport equilibration (VTE) developed for

lithium niobate in the last quarter of the past century [56, 57, 58, 59, 60, 61] allows to enrich

in lithium the composition of originally congruent crystals via indiffusion of lithium from

Li2O vapor. VTE is a relatively easy to implement self-terminating process, producing a

homogeneous single-phase crystal with composition corresponding to the phase-boundary

between a single-phase monocrystal and a two-phase lithium-rich polycrystal. The com-

bination of VTE and a moderate MgO-doping of the congruent precursor crystal allows

flexibility in the choice of final crystal composition and related properties while avoiding

the difficulties of direct growth of off-congruent or heavily doped crystals.

Most of the crystal properties relevant in periodic poling (coercive field, conductivity,

domain nucleation density) vary significantly with crystal composition in both LiNbO3 and

LiTaO3. For example, the coercive field changes linearly with deviation from stoichiometric

composition [62] from about 21 kV/mm in congruent crystals (Li/[Li+(Nb,Ta)]≈0.484) to

less than 50 V/mm in VTE-LiTaO3. Gopalan et al.[62] proposed that the large coercive

field in congruent crystals is due to the need to reorient electric dipoles formed by the

lithium vacancies and niobium antisites associated with the lithium deficiency. In stoichio-

metric crystals such defects are eliminated and the coercive field is more than two orders of

magnitude smaller than in congruent crystals.

In non-doped crystals, the electric field necessary to initiate the poling of z-cut wafers

by domain nucleation is comparable to and somewhat higher than the field necessary for
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the domain to grow laterally in the x-y plane by domain-wall movement in the x- crystal-

lographic direction(s). In 5 mol-% MgO:LiNbO3 the electric field necessary for observing

domain inversion (switching) at room temperature varies between 4.5 and 7 kV/mm [63] for

switching times ranging from about 150 to a few seconds. These values of the switching field

are smaller than the field necessary for domain inversion in congruent non-doped crystals,

but much larger than the field necessary for stoichiometric crystals, which is in the range

of a few tens to a few hundred V/mm[51, 49]. Even though the MgO-doping eliminates the

vast majority of Nb antisites, the switching field is only 4-5 times smaller than that for the

non-doped congruent crystal. On the other hand, the domain-wall velocity in this material

is appreciable (of order 1 µm/sec, appropriate to pole at a period of a few microns over

time span of a few seconds) at a field of only 2 kV/mm[64]. At 4.5 kV/mm, the domain

wall velocity is several hundred µm/sec. Over the characteristic poling time of 102 s at this

electric field, a domain that started at the beginning of the poling would grow to many

mm in size, much larger than the required period of several microns. The reason for this

discrepancy between the necessary field for poling and the field necessary for appreciable

domain expansion via domain wall motion is that the nucleation site density for domain

formation at room temperature is very low in 5 mol-% MgO:LiNbO3. Because of this prob-

lem, short-pitch periodic poling of 5 mol-% MgO:LiNbO3 is challenging and requires the

use of means for nucleation enhancement such as high poling temperature combined with

metal electrodes[65, 66], “two-dimensional” field application [67, 68] or corona-discharge

poling [69]. Without these means for nucleation enhancement, the inverted domains tend

to merge at short periods (< 10µm), preventing the transfer of the electrode pattern to a

periodic domain pattern. At longer periods, there are significant fluctuations in the domain

width along the beam propagation direction, causing significant reduction in the conversion

efficiency (for effects of irregularity of the domain width on conversion efficiency, see Ref.

[70]).

The more basic methods for electric-field periodic poling of z-cut wafers rely on apply-

ing voltage between a patterned periodic electrode deposited on one z-face of the wafer

and a uniform electrode contacted on the other z-face[71, 72, 73]. For first-order QPM

of SHG of visible light (yellow and green), domain patterns with periods ranging from 6

to 10 µm are needed. In this range of periods, domain reversal of non-doped congruent

or near-stoichiometric LiNbO3 or LiTaO3 involves only a single-step-patterned hard-baked

photoresist on the +z face to serve as a periodic dielectric mask under a covering liquid
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electrode (LiCl disolved in water). This domain reversal method can be applied to 5 mol-%

MgO:LiNbO3, but to achieve the 6-10-µm periodicity, some additional steps (e.g. combining

patterning of metal electrodes, high temperature poling and short poling voltage pulses)[66]

have to included in the fabrication process. As will be demonstrated later in the disserta-

tion, combining light MgO-doping with VTE allows the elimination PRD in crystals with

doping levels as small as 0.3 mol-% [74]. Such crystals can be periodically poled by adding

only two modifications to the the conventional technique used for non-doped crystals: per-

forming the hard-bake of the photoresist at a lower temperature for longer time, and using

pulsed poling voltage [75]. Both modifications are easy to implement. This process for

periodic poling is not only simpler compared to that for the 5 mol-% crystals, but can also

be advantageous for waveguide devices. The quality of the periodic pattern is usually better

near the surface on which the electrode was patterned, so for high mixing efficiency and

better device reproducibility it is desirable that waveguides be fabricated on that surface.

Avoiding metal deposition keeps the surface pristine for waveguide fabrication and helps

circumvent issues with absorption, photorefraction or scattering loss (even after the metal

is removed by chemical etching) that commonly occur in waveguides fabricated on the same

surface where metal electrodes have been used.

Another advantage of near-stoichiometric crystals over congruent or 5%MgO-doped ones

is their higher thermal conductivity[76, 77]. Assuming equal absorption, crystals with higher

thermal conductivity can handle higher laser power because of better heat dissipation. In

addition, the UV absorption edge of SLN is several nm shorter than that of 5 mol-%

MgO:LiNbO3.

1.4 Overview

The first goal of this dissertation is to provide tools for accurate modeling of the fabrication

process of optical-frequency mixers based on proton-exchanged PPLN waveguides, including

devices that efficiently generate mid-infrared radiation. The second major goal is to provide

an attractive solution for the problems of photorefractive damage and green-induced infrared

absorption (GRIIRA) in LiNbO3.

Chapter 2 lists the main formulae that describe optical frequency mixing in waveguides

and then describes a new complete model for the fabrication and properties of annealed

(APE) and reverse (RPE) proton exchanged waveguides in congruent lithium niobate (CLN).
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The model includes the properties of proton diffusion in CLN, and the dispersion of the

proton-exchanged material, providing the means for the reconstruction of the waveguide

refractive index profile. This information is adequate to allow the accurate modelling of

the mode field distributions and propagation constants by numerical solution of the wave

equation.

Chapter 3 describes recent results on mid-infrared generation in the region 3100-4000

nm by difference-frequency mixing in RPE waveguides including the design, fabrication and

characterization of the mixing devices. In addition, the same difference-frequency mixing

process is used to demonstrate over 40 dB of parametric amplification of narrow-spectrum

1570-nm signal by using microsecond-long pump pulses at 1064 nm.

Chapter 4 starts with the description of the accepted model of the photorefractive effect

in LiNbO3 due to Glass et al.[38]. This provides the basis for understanding the con-

trol of photorefractive sensitivity by varying stoichiometry and doping. The subsequent

sections describe the development and characterization of vapor transport equilibrated

near-stoichiometric lithium niobate with significantly reduced MgO-doping concentration

(VTEMgLN) compared to 5 mol-% MgO:LiNbO3. The resistance of VTEMgLN to PRD

and GRIIRA is demonstrated.

Chapter 5 describes the development of a fabrication process for high quality periodic

poling of VTEMgLN. A detailed physical picture of the poling process is discussed that al-

lows the parameters most relevant to the domain patterning of MgO-doped material to be

identified. Experimental results from measurements of some of the parameters are included.

The appropriate modifications to the traditional fabrication procedures are then described

along with experimental results on periodic poling featuring high-quality patterns for peri-

ods down to 8 µm suitable for first-order QPM of SHG of 575-nm and longer-wavelength

radiation and good-quality patterns at 7 µm for SHG of 532-nm radiation. Finally, exper-

imental demonstration of room-temperature stable SHG of up to 3 W at 532 nm in 0.3

mol-% VTEMgLN is described.

Chapter 6 concludes the dissertation.



Chapter 2

Model for anneal proton-exchanged

waveguides in congruent lithium

niobate

The purpose of this chapter is to introduce an accurate model for the fabrication of annealed

proton-exchanged waveguides and reverse proton-exchanged waveguides in standard optical-

quality congruent lithium niobate. This model can be used to predict the linear optical

properties of the waveguide, which determine the phasematching and affect the efficiency of

optical-frequency mixing. In addition, accurate predictions of the linear optical properties

allow the modeling of the optical performance of more sophisticated integrated devices

that may contain tapers, frequency mixing regions, directional couplers, Y-junctions, and

segmented waveguide sections. The described model has proven very useful in the design of

a variety of devices for optical signal processing and mid-infrared generation over the four

years since its development.

2.1 Three-wave mixing in an optical waveguide

The theory of optical-frequency mixing in waveguides using the second-order nonlinear

polarization is described in [78, 2]. The main definitions and results for mixing of single

modes are listed below briefly with detail adequate to provide background for the rest of

the chapter. The description of reference [2] is closely followed.

16
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The longitudinal components of the electric and magnetic field in the waveguide can

be expressed in terms of the transverse components. The transverse components can be

written as a superposition of propagation modes:

Et(x, y, z) =
∑
ν

Aν(z)e−iβνzγÊν(x, y) (2.1)

Ht(x, y, z) =
∑
ν

Bν(z)e−iβνzζĤν(x, y) (2.2)

where

γ =

√
2

Ncε0
, ζ(x, y) =

√
2Ncε0 (2.3)

The quantities Aν(z) and Bν(z) are the slowly varying amplitudes for the electric and the

magnetic field, respectively, for mode ν with propagation constant βν . Êν(x, y) and Ĥν(x, y)

are field modes normalized according to 1.14:

∫ ∫
Ê2(x, y)dxdy = 1 (2.4)∫ ∫
Ĥ2(x, y)dxdy = 1 (2.5)

Assuming optical fields in the medium exist or are generated at frequencies ω1, ω2 and

ω3 with ω3 = ω1 + ω2, the nonlinear polarization at these three frequencies is given by:

P(ω1) = ε02dE(ω3)E∗(ω2) (2.6)

P(ω2) = ε02dE(ω3)E∗(ω1) (2.7)

P(ω3) = ε02dE(ω1)E(ω2) (2.8)

The nonlinear coefficient is constant along the waveguide axis but is allowed to vary in

the transverse directions:

d(x, y, z) = deff d̂(x, y) (2.9)

where deff is the effective nonlinear coefficient obtained by projecting the material nonlinear

coefficient tensor onto the proper axes of the interacting fields.

For single-mode interactions, the sums in 2.4 each contain only one term. We can then
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use the index i=1,2,3 to label fields at frequencies ω1, ω2 and ω3. The slowly varying

amplitudes of these fields obey the following set of coupled equations:

dA1

dz
= κ1θ

∗A3A
∗
2e
−i∆βz − α1

2
A1 (2.10)

dA2

dz
= κ2θ

∗A3A
∗
1e
−i∆βz − α2

2
A2 (2.11)

dA3

dz
= κ3θA1A2e

i∆βz − α3

2
A3 (2.12)

The constants κj are defined as

κj = −i

√
2ω2

j d
2
eff

N1N2N3c3ε0
= −i

√√√√ 8π2d2
eff

N1N2N3cε0λ2
j

(2.13)

where N1, N2 and N3 are capitalized to signify effective mode indices. The quantity ∆β in

the exponent is the phase mismatch defined by

∆β = β3 − β2 − β1 = 2π

(
N3

λ3
− N2

λ2
− N1

λ1

)
(2.14)

The strength of the coupling is controlled by the overlap integral θ given by the expres-

sion

θ =
∞∫

−∞

dx

∞∫
−∞

dy d̂(x, y)Ê1(x, y)Ê2(x, y)Ê∗
3(x, y) (2.15)

The effective area defined in Eq. 1.13 equals the inverse square of the overlap integral(
Aeff = |θ|−2

)
.

Several solutions of the coupled equations 2.10 under different assumptions are listed

below and used in discussions in the following sections of the chapter as well as following

chapters. The examples of lossless waveguides (α1 = α2 = α3 = 0) are considered first. In

the case of sum-frequency generation (SFG) under the approximation of undepleted driving

fields A1 and A2, assuming the initial condition A3(0) = 0, the power at the sum-frequency

ω3 after interaction over a length L is given by

P3(L) = ηnorP1(0)P2(0)L2sinc2
(

∆βL

2

)
(2.16)
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where ηnor [%/Wcm2] is the normalized conversion efficiency given by the expression

ηnor = κ2
3 |θ|

2 =
8π2d2

eff

N1N2N3cε0λ2
3

∣∣∣∣∣∣
∞∫

−∞

dx

∞∫
−∞

dy d̂(x, y)Ê1(x, y)Ê2(x, y)Ê∗
3(x, y)

∣∣∣∣∣∣
2

(2.17)

For the case of second harmonic generation (SHG), the nonlinear polarization at the

second harmonic frequency is given by P2ω = ε0dE2
ω, making the normalized efficiency four

times smaller than the normalized efficiency for SFG. The expressions for SHG power and

normalized efficiency are:

P2ω(L) = ηSHG
nor P 2

ω(0)L2sinc2
(

∆βL

2

)
(2.18)

ηSHG
nor =

2π2d2
eff

N2
ωN2ωcε0λ2

2ω

|θ|2 ≡
8π2d2

eff

N2
ωN2ωcε0λ2

ω

|θ|2 (2.19)

In this case, in the expression 2.15 for θ, the indices 1 and 2 refer to the fundamental

frequency ω, while the index 3 refers to the SH frequency 2ω.

For the case of difference-frequency mixing (DFM), several different approximations can

be considered depending on whether the pump is depleted or not, and whether the focus

is on the newly generated frequency or on the amplification of the input signal. Assuming

an undepleted pump (A3 = const along the waveguide) and negligible amplification of the

input signal (A1 = const along the waveguide), the following expression is obtained for

difference-frequency generation (DFG):

PDFG
3 (L) = ηDFG

nor P3(0)P1(0)L2sinc2
(

∆βL

2

)
(2.20)

with

ηDFG
nor = κ2

2 |θ|
2 =

8π2d2
eff

N1N2N3cε0λ2
DFG

|θ|2 (2.21)

Difference-frequency mixing can also be used for parametric amplification. To describe

this case in traditional terms, the index 3 is replaced by p (pump), 1 is replaced by s (signal)

and 2 is replaced by idler. The signal is allowed to vary, while the pump is considered

undepleted for the simplest solution. Assuming Aidler(0) = 0, the solution is [5]

Ap(L) = Ap(0) (2.22)
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As(L) = As(0)cosh(gL) (2.23)

Aidler(L) = i

√
λs

λidler

√
ηnorPp

g
e
−∆βL

2 A∗s(0)sinh(gL) (2.24)

where the gain coefficient is

g =

√
ηnorPp −

(
∆β

2

)2

(2.25)

and the normalized efficiency is defined as

ηnor =
8π2d2

eff

NsNidlerNpcε0λsλidler
|θ|2 (2.26)

The power of the amplified signal is

Ps(L) = Ps(0)cosh2(gL) (2.27)

In the high-gain regime, cosh(gL) ≈ 0.5egL, and the expression for the gain in dB can be

given analytically:

Gain[dB] = 10log10
Ps(L)
Ps(0)

≈ 4.34gL− 3 (2.28)

In the presence of propagation losses, the external conversion efficiency is reduced. In

the case of DFG in the small-conversion regime without phase-mismatch, a useful estimate

of conversion efficiency for practical purposes is given by[79, 5, 80]:

η∗lossy ≡
P out

DFG

P in
p P in

s

= e−(αp+αs) (e
∆αL − 1)2

(∆αL)2
ηDFG

nor L2 (2.29)

where P out stands for power on the waveguide output just before exit, P in stands for

power coupled into the waveguide input just after entrance, and α denotes the power loss

coefficient in cm−1. The labels p, s, and DFG stand for “pump”, “signal” and “generated

DFG” (idler), respectively. The coefficient ∆α characterizes the difference in losses between

the generating and the generated waves: ∆α = (αp + αs − αDFG)/2, where αDFG is the

power power loss coefficient at the DFG output wavelength.
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For device characterization in the laboratory, it is more straightforward to use the fol-

lowing efficiency indicator that is measured directly after accounting for output reflections:

ηlossy ≡
P out

DFG

P out
p P out

s

=
(e∆αL − 1)2

(∆αL)2
ηDFG

nor L2 (2.30)

2.2 History of proton-exchanged waveguides

Fabrication of proton-exchanged waveguides in lithium niobate was first reported by Jackel

et al.[81]. The waveguides were obtained by immersion in hot molten benzoic acid (BA)

which served as a proton source. Since then, several weak organic acids have been used[82,

83, 84] as proton sources with similar results. In addition, phosphoric acid[85, 86, 87],

water[88], glycerol[89, 90], a solution of KHSO4 in glycerol[91, 92, 93, 89], and a solu-

tion of KHSO4 in a mixture of anhydrous sulphate salts[83] have been used as immersion

proton sources. More recently, benzoic acid vapor was used as a proton source at higher

temperature[94, 95, 96, 97, 98].

Most waveguides in the early days of proton exchange (PE) were fabricated using BA

at temperatures below 249 ◦C to avoid boiling of the acid. Waveguides prepared this way

had a step-like refractive index profile[81] with index increase ∆n ≈ 0.12 − 0.14 and are

characterized by instability of the profile[99] and suppressed electro-optic[100, 101, 102]

and second-order nonlinear[103, 104, 105] coefficients. The thickness of the step-index layer

increased linearly with the square root of time and could be described with the use of an

effective diffusion coefficient. Jackel and Rice[99] demonstrated a significant reduction of the

effective diffusion coefficient by buffering the BA melt with 3-3.5 mole % lithium benzoate

(LB). This kind of buffered exchange produced waveguides that were much more stable

and with a somewhat smaller ∆n (e.g., 0.11 instead of 0.13). Buffering with 4 mole % led

to an abrupt decrease of ∆n below 0.3 paralleled by a decrease in the effective diffusion

coefficient by an order of magnitude compared to the 3.4- mole % buffered melt and 3 orders

of magnitude compared to unbuffered BA. A PE process with 4 mole % LB would be too

slow for practical device fabrication. In 1988, Suchoski et al.[106] reported the development

of stable annealed proton exchange (APE) channel waveguides with significantly lower losses

than PE waveguides and no significant degradation of the electro-optic coefficient. The APE

waveguides were fabricated by adding a high-temperature diffusion step (annealing in air,

350 ◦C, 2-4 hours) after the PE in BA. The APE waveguides had a smaller surface ∆n
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than regular PE waveguides. Loni et al.[107] published an extensive characterization of

the effects of buffered melts and annealing on the properties of the waveguides. Bortz et

al.[108] performed a depth profiling of the d33 nonlinear coefficient in APE waveguides and

determined that at depths beyond the initial PE layer the nonlinearity was almost the same

as that of the substrate, while within the PE layer it remained significantly smaller, although

a slow recovery was observed with very long annealing. Due to their simple fabrication,

stability, and good nonlinear and electro-optic properties, APE waveguides became the

platform for the fabrication of a wide variety of integrated-optics devices. Many applications

of optical frecuency mixing for telecommunications systems were implemented using APE

waveguides. The SHG conversion efficiency of these devices for 1.55-µm pump wavelengths

reached around 40%/Wcm2, so that a 5-cm-long device had an overall efficiency near 1000

%/W, or, in more appropriate units for optical communication systems, 1%/mW. Such

devices could be used for -10 dB wavelength conversion using DFG with 10 mW of pump

coupled in the waveguide (actually, about twice as much pump power is typically needed

on the input in order to compensate for coupling and propagation losses at the pump and

the signal).

One limitation of APE waveguides is the asymmetry in depth of their refractive index

profile. Due to their surface fabrication, the diffusion is inherently asymmetric and results

in profiles that look like a half-bell shape. Since the modes at the shorter wavelengths are

smaller, their peak is closer to the surface than is that of the modes at longer wavelengths,

leading to sub-optimal mode overlap (see Eq. 1.13 and subsequent discussion). In addition,

the mode-field distribution is asymmetric in depth which sets the lower limit in coupling

loss to an optical fiber with a symmetric mode. These problems of APE waveguides were

addressed by the development of reverse proton exchanged (RPE) buried waveguides. The

first RPE waveguides were fabricated by reverse exchange (back-substitution of Li+ for

H+ in HxLi1−xNbO3) following PE without an annealing step in between[109, 110, 111,

112]. These RPE waveguides were not very useful for nonlinear optics because the guiding

was mostly in a region which was part of the original PE waveguide, where the nonlinear

coefficient was diminished by the proton exchange. The first study of RPE performed

on APE waveguides was published by Korkishko et al.[113], demonstrating planar RPE

waveguides in LiNbO3 and LiTaO3 and discussing their advantage for coupling into optical

fiber in terms of more symmetric mode shapes. Based on this work Parameswaran et

al.[24] developed buried channel waveguides by APE followed by RPE. These waveguides
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featured SHG mixing efficiency three times higher than channel APE waveguides and a

very symmetric mode profile. The most efficient proton exchange waveguides to date, with

efficiency of 3.1%/mW have been fabricated by the RPE method.

Some studies focused on understanding the reasons for the formation of the dead layer

and developing methods for proton exchange that avoid dead layer generation. These meth-

ods were based on using low-acidity melts (e.g., buffered acids) or vapor-phase proton

exchange in combination with higher exchange temperature (usually 300-400 ◦C). Veng

et al.[92] developed dilute melt(DM) PE using KHSO4 in glycerol buffered with lithium

benzoate at 230 ◦C and succeeded in direct fabrication of PE waveguides with various

magnitudes of the surface index increase ranging from 0.01 to 0.12. They measured the

nonlinear properties of the waveguides and showed that PE waveguides with ∆n ≤ 0.013

have χ(2) values of at least 90% of the original LiNbO3 value while waveguides with higher

∆n had strongly reduced susceptibility. A subsequent publication [93] described the fab-

rication method in detail and showed that the fabrication of these lower-∆n waveguides

required very long exchange times. Even for relatively shallow single-mode waveguides the

fabrication time ranged from 120 to 336 hours. El Hadi et al.[114] demonstrated DM PE at

300 ◦C using a sealed ampule with benzoic acid and lithium benzoate. Using 2.6 % LB they

fabricated DM PE waveguides with ∆n ≤ 0.015 that had essentially preserved nonlinear

susceptibility while waveguides obtained with 1 % LB had ∆n ≈ 0.105 − 0.11 and nonlin-

ear SHG signal less than 5 % of that of the substrate. By performing etching studies on

periodically poled APE waveguides, they demonstrated that the high-∆n PE erased the pe-

riodic domain structure. Korkishko et al.[83, 115] developed a method of high-temperature

PE using a melt of stearic acid buffered with lithium stearate (LS) for temperatures in the

range 300-370 ◦C, making use of the higher boiling point of stearic acid (≈380 ◦C). At these

higher temperatures high-quality nonlinear waveguides can be fabricated over convenient

time intervals of a few hours.

An alternative way of making high-quality PE waveguides at high temperature is by us-

ing vapor-phase proton exchange (VPE)[94, 116, 95, 96, 98, 97]. It has been reported that

the VPE method allows the fabrication of waveguides with high ∆n ≈ 0.1, low propagation

losses, undegraded nonlinear optical properties[94, 95] and higher resistance to photore-

fractive damage than APE waveguides[96]. All demonstrations of VPE so far have used

benzoic acid as the vapor source and have utilized a sealed ampule in order to perform

the exchange process at temperatures higher than the BA boiling point of 249 ◦C. Only
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planar waveguides with confinement in one dimension have been demonstrated so far in

the literature. Results on fabrication of low-loss channel waveguides with good good non-

linear properties have not been published yet. Solving the technical challenges of uniform

exchange along the waveguide may determine in the future the choice of high-temperature

PE between VPE and dilute-melt PE.

2.3 Phase diagram of PE LiNbO3

As described in the previous section, the properties of the waveguide layer vary significantly

depending on the proton source and fabrication temperature. This is due to a multitude

of crystalline phases of the compound HxLi1−xNbO3. Rice [117] reported the following

phases in proton-exchanged powders: α phase for x < 0.12, β phase for 0.56 < x <

0.7, and the phase mixtures α + β for 0.12 < x < 0.56 and β+HNbO3 for 0.7 < x <

1. The different crystalline phases are distinguished by their different x-ray diffraction

patterns. The α-phase has the same crystal structure as the pure LiNbO3 crystal. Ganshin

and Korkishko [118] found that the stresses of planar waveguides fabricated on x- and y-

cut substrates lead to slightly biaxial waveguides while waveguides on a z-cut wafer are

uniaxial like the substrate. Fedorov and Korkishko [119] discovered that the strains in a

proton exchanged monocrystal lead to a phase diagram different from that in powders.

A comparison between the equilibrium (powder), and the stressed phase diagrams can

be found in [120]. It is determined that the mixed-phase regions α + β and β+HNbO3

of the equilibrium phase diagram are replaced by several single-crystalline phases in the

phase diagram for monocrystals. The following sequence of crystalline phases appears in

order of increasing proton concentration: α for x < 0.12, κ1 for 0.12 < x < 0.34, κ2 for

0.34 < x < 0.44, β1 for 0.44 < x < 0.52, β2 and β3 for 0.52 < x < 0.64, and β4 for x > 0.64.

In addition, on y-cut substrates the phase β4 is replaced by a (monoclinic) η phase in the

region x > 0.64. The phase boundaries between the regions described above are somewhat

loosely defined because they vary slightly with substrate orientation and temperature due

to changing stress conditions.

The most often used dependence of ∆n on the replacement ratio x has been determined

by Korkishko and Fedorov [120]. A copy of the corresponding diagram is shown in Fig. 2.1

for the extraordinary (TM) and ordinary (TE) polarized light in PE and APE waveguides

on z-cut substrates. This dissertation considers only waveguides fabricated at temperatures
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under 350 ◦C which follow the low-temperature (LT) branch of the ∆ne(x) dependence.

Figure 2.1: Dependence of ∆ne at 633 nm on replacement ratio x in HxLi1−xNbO3. LT
stands for “low temperature” and HT stands for “high temperature”, signifying waveguides
annealed below and above 350 ◦C, respectively.

Besides the existence of multiple phases of HxLi1−xNbO3, the following features of the

diagram have relevance for subsequent discussions in this thesis:

(i) For 0.105≤ ∆ne ≤ 0.125, the waveguide can be in any mixture of the β1 and β2

phases, such that measurement of the refractive index alone is not adequate to predict x

accurately.

(ii) For the LT branch of the ∆ne(x)-dependence, the region 0 ≤ x ≤ 0.44 (0 ≤ ∆ne ≤
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0.105) can be approximated with a single straight line without introducing significant error.

Further justification for the adoption of this approximation will be given later.

2.4 Previous models of annealed proton-exchanged waveguides

Since the discovery of PE waveguides in 1982[81] and of APE waveguides in 1988[106]

several studies of the low-temperature PE process [121, 122, 85, 82, 123, 87] and of the

high-temperature annealing process [124, 107, 125, 126, 127, 128, 129, 130, 115, 131] have

been published. Most models that were constructed were focused on slab waveguides. Of

these, the ones by Veng and Skettrup[129] and Korkishko et al.[130, 115] are most recent

and take into account the detailed knowledge of crystal structure that was developed dur-

ing the 1990’s. These models also acknowledge the strong concentration dependence of the

effective diffusion coefficient that describes the high-temperature annealing. The only com-

plete model for fabrication of channel APE waveguides including proton diffusion during

high-temperature annealing, relationship between proton concentration and refractive in-

dex, dispersion of the refractive index and nonlinear optical properties of the waveguides was

published by Bortz and Fejer in 1991[126]. This very successful model was used for over a

decade in the design of many APE-waveguide devices. Recently (2001), some difficulties sur-

faced when using model for the design and fabrication of optical integrated circuits combin-

ing several components[132]. A more accurate fabrication model was needed. Very recently,

a comprehensive methodology for design fabrication of APE waveguides was published[131],

but it does not include any data on the dispersion of proton exchanged lithium niobate and

lacks precision, since it assumes linear diffusion during high-temperature annealing, which

is a poor approximation.

The main weakness of the model [126] is that it fails to incorporate some details of the

early stages of annealing and does not deal with the instability of PE waveguides. At the

time of development of that model, the detailed crystalline structure and multiple phases

of HxLi1−xNbO3 had not been yet discovered. The new model described in this chapter

addresses the mentioned inadequacies and allows the achievement of good repeatability and

higher accuracy in the fabrication of waveguide devices. In addition, the new model includes

a more accurate Sellmeier equation that describes the dispersion of HxLi1−xNbO3 in most

of the transparency range of the material, namely, from 0.45 to 4 µm.
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2.5 Waveguide characterization techniques

Two optical techniques were used to characterize planar waveguide samples relevant to the

development of the model – waveguide-mode spectrum measurement via prism coupling

and total proton dose estimate via absorption measurements. The same techniques are

used subsequently for process control during channel waveguide fabrication.

2.5.1 Refractive-index-profile measurements using prism coupling

A relatively simple nondestructive technique for obtaining the refractive index profile of

a planar waveguide is the measurement of the spectrum of guided modes (dark m-line

spectroscopy) followed by some procedure that can recover the refractive index distribution

from the set of effective mode indices. In the case of a planar isotropic waveguides or pure

TE-modes in a planar waveguide, if the relevant refractive index profile is a rectangular step,

then the inversion problem has an exact solution if two or mode guided modes exist[133].

This allows the determination of the index and thickness of a uniform (e.g. step-index)

waveguide from the effective indices of two or more modes. If more than two modes are

guided and the profile is approximately uniform, then a separate estimate of the index

and thickness can be made from each pair of modes. Performing statistics on the multiple

results for index and thickness allows the assignment of average values to the waveguide

parameters and the use of the corresponding standard deviations to estimate approximately

how much the profile differs from that of a uniform waveguide. When extra care is taken

to make the measurements using a consistent coupling procedure, the product of ∆n and

the waveguide thickness can be measured with a precision of 0.25-0.5%, depending on the

waveguide thickness.

For monotonic graded-index guides, the inverse Wentzel-Kramers-Brillouin (IWKB) pro-

cedure [134, 135, 136, 137, 138] produces a good approximation to the actual refractive index

profile, especially if the number of guided modes is greater than four. For profiles with steep

sections of ∆n(z), more modes may be necessary.

The effective index of each mode depends on the depth distribution of the modal field.

If a half-bell-shaped graded index profile (typical of APE waveguides) is considered, modes

that propagate mostly in the steeper region of the profile are more widely spaced in effective

index than are modes propagating mainly in the less steep tail or top of the profile. In

addition, modes are more densely spaced in effective index in thick waveguides than in
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thin waveguides simply because thicker waveguides support more modes for the same index

increase. The dense mode spacing in the tail of a thick diffused APE waveguide sets a limit

on the ability to resolve modes using the prism coupling method when the mode spacing

becomes smaller than the characteristic width of the coupling resonance. Deeply diffused

waveguides (tail of the profile longer than about 10 µm) produce an m-line spectrum in

neff -space consisting of several well defined dark m-lines (corresponding to guided modes

with effective indices well above the substrate index) and a region of continuous coupling

corresponding to modes with effective indices very close to the substrate index (modes that

propagate mainly in the lower index tail of the waveguide profile). For instance, for a well-

annealed APE waveguide measured at 633 nm, the continuous coupling region can occupy

the range from the substrate index of 2.2025 to 2.2045. On the intensity scan of the prism

coupler this effect often has the appearance as if the substrate index were higher than its

actual value. Published articles on APE waveguides have not mentioned this effect and have

not taken it into account in estimates of the dependence of ∆ne on proton concentration.

Performing multiple annealing steps on the same waveguide increases the fraction of protons

diffused deep into the substrate. In integrating the area under the IWKB profile, only the

part of the refractive index profile ranging from the maximum (surface) index to the effective

index of the last detected separate mode is taken into account. This leads to disregarding the

portion of the index profile where the modes that occupy the continuous-coupling region of

the m-line spectrum propagate. Consequently, assuming a linear relationship between ∆ne

and proton concentration, the area under the IWKB profile would decrease with diffusion

of the profile deeper into the substrate. If all modes in the tail of the profile could be

detected, then the area of the IWKB-profiles would not change with annealing (proton

diffusion) in the case where ∆ne is linear with concentration throughout the considered

range of concentrations. Because of this effect of continuous coupling of modes propagating

in the deepest part of the waveguide, it is not possible, by using prism coupling alone, to

distinguish between a linear relationship ∆n(x) and a case where a slight (10-15%) deviation

from the linear relationship is present. In the model described in this chapter, it is assumed

that ∆ne ∝ x throughout the range 0≤ x ≤ 0.44. The prism-coupling measurements in this

dissertation have been performed using a Metricon 2010 system and the included software

for index/thickness estimations according to Ref. [133] and IWKB calculations according to

Ref. [136]. Some mode spectra are not possible to fit with the polynomial fit used in [136].

For profiles with such mode spectra, other IWKB procedures have been used [134, 135, 138].
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2.5.2 Absorption spectroscopy of the OH stretching vibration

Protons incorporated in the LiNbO3 crystal form OH groups with oxygen ions from the lat-

tice. Even though protons enter the crystal through ion exchange for lithium, the preferred

positions for the protons are not the Li lattice sites, but certain locations in or near the

oxygen planes[139, 140]. Therefore, in the phases without excessively high proton concen-

trations (e.g., α, κ1, κ2 and pure β1), all the protons sit in or very near the oxygen planes

and so do the OH bonds. The stretching mode of these bonds leads to strong absorption

of light at 2.86 µm polarized parallel to the oxygen planes. Since the oxygen planes are

perpendicular to the ferroelectric crystal axis (the z-axis), the OH stretching vibration leads

to absorption of the ordinary wave. The area of the absorption profile is proportional to

the integral of the depth-distribution of protons in the substrate:

A =
∫

dλ

∫ t

0
dz α(z, λ) ∝

∫ t

0
C(z)dz (2.31)

where α is the absorption coefficient, λ is the wavelength, z is the integration variable

along the ferroelectric axis, t is the thickness of the crystal along the same axis and C is the

proton concentration which may be normalized for convenience. Thus a measurement of the

absorption peak around 2.86 µm provides means for estimating the total number of protons

in the crystal. In order to measure the number of protons in the waveguide, the crystal

is first measured before proton exchange and the number of protons estimated for this

virgin crystal is later subtracted from the total number of protons measured in the proton-

exchanged crystal. Note that for an accurate proton estimate it is preferable that the crystal

not contain any of the phases with higher concentration of protons than the β1 phase since

these phases exhibit an additional broad unpolarized peak centered near 3.1 µm[139, 99],

which would require a separate calibration. With a proper calibration (described in the

appendix) and a quiet light source, the total number of protons in the waveguide can be

measured with a precision of 0.5-1%. This typically requires a 1.5-hour warm-up of the

spectrophotometer lamp, which is a standard practice. The absorption measurements in

this dissertation have been performed using a Hitachi 4001 spectrophotometer.
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2.6 Model for high-temperature proton diffusion

2.6.1 Soft anneal

PE waveguides fabricated by immersion in pure BA melt at temperatures around 200 ◦C

have a surface ∆ne(633nm) ≈0.13-0.14, with higher values obtained at lower temperatures

and vice versa. The actual concentration profile of such waveguides is not exactly a step,

but closer to a trapezoid, such that the line ∆ne(z) is slanted in the high-index region (Fig.

2.2).
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Figure 2.2: Approximate refractive index profile of a waveguide fabricated by vapor-phase
proton exchange from KHSO4 vapor on a z-cut substrate. The profile was recovered from
the spectrum of TM-mode effective indices using the IWKB procedure due to Chiang[136].
Similar profiles are obtained by immersion in molten unbuffered BA below 200 ◦C.

It is clear that PE waveguides like the one in Fig.2.2 have β3-phase HxLi1−xNbO3 near

the surface and some combination of the β2 and β1 phases underneath the β3 phase. The

relative ratio of different phases depends strongly on the composition of the proton source

(e.g., fresh benzoic acid melt versus benzoic acid that has been used for PE), on the exchange

temperature, and on the depth of the waveguide (shallower waveguides may not form the

β3 phase at all, and may have less β2 phase than deeper waveguides). In addition, due

to stress and dependence of the phase boundaries on temperature that has not been well
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characterized, such multi-phase waveguides are quite unstable and change with time[99].

It would be complicated and inefficient to try to use such a PE waveguide as an initial

condition for modeling of the next step (high-temperature diffusion near 300-350 ◦C) in the

fabrication process for APE waveguides. This obstacle is overcome by performing a soft

anneal (SA). The waveguide after SA is in a single phase and more stable than a regular

PE waveguide.

The idea of SA is to form a waveguide that is in a single crystalline phase, is more stable

than a regular PE waveguide, and has a refractive index profile which is rectangular rather

than trapezoidal like in Fig.2.2. By observing the early stages of the high-temperature

annealing (the first 0-120 minutes at 330 ◦C) of a slab waveguide, it was found that the

proton exchange layer increased very quickly in depth within the first 30 minutes and

changed much more slowly after that. During these first 30 minutes the temperature of

the sample had not yet reached 330 ◦C because of the thermal mass of the annealing boat.

A similar behavior of fast increase of the waveguide depth with annealing that practically

self-terminated was described previously[120] and it was concluded that the expansion lead

to a uniform waveguide with composition corresponding to the κ2-β1 phase boundary. The

study reported in this section is aimed at characterizing this expansion process and using it

to design a procedure (soft anneal) that produces a waveguide that can serve as an accurate

and reliable initial condition for high-temperature diffusion modeling.

The SA process step is performed on a slab waveguide which may be a “witness” sample

that accompanies a channel waveguide device (designed for some application) through all

other steps of the fabrication process. After finishing the immersion proton exchange, the

sample is cleaned of benzoic acid and heated to a temperature around 210 ◦C for several

hours (this is the SA step). During SA, the protons diffuse deeper into the substrate while

maintaining a step-like shape of the concentration profile. The slope at the top of the trape-

zoidal profile decreases by an order of magnitude, so the profile can be approximated much

better with a rectangular step. In addition, the very high concentration phases (β2, β3, β4)

disappear, because the deepening of the waveguide leads to a reduction of the concentration.

The deepening process self-terminates once the crystal structure and proton concentration

in the waveguide correspond to the phase boundary between the κ2 and the β1 phase. In

such a waveguide all the protons can be accounted for by the OH absorption measurement

near 2.86 µm or by the index/thickness calculation [133] from the mode spectrum in the

step-profile approximation. The reason why the deepening of the waveguide self-terminates
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is that at temperatures around 210 ◦C the diffusivity of protons in any of the β phases is at

least two orders of magnitude higher than the diffusivity in the α, κ1 or κ2 phases. It should

be pointed out that the effective activation energy for diffusion in the α phase is around 1.4

eV, while in the β phases it is around 1 eV. This means that with lowering the temperature,

the difference in diffusivities grows even larger, so there is an advantage in performing the

SA at lower temperature. The temperature range around 210 ◦C is convenient for one-day

soft-annealing of waveguides with PE depths of 1–1.5 µm. Typically, for waveguides pro-

ton exchanged in unbuffered BA at temperatures below 200 ◦C, the waveguide thickness

increases during SA between 1.6 and 1.5 times depending on the state of the acid (fresh or

multiple-use). The area under the refractive index profile increases by 25-30% during SA.

The choice of SA time and temperature is determined by the depth of the waveguide.

Because the process is practically self-terminating, the time needs to be determined only

approximately. If the expected depth of the SA waveguide is 1 µm, then the appropriate

SA is 10 hours at 212 ◦C. Since the SA is a diffusion process, for other SA-depths dSA the

time in hours at 212 ◦C scales as 10d2
SA where dSA is measured in microns. If a different

temperature is used, the ratio of diffusion coefficients is given by the Arrhenius law:

D(T2)
D(T1)

= exp
(

Ea

kT1
− Ea

kT2

)
(2.32)

where T stands for Kelvin temperature, Ea ≈ 1 eV is the activation energy in the β1 phase,

and k = 8.617× 10−5 eV/K is the Boltzmann constant.

The evolution of the refractive index profile during SA was studied by performing mul-

tiple SA steps on a waveguide proton-exchanged in molten benzoic acid. The acid had been

used for other exchanges earlier, such that the formed initial PE waveguide had an average

index increase around 0.13 at 633 nm. The waveguide had been stored at room temperature

for some months and its ∆ne had decreased to about 0.123. Eight annealing steps were

performed. The times, temperatures and results from index/thickness measurements [133]

at 633 nm using prism coupling are summarized in Table 2.1. The effective times at 202 ◦C

were calculated using equation 2.32.

The area under the refractive index profile was approximated by the product of the

exchange-layer thickness d and ∆ne. Figure 2.3 shows the evolution of the proton exchanged

layer with effective soft-anneal time. Column 0 represents aging at room temperature. The

thin continuous horizontal line indicates the location of the κ2−β1 phase boundary according
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SA No. 0 1 2 3 4 5 6 7 8
t [h] ∼ 103 5 5 5 5 10.5 10.5 10.5 12.9

T [◦C] 23 202 202 202 202 202 212 222 222
teff ∼ 10−3 5 5 5 5 10.5 17.4 28.2 34.6
∆n 0.1230 0.1121 0.1082 0.1063 0.1048 0.1033 0.1031 0.1019 0.1006

d [µm] 0.884 1.260 1.329 1.362 1.383 1.404 1.404 1.417 1.427

Table 2.1: Time t, temperatures T, thickness d and ∆ne measurements from SA study

to Korkishko [120].
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Figure 2.3: Evolution of the ∆n, the SA PE layer thickness and their product (the area)
with effective SA time at 202 ◦C.

It is evident that the thickness d of the layer increases monotonically with SA time, with

a very steep increase in the beginning. The index step ∆ne decreases monotonically, with

a steep decline in the beginning. The area ∆ned increases by about 30 % in the beginning,

then stays constant while ∆ne slowly decreases from 0.105 to 0.103, and then starts to

decline very slowly. This decline for t > 40 h is due to a small number of protons at the

boundary between the protonated region and the pure substrate leaking into the substrate

via diffusion in the α crystaline phase. The approximation of a rectangular profile combined

with the limited number of modes cannot account for these protons which form a small tail



34 CHAPTER 2. WAVEGUIDE MODEL

at the deep end of the index profile. The flat portion of the area curve extends from 20 to

40 hours and ∆n between 0.105 and 0.103. This index change corresponds to the waveguide

entering the κ2 phase. The flat portion of the area curve is the target of the soft anneal

because it is the condition in which all protons can be accounted for by a simple step-profile

approximation with high precision. It is clear that to perform the soft anneal properly, one

needs to estimate the necessary SA time only approximately.

The long-term stability of the SA waveguides was measured on three samples soft-

annealed at 212 ◦C to different final proton concentrations. The results of measurements

performed on three waveguides over a period of 3000 hours are plotted on figure 2.4.
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Figure 2.4: Long-term evolution of the ∆n of waveguides soft-annealed at 212 ◦C to different
final proton concentrations.

The thickness estimate is not plotted since the thickness was determined to be constant

to within the measurement/estimate error of 0.003 µm or ∼0.2 %. It is clear that the SA

waveguides in the figure are unstable. In addition, the lowest of the three curves is parallel

to the other two which means that continuing the SA to lower ∆ne below 0.103 does not

improve stability any further. This suggests that the evolution of the refractive index after

SA is most likely due to slow release of stress that was generated between the waveguide

and the substrate during the fast cooling from 212 ◦C to room temperature.
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More recently, it was found that simply turning off the furnace at the end of the SA

at 212 ◦C and letting it cool to room temperature in about 20 hours with a decay time

constant of ≈6 hours produced SA waveguides that were stable (measurements performed in

consecutive days produced the same ∆ne). This measurement was done only on waveguides

with ∆ne ≤ 0.105. Multiple soft anneals using this procedure of slow cooling at the end

were performed on a PE waveguide. The dependence of the area ∆ned on the layer index

after each such SA is plotted on figure 2.5.
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Figure 2.5: Area ∆ned as a function of waveguide layer index increase ∆ne for a waveguide
after multiple soft anneals each with slow cooling at the end

It can be seen that for the case of SA with slow cooling at the end, the maximum area

occurs for ∆ne ≈ 0.1025. Comparison with figure 2.4 shows that the slow cooling at the

end of the SA is equivalent to about 1000 hours of aging of the SA waveguide at room

temperature.

It was also determined that lower concentration APE waveguides containing κ1 or κ1 and

κ2 besides the underlying α phase, were also unstable if cooled quickly after the annealing

at high temperature (300-350 ◦C). Placing them in a furnace at 140 ◦C and turning the

furnace off to allow it to cool to ≈30 ◦C over a period of 15 hours with a decay time constant

of ≈6 hours rendered the waveguides with ∆ne decreased by 2-2.5% and stable. Performing
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a second identical decay from 140 ◦C to room temperature did not change the waveguides

further.

The new findings about stabilizing SA or APE waveguides were not utilized in the model

described in this chapter, but they can be used for future refinements. Instead, in the present

version of the model it is assumed that the mode spectra of the planar (slab) waveguide

are measured using prism coupling at some point in the time interval between 10 and 20

hours after a soft-anneal or high-temperature anneal with fast cooling. If the prism-coupling

measurement is done outside of this time interval, the long-term stability curves from figure

2.4 can be used to correct the profile area estimate. The (unstable) SA waveguide with

∆ne = 0.105 is used as the initial condition for the following high-temperature diffusion

modeling.

2.6.2 Assumptions

The following assumptions have been made in the waveguide model:

1. In the concentration range 0≤ x ≤0.44 that includes the α, κ1 and κ2 crystalline

phases the increase in refractive index ∆ne is proportional to x.

2. The effective diffusivity that describes the ion-exchange high-temperature diffusion

process is continuous throughout the region 0≤ x ≤0.44. This is consistent with the smooth

nature of the experimentally observed IWKB profiles of APE waveguides and makes the

numerical problem of diffusion modeling less complicated than in the case with diffusivity

jumps across phase boundaries.

3. The effective diffusivity D = D(x, T ) depends only on temperature and proton

concentration, but not on the history of any particular region of the crystal that is mod-

elled or on the derivatives of the concentration profile. This approximation probably does

not hold very well within the SA layer since even after a very long high-temperature an-

neal the “dead” layer remains different from the substrate below (has suppressed nonlinear

coefficient)[108]. It is likely that due to the generated structural defects in the dead layer,

the proton diffusivity in it is higher than in the substrate underneath. Some deviations have

been observed between RPE experiments on thick waveguides where the depth of the dead

layer is substantial (2.4 µm) and modeling simulations. The differences suggest that the

proton diffusivity inside the dead layer is somewhat larger than what the model assumes to

be the diffusivity everywhere in the crystal regardless of local history. This effect of history

dependence of the diffusivity has not been studied in detail and is not incorporated in the
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model.

4. In the temperature range from 300 ◦C to 350 ◦C, which is the temperature range

where most practical APE waveguides are annealed, the dependence of the diffusivity on

temperature follows a simple Arrhenius law (see equation 2.32).

5. The modes of the APE waveguide on a z-cut substrate can be well approximated as

pure TM modes without the need to consider hybrid modes. The e-polarized wave in the

APE waveguide experiences an increase of the refractive index while the o-polarized wave

experiences a decrease and is not guided. Even the virgin substrate is birefringent. The

effective index of an e-polarized TM-mode even in a slab waveguide does depend slightly

on the material ordinary material index no because all TM modes have a small longitudinal

component of the electric field. This component is disregarded in the modeling of APE

waveguides, which is consistent with an approximation of weak guidance. The SA waveguide

with x=0.44 has a relatively large ∆ne. For these waveguides a small correction is made

for the estimated waveguide thickness by using the “TE-index” feature provided by the

software of the Metricon prism coupling system. When using this feature, one TE index is

provided by the operator as an approximation for the TE index in both the waveguide and

substrate. In the measurements related to this study, the TE index is the average between

the TE index of the substrate (2.2865 at 633 nm) and the TE index of the waveguide (2.2530

at 633 nm).

6. Even though TM modes are considered, the scalar wave equation is solved disregard-

ing the vectorial nature of the optical electric field. The longitudinal component of the field

along the waveguide axis is disregarded. This approximation works well for weakly guiding

waveguides.

Note that this dissertation considers exclusively waveguides fabricated on z-cut congru-

ent LiNbO3 substrates. Waveguides on x-cut substrates experience different stress condi-

tions and would require a separate model for proton diffusion and ∆n. Also, waveguides on

MgO-doped or stoichiometric substrates will have different amount of vacancies as well as

experience different stress, both of which will change the diffusion properties as well as the

refractive index.

2.6.3 Concentration-dependent diffusion in one dimension

The high-temperature diffusion (annealing) of the waveguides that converts the step-like

concentration profile into a deeper half-bell shape is usually performed at temperatures in
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the range 310-340 ◦C. The SA waveguide with ∆ne = 0.105 is used as the initial condition

for the diffusion modeling. A normalized concentration C is assigned for the diffusion

simulation such that C = 1 when ∆ne = 0.105 at 633 nm. This means that C = x/0.12 in

HxLi1−xNbO3. With the normalized concentration defined this way, the initial condition

for the diffusion simulation becomes a step profile with C = 1 for z < dSA and C = 0

for z > dSA where z is the depth variable and dSA is the thickness of the soft annealed

waveguide.

To determine the dependence D(C) of the diffusivity on concentration three planar

(slab) waveguide samples with SA depths of 0.965, 1.275, 1.99 and 2.38 µm were annealed

multiple times at 328 ◦C. After each annealing, the mode spectrum of each sample was

measured at 458 nm with the prism coupler and the IWKB approximation for the refractive

index profile calculated and recorded. This shorter wavelength was used in order to provide

more modes for better profile recovery. The index profiles were converted to normalized

concentration profiles by dividing by ∆ne(C = 1, λ = 0.458µm)=0.135. After the data

of all annealed profiles on each of the samples was collected, many diffusion simulations

were tried with different continuous analytic expressions for D(C). Since it is well known

that the diffusivity at very low concentration (e.g., C <0.01) is much higher than at higher

concentrations (e.g., 0.1< C <0.8) [125, 126, 129, 115], nonlinear (concentration-dependent)

diffusion models were explored, with functional forms for D(C) that satisfy this condition.

Besides the form D(C) = α + (1 − α)e−βC that was used in [126], rational functions were

also tried with the general form

D(C) = α +
1− α

βCp + γ
(2.33)

In the above functional forms, α, β and γ are parameters that were varied to try to obtain

best fits for all data with a single set of parameters. The values p=0.5, 1, 1.5 and 2 were tried

for the power of C in the denominator of 2.33. The numerical simulations were performed

using the efficient semi-implicit algorithm for nonlinear diffusion by Weickert et al.[141].

The forward-time center-space explicit algorithm[142] was also used on several occasions to

confirm the accuracy of the semi-implicit code. The diffused concentration profiles produced

by the two codes usually agreed within 0.5%. The diffusion simulation for each sample was

performed by inputting the experimental anneal times for that particular sample and letting

the diffusion code simulate the diffusion process in small steps and record the concentration
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profile whenever the simulated diffusion time equals a particular experimental time.

Of all the trial functional forms, only the following one produced good fits for all con-

centration profiles:

D(C) = DT

(
α +

1− α

βC + γ

)
(2.34)

with DT =0.721 µm/hour at 328 ◦C, α =0.08 and β=35 and γ=0.065. The comparison

between IWKB and diffusion simulation profiles is displayed in figure 2.6. The agreement is

very good in the displayed range of waveguide SA depths from 0.965 to 1.99 µm, especially

in the concentration range C <0.7. For the high-concentration IWKB profiles, the portion

of each profile where C>0.6, is not usually very accurate due to a polynomial extrapolation

done in this part of the profile during the IWKB procedure. It should be noted that

for a waveguide with a soft annealed depth of 2.4 µm, the agreement between IWKB

and simulation profiles is significantly worse, presumably due to the large dead layer with

diffusion properties different from the ones assumed in the model.

The parameter γ conrolling the diffusivity at very low concentration could be varied

within the range 0.05≤ γ ≤0.13 with acceptably small degradation of the agreement between

experimental and simulation profiles at the two ends of the interval. The value of γ was

further refined to 0.065 by using experiments with reverse proton exchange (RPE) on APE

waveguides and comparing them with the predictions of the diffusion model.

The temperature dependence of the diffusivity was determined by annealing several

samples at different temperatures ranging from 300 to 360 ◦C and simulating the diffusion

using the nonlinear diffusivity, Eq. 2.34, and varying only the temperature-dependent pre-

factor DT (T ). The experimental results are plotted on figure 2.7. Within the explored

temperature range, the data are fitted quite adequately with a single exponential with an

activation energy of 1.39±0.02 eV.

The RPE process was implemented by immersion of the APE waveguides in a eutectic

mixture of LiNO3, KNO3 and NaNO3[113]. A description of the RPE equipment is available

in [143]. In RPE, protons leave the crystal from the waveguide surface, replaced by lithium

ions from a suitable source. Unlike the overall diffusion rate of annealing, the rate of RPE

(how many protons leave the crystal per unit time) depends very strongly on the diffusivity

at very low concentrations, and therefore, on γ. This is because during most of the RPE

process, the waveguide is buried beneath a reverse-exchanged layer with few or no protons

in it. Every proton that is to be reverse-exchanged by lithium must diffuse through the
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Figure 2.6: Comparison between diffusion simulations and experimental IWKB profiles
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low-concentration layer. Thus, the diffusivity in the low-concentration layer essentially

determines the RPE rate in the diffusion-limited regime. It was determined experimentally

that aside from the first few minutes of RPE, the exchange process is diffusion limited. The

rate of reaction between Li and HxLi1−xNbO3 limits the exchange rate only during these

first few minutes while the thickness of the low-concentration layer is very small and protons

can diffuse through it faster than they can be replaced by Li at the surface.

For RPE simulations, planar waveguide samples with APE waveguides were immersed in

the Li-rich melt multiple times for increasing intervals of time. The total number of protons

in the waveguides was estimated prior to and after each RPE cycle using the OH absorp-

tion measurement. After the end of all RPE processes, an RPE diffusion simulation was

performed using the temperature-dependent nonlinear diffusivity. The calculated concen-

tration profiles were integrated to determine the residual proton dose after each simulated

RPE cycle. The proton dose is defined as

dose =
∫ zmax

0
C(z)dz (2.35)

and is measured in µm. The proton dose of a soft annealed waveguide with C=1 is simply
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the SA depth dSA, while if C is somewhat different than 1, the dose can be estimated as

the product CdSA.

Typical output profiles of the RPE diffusion simulation are plotted on figure 2.8 starting

with the half-bell shaped concentration profile of the initial APE waveguide. Comparing

the dose decay after multiple RPE steps with the simulated doses, the coefficient γ could

be restricted to the value 0.065. An example plot of the decay of proton dose versus RPE

time for one sample is shown in figure 2.9 along with the simulated concentration profile

areas. In this particular case, the RPE was performed at 310 ◦C.
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Figure 2.8: Profiles of the normalized concentration generated by an RPE simulation

In summary, the diffusion of protons for annealing and RPE can be simulated accu-

rately for waveguides with soft-annealed depth in the range 1-2 µm by solving the diffusion

equation numerically using a nonlinear temperature-dependent diffusion coefficient given

by

D(C, T ) = D0e
−Ea

kT

(
α +

1− α

βC + γ

)
(2.36)

with all the parameter values defined above. The concentration-dependent rational term

actually matches the theoretical concentration dependence for ambipolar ionic diffusion

where charge neutrality is to be preserved[144, 129, 115] if the activation energies of the
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Figure 2.9: Residual proton dose as a function of RPE time at 310 ◦C. Circles represent
experimental data while crosses represent simulation for a waveguide with a SA depth of
1.65 µm.

self-diffusivities of the two interdiffusing ions are equal. In fact, the activation energy for Li-

self diffusion in the α crystalline phase is higher than that for diffusion of protons[129, 115].

In this case, the dependence of the nonlinear diffusivity on concentration is characterized by

two activation energies and the parameter β in Eq. 2.36 is temperature dependent. Within

the temperature range of interest for device fabrication, it was determined that using a

single activation energy provides sufficient accuracy.

The constant additive term α would be 0 in a single-crystalline-phase ion-exchange diffu-

sion process. The best fits to the experimental data were obtained with α=0.08 rather than

0 probably due to the change in crystalline phase for C >0.27, which would be accompanied

with a change in the diffusion parameters. The dependence of the diffusion coefficient on

concentration is plotted in figure 2.10. It can be seen that the diffusivity changes by two

orders of magnitude over the range 0≤ C ≤1. Most of the variation occurs within the α

phase C ≤0.27 which is the phase of maximum importance for APE and RPE waveguides.

This is why models of the fabrication process based on linear diffusion (independent of

concentration) fail to cover a broad range of fabrication parameters. It is also evident from

Fig. 2.10 that the constant additive term α in Eq. 2.36 contributes a significant fractional
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change to the diffusivity only at high concentrations where the crystal is in a different phase

with different ion-exchange diffusion parameters.
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Figure 2.10: Diffusion coefficient at 328 ◦C versus normalized concentration

2.7 Wavelength dispersion of proton-exchanged lithium nio-

bate

Wavelength dispersion data for proton-exchanged lithium niobate was incorporated in the

waveguide model by Bortz and Fejer[126]. In that case, the measurements of the refractive

index of PE LiNbO3 were performed on planar PE waveguides after exchange in molten

benzoic acid. The refractive index profile of the waveguides was assumed to be a rectangular

step-index. As mentioned earlier, a closer approximation to the PE index profile is a trape-

zoid (see figure 2.2). Using the index/thickness calculation [133] based on measured mode

effective indices and approximating a trapezoid with a rectangle leads to an overestimate of

the layer ∆ne at short wavelengths and underestimate at long wavelengths. This is because

at short wavelengths, the lowest-order modes can be confined in the pointed top part of

the trapezoidal index profile, pulling their effective indices up compared to the rectangular

profile. If the lowest-order modes have a higher effective index, then the index/thickness
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calculation produces an estimate with higher index than the average index of the layer and

smaller thickness than the actual thickness.

In this work, an accurate estimate of the dispersion of HxLi1−xNbO3 was obtained by

measuring the refractive index of SA waveguides which are approximated very well with a

rectangular step-profile. Several SA planar waveguides with depths ranging from 1 to 3 µm

were measured at wavelengths ranging from 458 to 1550 nm using a prism coupler. The

refractive index and thickness were estimated for each wavelength using the index/thickness

calculation. Due to a small residual slope at the top of the index profile, the lowest-

order mode was skipped in the estimates at the shorter wavelengths if the index/thickness

calculation including the lowest-order mode indicated a statistical error in the thickness of

more than 1%. In this way, the estimated thickness of each waveguide was the same at all

wavelengths.

The experimental measurements of ∆ne are shown in Fig. 2.11 along with a Sellmeier

fit and the wavelength dependence used in reference [126] marked on the plot as “Bortz

model”. The new dispersion curve is less steep.
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Figure 2.11: Wavelength dependence of ∆ne for SA waveguides with C=1

The curve that fits the experimental data in Fig. 2.11 is given by
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∆ne(λ, C = 1) =
√

a1 +
a2

λ2 − λ2
0

− a3λ2 − nsub
e (λ) (2.37)

where a1=4.945, a2=0.1354, a3=0.0278, λ0=0.2324 µm and the substrate index is provided

by the Sellmeier equation by Jundt[145] with an assumed temperature of 24.5 ◦C:

nsub
e (λ) =

√
5.35583 +

0.100473
λ2 − 0.206922

+
100

λ2 − 11.349272
− 0.015344λ2 (2.38)

For APE waveguides with 0≤ C ≤1, the dispersion is given by

∆ne(λ, C) = C∆ne(λ, 1) (2.39)

The assertion in Eq. 2.39 that the dispersion of proton exchanged lithium niobate is

independent of concentration was tested by comparing the refractive index profiles of an

APE waveguide measured at several wavelengths using a prism coupler and IWKB. The

∆ne profiles were divided by ∆ne(λ, 1) from equation 2.37 to reconstruct the corresponding

concentration profiles, which are plotted in Fig. 2.12. The concentration profiles recovered

from different wavelength measurements lie on top of each other, proving that the dispersion

of ∆ne is independent of concentration throughout the region 0≤ C ≤1.

2.8 Undercutting and diffusion along the crystal y-axis. Model

predictions for QPM for channel waveguides.

Channel waveguide optical frequency mixers on z-cut substrates are usually fabricated with

the waveguide propagation axis along the crystal x-axis because in this case the natural walls

of the periodic domains used for quasi-phasematching are orthogonal to the waveguide axis

for maximum conversion efficiency. After periodic poling, an SiO2 layer is sputtered on

the wafer surface and channels are formed in it lithographically. The SiO2 layer with the

channels serves as a stop mask during the proton exchange process, defining the exchange

strips that form the channel waveguides.

Besides the properties of planar waveguides on z-cut substrates, two more characteristics

are needed in order to completely predict the fabrication and optical properties of channel

waveguides on the same substrates. The first one is the extent of lateral proton exchange
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Figure 2.12: APE waveguide concentration recovered from IWKB profiles at different wave-
lengths

(undercutting) that occurs on either side of the SiO2 mask channel during the immersion

in benzoic acid. The second unknown property is the diffusivity along the y- crystal axis.

The undercutting is illustrated in Fig. 2.13. The actual shape of the proton exchanged

region has some curved parts at the two edges. The undercutting umax near the surface

was measured by etching deeply exchanged channel waveguides with hydrofluoric acid and

measuring their maximum width using a light microscope. Assuming that the undercut-

ting is proportional to the soft-annealed proton exchange depth, it was determined that

umax ≈(0.45±0.1)dSA. In the modeling, the proton-exchange profile is considered rectan-

gular, and the undercutting is assumed to have a rectangular transverse profile with a width

u < umax (Fig. 2.13).

The high-temperature diffusion along the crystalline y-axis was not measured directly.

An x-cut wafer was available which allowed planar waveguides to be fabricated that diffuse

along the x-axis. Waveguides on x-cut substrates experience different stress conditions than

waveguides on z-cut substrates. Therefore, only an approximate estimate of the diffusivity

along the x-axis was sought. It was determined that, within the α crystalline phase, the

effective diffusivity along the x-axis on x-cut samples was within the range 1±0.4 times the
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diffusivity along the z-axis on z-cut substrates.

The phasematched fundamental wavelength of a channel waveguide for SHG can be

determined from the dispersion of the mode effective index which can be calculated numer-

ically. From Eq. 1.9, it follows that

λω = 2λ2ω = 4Lc(n
eff
2ω − neff

ω ) = 2Λ(neff
2ω − neff

ω ) (2.40)

where Lc is the coherence length, Λ = 2Lc is the first-order QPM period, and neff stands

for the effective index of the mode that takes part in the frequency mixing.

The ability to use the model for design and fabrication of waveguide optical frequency

mixers was tested by fabricating channel waveguides and comparing them to simulations.

The effective index of the of the fundamental mode was calculated as a function of wave-

length in the range 0.45-1.6 µm. The resulting mode dispersion curves were used to calculate

the phasematching wavelength for each channel waveguide and to compare to experiments.

The waveguides were periodically poled with a period of 14.75 µm. Proton exchange was

performed in benzoic acid. The soft annealed depth of the witness sample was 1.24 µm.

The waveguides were annealed at 330 ◦C for 23.75 hours. SHG experiments were performed



2.8. UNDERCUTTING AND DIFFUSION ALONG THE CRYSTAL Y-AXIS. MODEL PREDICTIONS FOR QPM FOR CHANNEL WAVEGUIDES.49

using a tunable external-cavity diode laser. The input fundamental wavelength was tuned

between 1500 and 1575 nm and signal at the second harmonic was measured at the output.

The location of the peak of the SHG tuning curve for each waveguide is plotted in Fig. 2.14

as a circle. The channel width on the horizontal axis denotes the opening in the SiO2 mask

layer. These widths were measured using a light microscope after the lithographic fabri-

cation of the SiO2 channels. The results of numerical simulations of channel waveguides

performed with the help of Xiuping Xie are plotted in Fig. 2.14 as the dashed curve (no

undercutting) and the continuous curve (undercutting u=0.3dSA). The curve that accounts

for undercutting is very close to the experimentally measured phasematching wavelengths.
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Figure 2.14: Predicted SHG phasematching in APE waveguides

Xiuping Xie[146] reported similar precision in the simulation of RPE waveguides for

frequency doubling of 1550 nm with typical deviations of 2 nm between the calculated and

experimental phasematching wavelengths.

In addition to predicting the QPM wavelength, the model was found to predict accu-

rately the shape of the mode of APE channel waveguides. Sharpe[147] reported that the

mode profiles generated by the model matched very well with his far-field measurements of

the output mode of single-mode channel waveguides.

Another test of the model has been performed by simulating directional couplers. The
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coupling length of a directional coupler consisting of a pair of closely spaced channel

waveguides is given by the expression

L1/2 =
λ

2(neff
s − neff

a )
, (2.41)

where neff
s and neff

a are the effective indices of the symmetric and antisymmetric mode of

the combined waveguide-pair structure. The coupling length is very sensitive to undercut-

ting and lateral diffusion. In collaboration with Carsten Langrock, couplers based on APE

channel waveguides were fabricated and the energy transfer from one channel to the neigh-

boring channel measured as a function of the coupler length to determine L1/2. Numerical

simulations of the couplers were performed in collaboration with Xiuping Xie using the

waveguide model in two dimensions. The calculated coupling length matched the coupling

length of the tested devices with 3-µm edge-to-edge channel separation with a precision

better than 10%. These devices had a coupling length of 1.35 mm.

2.9 Full-range Sellmeier equation for proton-exchanged LiNbO3

Based on the results from section 2.8, the diffusion part of the model can be trusted to

predict the concentration profiles of channel waveguides with good precision. This can

be used to extend the model to cover the mid-IR portion of the spectrum. Once the

concentration profile of channel waveguides is well known, lasers with wavelengths from

the known portion of the dispersion curve can be mixed inside a channel waveguide to

produce DFG output in the mid-IR. By finding the phasematching peak, the effective index

of the DFG mode can be obtained and compared to simulations assuming different material

dispersion in the mid-IR.

APE channel waveguide devices were made for difference-frequency generation of 3.3-

µm radiation by mixing lasers at 1.064 µm and ∼1.55 µm. From the phasematching signal

wavelength in the 1.55-µm band, the idler wavelength was found and its effective index

extracted from the phasematching condition. By comparing the experimental value with the

result of simulations, the refractive index increase at 3.3 µm was estimated to be ∆ne(3.3

µm, C=1)= 0.068±0.002. Adding this to the experimental values from prism-coupling

measurements of APE planar waveguides, a Sellmeier fit was obtained covering the range

from 0.45 to 4 µm. The fitting formula is the same as Eq. 2.37 but with slightly different
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values for the fitted parameters: a1=4.9586, a2=0.1288, a3=0.0304 and λ0=0.2439. This

version of the Sellmeier fit does not match the high precision of the previous one in the

visible and near-infrared, but properly predicts the phasematching of interactions involving

mid-IR generation. The experimental data and the Sellmeier fit are plotted in Fig. 2.15.
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Figure 2.15: Experimental data for ∆ne(λ, C=1) and the fitted Sellmeier curve

The full-range Sellmeier equation was used in the design of RPE-waveguide devices for

the generation of 4-µm radiation (described in the next chapter) and phasematching was

observed within the expected region of the 1.55-µm signal wavelength spectrum.

2.10 Propagation losses and mixing efficiency

The propagation losses of APE and RPE channel waveguides have been characterized mostly

in the region of 1.55 µm. The Fabry-Perot loss measurement method[148] has been used

for its simplicity, precision and reliability. The following general guidelines can be provided

based on the accumulated experience:

1. Waveguides containing the κ2 phase are very lossy (>5 dB/cm).

2. RPE waveguides containing the κ1 phase even in small amounts (e.g., peak normalized

concentration in the profile of 0.3, most of the profile in α phase with C <0.25) are relatively

lossy (0.4-0.8 dB/cm). APE waveguides can have a thin layer (e.g., 0.5-1 µm) of κ1 phase
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near the surface with maximum concentration 0.33≤ C ≤ 0.4 and still have tolerable losses

of 0.2 dB/cm. This higher tolerance to the lossy κ phase on APE waveguides is due to the

misalignment between the peak of the mode field, which is inside the crystal, and the peak

of the concentration profile, which is at the surface. In RPE waveguides the two peaks are

aligned and the presence of the κ1 phase leads to high losses.

The losses in the κ phases are most likely due to metastability[149, 150]. For example, if

the κ1 phase is metastable at room temperature, it will break up gradually into a mixture of

microscopic regions of β1 phase, spread throughout the waveguide region, which is mostly in

the α phase. Because of the large difference in refractive indices between the α and β phases,

the presence of these β-phase regions will cause significant light scattering. Korksihko et

al.[150] observed during measurements of the SHG response of different PE LiNbO3 phases,

that the SHG light was not scattered in β2-phase waveguides that were quickly cooled after

the high-temperature annealing. Several months later, the scattering in these waveguides

had increased significantly, becoming the same as the scattering in waveguides that were

cooled more slowly.

3. In the α phase, especially when C <0.23, both APE and RPE waveguides have low

losses (0.1-0.2 dB/cm). For waveguides with very low concentration (C <0.1), the losses

are usually dominated by surface scattering because of the reduced mode confinement.

4. Measurements of the SHG output power as a function of pump depletion showed

that the losses at the second harmonic near 775 nm are not higher than the losses at 1550

nm. If the losses in the α phase are caused primarily by surface scattering, the second

harmonic could experience lower losses compared to the fundamental, because of the better

confinement inside the buried RPE waveguide.

5. The propagation losses in the mid-IR region can vary significantly due to the OH ab-

sorption peak. It can cause significant losses (several dB/cm) even at wavelengths relatively

far (e.g., 500 cm−1 away) from the peak center.

6. It is possible that a significant fraction of the low (0.1-0.2 dB/cm) propagation losses

at 1.55 µm in RPE waveguides in the α crystalline phase could be due to absorption caused

by the far-reaching wing of same broad component of the the OH absorption peak that we

believe is causing the higher propagation losses in the mid-IR region between 2.5 and 4 µm.

This conjecture does not contradict the observation that the losses in RPE waveguides at

775 nm are not higher than the losses at 1550 nm. Extrapolation of the absorption losses

from the mid-IR to 1550 nm, by assuming that the broad component of the OH peak is
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Lorentzian and its width is comparable to that of the combined peak, predicts absorption

losses at 1550 nm ranging from 0.05 to 0.5 dB/cm. Future efforts to reduce the waveguide

propagation losses at 1550 nm from 0.1 toward 0.01 dB/cm should include careful analysis

of this possibility.

The better understanding of the material properties and its incorporation into the mod-

eling allowed the reduction of losses in RPE waveguides from 0.6 to 0.1 dB/cm without

sacrificing mixing efficiency, by optimizing the fabrication recipe. Such low losses have

been especially useful in the application of PPLN waveguides as mixers for sum-frequency

generation for single-photon detection [151, 35] where even moderate propagation losses of

0.4-0.5 dB/cm would prevent the implementation of practical single-photon detectors.

In typical devices with lengths of one to several centimeters, losses greater than a few

tenths of a dB/cm can have a significant effect on the externally observed conversion effi-

ciency. For low-loss APE-channel waveguide devices, it was determined that the observed

SHG conversion efficiency for frequency doubling of 1.55 µm was between 0.8 and 1 times

the efficiency predicted by simulations, assuming that the depth of dead layer equals the

soft-annealed depth of the waveguide. The simulations assumed that the region underneath

the dead layer had a nonlinear coefficient equal to that of the substrate. The assumption

that the dead layer equals the SA depth is consistent with the observation by Korkishko

et al.[150] that the nonlinearity of PE LiNbO3 is strongly reduced in the β1 phase and

the finding by Bortz and Fejer[104] that the partial recovery of the dead layer with high-

temperature annealing takes times much longer than the typical proton diffusion time for

efficient APE waveguide mixers.

Combined with the above observations on losses and mixing efficiency, the numerical

model becomes a complete tool for design and optimization of APE and RPE PPLN optical

frequency mixers.



Chapter 3

Mid-infrared generation and

1.57-µm parametric amplification

in reverse proton-exchanged

waveguides.

Bright narrow-linewidth sources of tunable mid-IR radiation in the range 3.2 – 3.5 µm can

be used for spectroscopic detection and monitoring of methane concentration in the at-

mosphere. Methane is one of the most important greenhouse gasses, but narrow linewidth

tunable light sources with adequate power for quick and sensitive detection of its spectro-

scopic fingerprint are still lacking. The region near 3 µm is still challenging to cover with

quantum-cascade lasers with adequate output power at room temperature.

Single-frequency mid-IR sources could also be used for free-space communications. The

Earth’s athmosphere is mostly transparent in the wavelength range from 3.5 to 4 µm, which

provides a wide spectral region that could be used for transmission of information. With

sophisticated optical signal processing available at 1.55 µm, it is of great interest to explore

the possibilities for data transmission in the mid-IR combined with optical signal-processing

at 1.55 µm. Wavelength conversion between the two specified spectral regions that preserves

the data encoding would be necessary. Difference-frequency mixing in a PPLN waveguide

has been demonstrated to provide the wavelength conversion between the 1.55-µm and

54
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the 1.32-µm band with the required characteristics [152, 16]. It is worth noting an on-

chip directional coupler was used to provide separate single-mode inputs for the pump at

0.71 µm and signal at 1.32 or 1.55 µm. Designing similar APE PPLN devices to perform

the same function between ∼1.55 and ∼3.8 µm poses greater technical challenges due to

the large spread of involved wavelengths (1.1 – 4 µm), the necessity for single-transverse

mode operation, and the unfavorable efficiency scaling of waveguide mixers with increasing

wavelength. These challenges are investigated in this chapter. The chapter describes the

design and experiments with waveguide devices for difference-frequency mixing involving a

pump in the range 0.97 – 1.12 µm, a signal in the range 1.53 – 1.625 µm, and an idler (or

DFG) wavelength in the mid-IR range 2.5 – 4 µm. Most of the work involves mixing in

which the mid-IR wavelength is near 3.3 or 3.9 µm. In addition, Section 3.4 describes the

application of the difference-frequency mixing process in waveguides for practical high-gain

optical parametric amplification (OPA).

3.1 Brief history of mid-IR DFG in PPLN waveguides

The first use of LiNbO3 channel waveguides for DFG of mid-IR radiation was reported by

Herrmann and Sohler [153] who used birefringent phasematching in a Ti:LiNbO3 waveguide.

They observed 10 nW of mid-IR output with a tuning range from 2.5 to 3 µm and a

conversion efficiency PDFG/Ps ≈10−4 at 50 mW of pump power. The pump wavelength

was tunable near 1.5 µm, while the signal wavelength was fixed at 3.39 µm, coming from a

He-Ne laser. The length of the waveguide was 4 cm,so that the normalized DFG conversion

efficiency was of order 10−2 %/Wcm2. More recently, the same group reported DFG of

2.8-µm radiation with an efficiency of 105%/W (normalized efficiency of 1.6%/Wcm2) by

using QPM in an 8-cm long periodically-poled Ti:LiNbO3 waveguide [154].

Extending the spectral coverage of APE PPLN-waveguide mixers toward the mid-IR

started with the work of Lim et al. [155]. They demonstrated the generation of 1.8 µW

of 2.1 µm radiation by mixing 160 mW at 0.81 µm with 1 mW at 1.32 µm. The observed

normalized DFG efficiency of 4 %/Wcm2 was 24 times lower than estimated theoretically

by mode-overlap calculations.

Mid-IR DFG in APE PPLN waveguides was described for the first time by Bortz [2].

He explored generation of 2.5 – 3 µm radiation by mixing a tunable pump near 0.77 µm

with a signal at 1.064 µm. With pump and signal powers of 50 and 100 mW, respectively,
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5.5 µW of 2.83-µm output was generated. The observed normalized conversion efficiency of

0.14 %/Wcm2 was about 20 – 30 times lower than theoretical predictions by mode-overlap

calculations. The PPLN waveguides used by both Bortz and Lim used domain inversion by

titanium indiffusion, which is characterized by a limited penetration depth of the domains.

This is a disadvantage for mid-IR DFG devices which are usually based on waveguides with

large transverse crosssection, including depth.

The highest DFG mid-IR output from proton exchanged waveguides observed prior to

the work presented here was reported by Petrov et al. [156], who generated up to 0.14

mW in the range 2.8-3.6 µm by mixing two tunable diode lasers centered around 790 and

1050 nm, respectively, in APE PPLN waveguides. Taking into account the QPM lengths

of the DFG devices and the measured conversion efficiency of 1.4-4 %/W, the normalized

experimental DFG conversion efficiency was ∼1%/Wcm2 at 2.82 µm and ∼1.4 %/Wcm2

at 3.6 µm. According to the authors, the observed efficiency numbers were ∼4 times lower

than expected. More recently, Bamford and Cook [90] reported a mid-IR tuning range of

over 200 cm−1 near 3.3 µm by APE PPLN-waveguide DFG mixing of two tunable lasers

with the pump wavelength fixed at 814 nm and the signal tuned from 1050 to 1090 nm.

Furthermore, efficient DFG of 2.3 – 2.45 µm radiation was obtained from a direct-

bonded PPLN ridge waveguide [157]. Direct-bonded ridge waveguides do not involve proton

exchange and preserve the properties of the substrate. The authors reported a conversion

efficiency of 100 %/W with a 5 cm long device and over 100 nm of DFG bandwidth when

using a 0.94 µm pump and a tunable 1.5-µm signal.

3.2 Mixing efficiency. Design approach.

To use numerical modeling for optimization of the conversion efficiency of mid-IR DFG, it is

necessary to confirm that the results of modeling predictions match well with experiments.

It is much easier to obtain reliable experimental data on efficiency by using single-mode

devices. Unfortunately, due to the large spectral region (for instance, 1 – 4 µm) covered

by the wavelengths involved in a mid-IR DFG process, a waveguide that supports only

one mode at the 1-µm pump, does not support a mode at the mid-IR idler. Waveguides

that are mono-mode at the idler usually support more than one mode at the signal and

several modes at the pump. A reliable method for coupling the pump and signal into the

fundamental mode of the multimode waveguide device would make experiments easier and
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the obtained data more trustworthy.

The development of reliable directional couplers requires a stable fabrication recipe,

which is based on good understanding of the factors affecting the efficiency. At the be-

ginning of this study, the understanding of mid-IR generation in APE waveguides was not

satisfactory, in view of the large discrepancy between expected and experimentally ob-

served efficiencies reported in the literature. It was too early to use the directional-coupler

approach [152] for separate optimized coupling of pump and signal. A more satisfactory

understanding of APE- and RPE- waveguide mid-IR DFG would be needed before any

optimization and standarization of the recipe would be appropriate.

Fortunately, RPE waveguides have a much more symmetric depth profile of the refrac-

tive index compared to APE waveguides, allowing the design of an input channel that is

single-mode over a wide spectral range. An RPE waveguide single-mode over an octave of

bandwidth (from 1550 to 775 nm) was successfully fabricated. This waveguide was not used

in practice due to a large asymmetry of the mode at 1550 nm, but it provided an extreme

example of this advantage of RPE waveguides.

The approach adopted for developing understanding of mid-IR DFG in RPE waveguides

was to use a waveguide section (mode filter, MF) that is mono-mode at 1.064 and 1.55 µm

as a single input for efficient coupling of both pump and signal. The MF is followed by an

adiabatic taper [5] that slowly changes the mode size to match the fundamental mode of

the periodically poled mixing region (Fig. 3.1). The requirement that the single waveguide

input be mono-mode at both pump and signal sets limits on the combination of fabrication

parameters including the proton-exchanged depth, the annealing temperature and time,

and the RPE temperature and time. For instance, with pump and signal at 1.06 and 1.55

µm, respectively, the SA depth is limited to about 2.5 µm. These limitations ultimately

lead to misalignment in depth between the idler mode, on the one hand, and the pump and

signal modes, on the other. The idler mode tends to grow in size beyond the characteristic

depth of the refractive index profile and becomes more and more asymmetric in depth as its

wavelength is shifted farther into the mid-IR. The corresponding efficiency rapidly decreases

in comparison with the λ−3 to λ−4 dependence estimated for symmetric waveguides without

fabrication restrictions.

The following guidelines were followed in the design of devices described in this chapter:

1. Based on the experience with waveguide frequency mixers for optical signal processing

at telecommunication wavelengths, the peak concentration Cmax of the RPE waveguides
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Figure 3.1: Schematic drawing of a PPLN waveguide device for mid-IR DFG

was restricted to the range Cmax < 0.25 to avoid the excessive losses typical for waveguides

containing the κ crystalline phases.

2. To maximize mixing efficiency, a peak proton concentration Cmax near the α – κ

phase boundary was chosen in order to obtain the best possible confinement of the mid-IR

light.

3. The characteristic depth of the proton-concentration profile was varied by adjusting

the fabrication process parameters (SA depth, anneal temperature and time, RPE temper-

ature and time), to optimize mode overlap. Propagation losses were not considered in the

initial designs.

4. Large channel waveguide widths were used (>12 µm), to ensure that the mid-IR

idler mode could be well confined and far from cut-off. This choice was made after early

experiments [158] on waveguide optical parametric amplification at 1.6 µm with idler at

3.2 µm showed highest gain for waveguide widths of 14 – 15 µm where idler confinement

was good. Waveguides with smaller widths down to 7 µm also guided the idler, but the

observed gain was smaller.

5. Since DFG efficiency is quadratic with interaction length in the low-gain regime and

exponential in the high-gain regime, it was assumed that a device optimized for efficiency

should have a long interaction length. Achieving the theoretical efficiency with such devices

normally requires non-critical phasematching, especially with respect to the width of the

waveguide channel, so that small variations in the width of the fabricated mask do not

cause a signifiant change in the phasematching wavelength. The regime of non-critical

phasematching with respect to a parameter ξ is achieved when

dλQPM

dξ
= 0 (3.1)

Non-critical phasematching with respect to waveguide width was pursued experimentally
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by fabricating waveguides with different widths and tracing the dependence of measured

QPM wavelength on waveguide width.

The mode overlap for the case of DFG of 4-µm radiation in a waveguide optimized

following the above guidelines is illustrated in Fig. 3.2. The thick black line represents the

concentration profile, while the dashed lines represent the normalized fields of the modes.

The plot is the result of a one-dimensional (planar waveguide) simulation, using the model

described in the previous chapter. The mode fields in the one-dimensional case are normal-

ized such that ∫
|E|2 dz = 1 (3.2)

Most of the device development described in this chapter was supported by one-dimensional

rather than two-dimensional simulations since apart from lateral confinement, all other fac-

tors affecting efficiency are related to depth: concentration profile asymmetry in depth,

mode asymmetry and misalignment in depth, depth-confinement of the modes, and mode

location in depth with respect to the dead layer. One-dimensional simulations take signif-

icantly shorter time to compute compared to two-dimensional (channel waveguide) ones.

Therefore, a large range of experimental parameters can be explored efficiently.

The plots in Fig. 3.2 illustrate all the issues that restrict the mixing efficiency. Increasing

the RPE time would make the profile more symmetric by removing protons from the steeper

slope near the waveguide surface, but it would also reduce the peak concentration causing

weaker guiding of the idler. Decreasing the annealing time would make the profile more

symmetric by steepening the slope on the deep side of the profile, but it would also reduce

the total number of protons in the waveguide and again loosen the idler mode (notice that

the idler mode at 4 µm extends beyond the characteristic depth of the concentration profile).

Making the SA depth larger would help make the profile more symmetric, but it would also

lead to a thicker dead layer as well as problems with making a single-mode MF–taper input.

The plots also illustrate the advantages of RPE-waveguide-profiles over the half-bell shaped

APE profiles. The more symmetric depth distribution alows better alignment of the modes

in depth. In addition, burying of the waveguide by RPE has two more advantages. One

advantage is the pushing of the modes beyond the depth of the dead layer for higher mixing

efficiency. The other advantage is the reduction of the propagation losses that are due to

surface scattering.

Using the waveguide model in two dimensions to simulate channel waveguides, the DFG

efficiency was calculated for the cases of 3.2- and 3.9-µm generation. In the numerical



60 CHAPTER 3. MID-IR DFG AND OPA

0 5 10 15 20
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

depth [μm]

E
, C

  

de
ad

 la
ye

r

4.02 μm idler

C(z)

1.55 μm signal

1.119 μm pump

Figure 3.2: Mode overlap for DFG of 4-µm radiation in a planar RPE waveguide. On the
ordinate axis, E stands for the normalized mode field, while C stands for the normalized
proton concentration.

simulations, a surface dead layer with χ(2)=0 was assumed to occupy a thickness equal to

the SA depth of the waveguide, while the rest of the waveguide crossection was assumed

to have undegraded nonlinear optical properties. The width of the dead layer equaled the

sum of mask channel width and the undercutting on each side. Channel width and fabri-

cation process parameters were varied between different simulations. The best normalized

efficiency for the generation of 3.2 µm and 3.9 µm with an input signal near 1.57 µm were

7 and 1.85 %/Wcm2, respectively. If a simple scaling with wavelength were to be extracted

from these two numbers alone, it would be between ηDFG
norm ∝ λ−6

DFG and ηDFG
norm ∝ λ−7

DFG.

3.3 Experimental results on mid-IR generation

Mid-IR generation in the range 3.9 – 4.05 µm was explored experimentally by fabricat-

ing devices with depth concentration profiles close to that in Fig. 3.2. The first chip of

waveguide devices had a soft-annealed depth of 2.45 µm, a high-temperature annealing of

30.1 hours at 340 ◦C and a reverse proton exchange of 19.75 hours at 312 ◦C. The final

proton dose in the witness sample after RPE was 1.34 µm, with a concentration profile
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closely matching that of Fig. 3.2. The channel waveguides were 52-mm long. The lengths

of the mode-filter, the taper and the periodically poled mixing region of each waveguide

were 1.5 mm, 4.5 mm and 46 mm, respectively. Three mode-filter widths were used: 2,

2.25 and 2.5 µm. The width of each taper increased quadratically along its length, starting

from the mode filter width and finishing with the width of the mixing region. The mixing

regions were fixed-width waveguides. The set of widths used for mixing regions included 15,

16, 17, 18, 20 and 21 µm. The propagation losses of the waveguides at 1.55 µm, measured

by the Fabry-Perot method [148], were 0.1-0.2 dB/cm, except for some defective channels.

A single-mode continuous-wave fiber laser at 1119.1 nm, built by Supriyo Sinha, was

used as the pump in all experiments with mid-IR DFG in the range 3.8–4.1 µm. The signal

was provided by an external-cavity diode laser, tunable from 1530 to 1575 nm, passing

through an erbium-doped fiber amplifier (EDFA). The gain bandwidth of the EDFA was

roughly covering the range 1530-1570 nm. The two input lasers were collimated using fiber

collimators and combined in free space with properly coated mirrors. They were focused

into the waveguide input using an aspheric lens with an effective focal length of 15 mm. For

efficiency measurements, the output of the waveguide was angle-polished to suppress Fabry-

Perot effects. The mid-IR DFG output signal was collimated with an uncoated aspheric

ZnSe lens. This lens had a diameter of 25.4 mm and an effective focal length of 28 mm.

The mid-IR idler was separated from the pump and signal by a Ge filter. The detection

was performed using a pyroelectric detector and a lock-in amplifier. The input signal

beam was chopped at 300 Hz. Higher chopping frequency would reduce the responsivity

of the pyroelectric detector. The detector was calibrated at 1119.1 nm and at 1550 nm

by comparing with a standard powermeter (Newport model 818-IR). The responsivity was

the same at 1119.1 and 1550 nm within 5–10%. The responsivity in the range 3-4 µm was

assumed to be similar.

Up to 60 mW of signal were used inside the waveguide. The coupled pump power was

∼3 mW. All three mode filter widths ensured mono-mode signal. The pump appeared

mono-mode for the narrowest mode filter, but not for the wider ones. Even though the

wider mode filters were multimode at the pump wavelength, with proper mode-matching

for the fundamental mode on the input they could still be used for relatively stable pump

coupling, since they only supported 3 modes, with the higher-order modes much larger in

diameter than the fundamental mode. The location of the phasematching peak was mea-

sured for all waveguide widths by detecting the maximum mid-IR signal. The location was
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determined with a measurement error of ∼0.6 nm due to instability of the signal polar-

ization caused by the EDFA. The estimated conversion efficiency was 20±7%W. A plot of

the phasematching signal wavelength versus the mask channel width is shown in Fig. 3.3.

Non-critical phasematching is observed at a width of 17 µm.
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Figure 3.3: Phasematching signal wavelength versus waveguide width

Channel-waveguide numerical simulations were performed and compared with the above

experimental results. It was assumed that the dead-layer depth was equal to the soft-

annealed depth. The non-critical width from simulations matched the experimentally ob-

served value when the diffusion coefficient along the crystalline y-axis was assumed to be

0.6 times that along the z-axis. The predicted normalized mixing efficiency varied from 1.5

%/W-cm2 for a channel width of 15 µm to 1.85 %/W-cm2 for a channel width of 20 µm,

where the efficiency passed through a maximum. Assuming a lossless waveguide with a

4.6-cm-long mixing region, the expected overall conversion efficiency would be in the range

32–39 %/W, about 75 % higher than the observed range. If the assumption that the non-

linear coefficient is undegraded beneath the dead layer is correct, the difference between

experimental and theoretical efficiency could be attibuted to losses of 1.1±0.3 dB/cm at

the mid-IR wavelength. The actual mid-IR losses may be somewhat smaller if the nonlinear

coefficient is partially reduced at depths larger than the dead layer, where the waveguide is
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in the α crystalline phase.

For a more precise estimate of the losses near 4 µm, new chips were designed. The

waveguide widths ranged from 13 to 20 µm. For each channel width, three waveguides

were fabricated with different lengths of the mixing region. One waveguide had a full-

length mixing section, 46-mm long, another had a half-length section, 23-mm long, located

near the output of the waveguide, and the third had a half-length section located near

the input of the waveguide, right after the taper (see Fig. 3.1). Two chips, C3 and C6,

were fabricated and tested, with soft-annealed depths of ∼2.41 and ∼2.39 µm, respectively.

The two samples were annealed for 30 hours at 340 ◦C. RPE was performed at 312 ◦C for

18.75 hours and 19 hours, respectively. The final proton doses were 1.33 µm for sample

C3 and 1.30 µm for sample C6. The QPM periods were 25.85 and 26.0 µm, respectively.

With the pump at 1119.1 nm, the signal QPM wavelength in chip C3 ranged between 1557

and 1562 nm, while in chip C6 it ranged between 1565 and 1567 nm. The mid-IR idler

wavelengths were near 3.95 and 3.92 µm, respectively. In both chips, the full-length QPM

sections produced significantly more DFG output than the half-length sections, indicating

that device perfomance was not dominated by losses. In chip C3, the output mid-IR power,

produced by the QPM half-length sections located near the input, was on average 60%

of that produced by the half-length sections located near the output. The signal losses,

measured at 1550 nm using the Fabry-Perot method, were 0.13±0.06 dB/cm in chip C3

and 0.1±0.04 in chip C6, except for some defective waveguides which were not included in

the analysis. The spread for each number indicates the range of data, rather than standard

deviation. The losses at the pump were assumed to be the same as the losses at the signal.

The pump and signal losses also affect the DFG output, so they need to be taken into

account. The pump and signal have more power in the sections located near the input than

in the sections located near the output, due to the 0.13 dB/cm power loss along a waveguide.

Since the offset in position between the the different half-length sections was 2.3 cm, the

both pump and signal would have on average 0.3 dB less power in the sections near the

output than in the sections near the input. The nonlinear polarization, proportional to

the product of pump and signal electric fields, would be reduced by 0.3/2+0.3/2 dB in a

half-length section near the output compared to a half-length section near the input. The

DFG power, proportional to the square of the nonlinear polarization at phasematching,

would be 0.3+0.3=0.6 dB smaller in the case without losses. This difference is to be added

to the observed difference of 2.2 dB, in order to determine the idler losses alone. Therefore,
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the losses at the idler are (2.2+0.3+0.3) dB divided by the longitudinal spacing of 2.3 cm

between the two types of sectons, or 1.2 dB/cm. In a similar way, the losses in chip C6 are

estimated at 0.7 dB/cm, since output DFG power generated by half-length QPM sections

located near the input is ∼75% of that produced by sections located near the output, and

the pump and signal losses were ∼0.1 dB/cm. The following conclusions can be made:

1. The losses in the mid-IR are significantly higher than the losses near 1.55 µm.

2. The higher losses in chip C3 correlate with a slightly higher peak proton concentra-

tion. The estimated peak concentration in chip C3 was in the range ∼0.21–0.22, while it

was ∼0.20–0.21 in chip C6.

3. The higher losses in chip C3 also correlate with a slightly shallower waveguide burying.

The waveguides in chip C6 were buried slightly deeper with the longer RPE. The difference

is small, though, and not likely to cause a significant difference in propagation losses. So

far, no special experiments have been performed to determine whether losses due to surface

scattering have a major contribution in the observed high losses in the mid-IR.

Waveguides from chip C6 were also used for DFG mixing efficiency measurements using

the same pair of lasers described above. The observed efficiency range was 12-25%/W-cm2

for waveguide widths between 15 and 21 µm. The measurement error was comparable to

the difference in efficiency between different devices. The efficiency was highest for the

waveguides with withs of 16 and 17 µm, where the non-critical width was located.

A waveguide from chip C6 with a width of 14 µm and a full-length QPM section, was

used for generation of mW-level mid-IR radiation. In order to obtain high mid-IR power,

the output of the 1119.1-nm pump laser was passed through a fiber amplifier, delivering

up to 160 mW of output power. The dependence of DFG-output power on signal power

coupled in the waveguide with a fixed pump of 114 mW inside the waveguide is plotted in

Fig. 3.4. The observed efficiency is ∼6%/W. The linear relation between signal and idler,

characteristic for the low-conversion regime, is confirmed. At the maximum DFG power of

5.7 mW, over 20 mW of pump had been converted to signal and idler.

A similar plot for the dependence of mid-IR DFG power on pump power for a fixed

signal of 936 mW coupled inside the waveguide, is plotted in Fig. 3.5. With pump power

near 100 mW and several hundred milliwatts of signal, some red, green and orange light

was observed on the output of the waveguide due to parasitic SHG of the signal, SHG of

the pump, and SFG between the pump and the signal, respectively. These small amounts

of visible parasitic light caused observable shifting and distortion of the QPM tuning curve
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Figure 3.4: DFG power versus signal power for a pump power of 114 mW coupled in the
waveguide

at room temperature presumably due to the photorefractive effect. The measurement time

was limited to 10-20 seconds per point, to avoid significant photorefractive damage to the

waveguide.

To observe higher DFG output power, the power of the pump laser was briefly increased

239 mW by heating the fiber amplifier and increasing the current of its pump diodes. With

∼170 mW of coupled pump power and ∼900 mW of signal, 8.1 mW were generated at 4

µm.

The observed efficiency in the high-power experiments was 2–4 times smaller than the

efficiency estimated during the preliminary measurements without the fiber amplifier at the

pump wavelength. The two most likely reasons for the discrepancy are multimode pump

coupling and photorefractive effects. The low-power experiments were performed using a

different fiber collimator for the pump beam and a different focusing lens on the waveguide

input, producing a smaller pump spot-size. During the high-power experiments, the pump

exiting the PPLN waveguide appeared multimode. This means that a significant portion of

the pump power was coupled into higher-oder modes. Normalizing to the total multimode-

pump output power would reduce the estimated efficiency, since a portion of the power
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Figure 3.5: DFG power versus pump power for a fixed signal of 936 mW coupled in the
waveguide

does not contribute to the nonlinear interaction. The broadening of the tuning curve due

to photorefractive effects is the second reason for reduced efficiency in the milliwatt-DFG-

level experiments. For example, two tuning curves for the signal, taken at the beginning

of a DFG-measurement on one waveguide and after generation of 2–5 mW of mid-IR for a

few minutes, are shown on Fig. 3.6. The absolute efficiency in each of the tuning curves

has not been measured accurately, so only the shape is of interest. The second tuning

curve (the dashed line) is clearly asymmetric and will correlate with a reduced efficiency

compared to an ideal sinc2 tuning curve. Even though some care was taken to reduce

photorefractive effects, they may have contributed up to 20–30 % reduction of efficiency

by broadening the tuning curve and reducing its peak efficiency value. More than 30 % of

efficiency reduction could not be attributed to photorefractive effects, since they would have

lead to significant deviation ofrom the linear dependence of DFG-output power on pump

and on signal power. Small effects on the efficiency could be missed in experiments that use

shorter measurements at higher power, which is a naturally done to avoid photorefractive

effects. Both the longer measurements at small power levels and the shorter measurements

at high power levels may be subject to the same “tolerable levels” of photorefractive effects
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accepted during the measurements, leading to similar efficiency reduction in a range of

power levels. Higher temperature measurements were not performed, since it had been

discovered that the waveguide losses in the mid-IR increase with temperature (described

later in this section).
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Figure 3.6: DFG tuning curves taken at different times of the experiment

Similar experiments were performed for the generation of mid-IR radiation with a wave-

length in the range 3.2-3.45 µm. The waveguide chip (C4) contained channel devices with

widths ranging from 14 to 20 µm, QPM periods of 25.65, 25.80 and 25.95 µm. The soft-

annealed depth of the sample was 2.4 µm. It was annealed for 30 hours at 340 ◦C. After

RPE of 18.8 hours at 312 ◦C, the final proton dose was 1.348±0.01 µm. Using a 1064-nm

laser as the pump and an amplified tunable diode laser near 1550 nm as the signal, DFG

near 3.3 µm was explored. The observed efficiency was lower than that near 4 µm, opposite

to the wavelength scaling described earlier. The difference is attibuted to propagation losses

in the mid-IR, which increase as the DFG output wavelength approaches the OH− absorp-

tion peak. By comparing the theoretical expectations with the experimental efficiencies,

the losses at 3.3 µm were estimated to be ∼6 dB/cm.

For mW-level DFG, pump powers of several hundred milliwatts were used. In order to
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reduce photorefractive effects, the experiments were performed at 70 ◦C. The signal phase-

matching wavelength was ∼1543 nm for a QPM period of 25.80 µm and ∼1567 nm for a

QPM period of 25.95 µm. The corresponding mid-IR idler wavelengths were 3.43 and 3.31

µm, respectively. The highest efficiency was observed with the narrowest waveguide width

(14 µm for this interaction), which was also non-critical. The efficiency at elevated temper-

atures was smaller compared to room temperature, and the tuning curves were wider. This

was attibuted to increased propagation losses, since the tuning curves did not have struc-

ture (as typically seen during significant photorefractive damage), but appeared Lorentzian,

which is typical in the loss-limited regime. In addition, the normalized efficiency of gener-

ation of 3.43 µm was 20-25% higher than that for generation of 3.31 µm. This can indeed

be the case if the mid-IR losses are caused by the OH− absorption peak centered near 2.86

µm.

An example of generation of 3.428 µm in a 6-cm-long device is shown on Fig. 3.7.

The observed efficiency is 2.5 %/W. The curve deviates from a straight line at high pump

powers due to photorefractive effects. With nearly 1 W of pump in the waveguide, the

parasitic second harmonic at 532 nm causes photorefractive effects that are significant even

at 70 ◦C. Note that at each pump power increse, the initial DFG-output followed the linear

dependence on pump power, but at pump levels in the waveguide of 500 mW or more it

quickly dropped to the smaller power levels, shown in the figure.

In an identical experiment with higher signal power and a different QPM period, 14

mW were generated at 3.3 µm with 0.92 W of pump and 0.25-0.3 W of signal in the

waveguide. This amount of DFG radiation in the wavelength range 3-4 µm is 2 orders

of magnitude higher than previously reported power levels generated by DFG in proton

exchanged waveguides [156]. The power level could not be sustained above 10 mW for more

than a minute due to photorefractive effects.

Future optimizations of mid-IR efficiency should focus on the reduction of the mid-IR

losses. One possibility is to consider reducing the final peak concentration of the proton

concentration profile below C = 0.2.

3.4 Parametric amplification in RPE waveguides

Difference-frequency mixing in a waveguide allows high conversion efficiency at low and in-

termediate pump power. It can provide energy-efficient optical parametric preamplification
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Figure 3.7: DFG ouput power at 3428 nm versus pump power coupled in the waveguide

for high-power pulse generation in the 1.55-µm band for remote sensing applications. In

particular, measurements of the Doppler frequency shift of laser pulses reflected from inho-

mogenieties and aerosol particles in the atmosphere could be used for accurate estimates of

the wind velocity. In order to achieve a precision of 1 m/s, the spectral bandwidth of the

pulses should be of order 1 MHz or narrower. This sets a limit on the pulse length, which

must be of order 0.5 µs or higher.

One way to achieve the necessary pulse energies of 100 mJ to 1 J with the specified

narrow linewidth is to use a continuous-wave distributed feedback laser at ∼1.55 µm with

output power of 10-20 mW and amplify it parametrically by using a high-power laser near

1 µm as the pump. The required power gain is 70-80 dB. One approach to achieve this gain

is divide it between two amplifier stages. The first stage is a low-power preamplifier, the

second stage is a power amplifier[159]. The preamplifier provides substantial gain at low

pump power, so that most of the available pump power can be saved for use in the power

amplifier, from which it can be extracted efficiently.

APE and RPE waveguides were designed and characterized in order to determine their

applicability as a preamplifier for the described remote-sensing laser system. Due to the

depth asymmetry of APE waveguides, designing a single mode-filter for both pump and
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signal presented a challenge when the two input interacting wavelengths were widely differ-

ent. Using the numerical model of Chapter 2, a narrow range of fabrication parameters for

single-mode operation at both input wavelengths was determined. The soft annealed depth

was limited to about 1.3 µm, which limited the confinement of the 3-µm idler and the con-

version efficiency. Using contact photolithography, the narrowest reproducibly achievable

waveguide width was limited to 1.25 µm. Narrowing the mask width in the mode filter

region allowed the reduction of the total number of protons in the mode-filter channel and

the number of propagating modes. With soft annealed depths in the range 1.15–1.3 µm, the

maximum mode-filter width for a single-mode operation at the pump wavelength was ∼2

µm. The mode size of the signal in such mode filters was large (15–20 µm), so that a very

long taper would be necessary for adiabatic conversion to the tightly confined (∼3 µm in

depth) mode in the mixing region. Considering the above limitations and using modeling to

determine the QPM period, APE PPLN waveguides with widths between 10 to 18 µm were

fabricated. The waveguides were proton exchanged in benzoic acid at 161 ◦C for 22.5 hours

to a SA depth of 1.27 µm and annealed at 332.8 ◦C for 21.4 hours. The total device length

was 52 mm, with 46 mm of poling, 2-mm-long linear tapers on input and output and a 2-

mm-long mode-filter on the input. The propagation losses in the mode filters were estimated

using the Fabry-Perot fringe contrast[148], by testing single-mode waveguides without ta-

pers. Significant difference was observed between narrow single-mode waveguides without

tapers and wide multimode waveguides with tapers. The narrow single-mode waveguides

had losses of 0.16, 0.10, and 0.07 dB/cm, for waveguide widths of 1.5, 1.75, and 2 µm,

respectively. The apparent losses in the tapered waveguides varied significantly. The inser-

tion losses of the tapers were estimated at 2.5±0.5, 1.8±0.4 and 1.2±0.3 dB/taper. Such

taper performance would not be satisfactory for a good device design.

Phasematching was obtained with a period of 23.9 µm, for signal wavelengths ranging

from 1596 to 1617 nm at waveguide widths between 12 and 18 mm. Waveguides narrower

than 12 µm did not support a guided mode at the 3.1 µm idler. Using 200-ns input pump

pulses with peak power of 100±40 W, a maximum gain of 10 dB was obtained at a signal

wavelength of 1617 nm and a waveguide widths of 16 µm. The amplified signal at a gain

of 10 dB was 7.3 mW. With over 25 W of pump inside the waveguide, the gain was in

the unsaturated regime. Assuming perfect QPM and a lossless waveguide, the normalized

conversion efficiency was estimated at 0.6%/W-cm2 using Eq. 2.23. This value is several

times smaller than the expected range of 2-4 %/W-cm2, based on modeling. The difference
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could be attibuted to significant idler losses near 3.1 µm, which reduce the gain, and to the

sub-optimal tapers.

At high pump powers, reduced transmission of the signal was observed toward the end

of each pump pulse, even without phase-matching. The change could be attributed to

green-induced infrared absorption at the signal wavelength, caused by the parasitic SHG of

the pump. This effect, also observed in RPE waveguides, set the limits on the gain and the

pulse length.

Reverse proton exchanged waveguides were fabricated by proton exchange at 185 ◦C

for 18.75 hours (soft-annealed depth of 2.27 µm), followed by annealing at 333 ◦C for

15.67 hours and RPE at 310.5 ◦C for 17.53 hours. The final proton dose in the witness

sample was 1.08 µm. The waveguides had mode filter widths of 2, 2.5 and 3 µm, 2-mm-

long linear tapers, and mixing region widths ranging from 7 to 18 µm. The non-tapered

single-mode waveguides had losses of 0.13 dB/cm. The taper insertion losses were 1±0.2,

0.4±0.1 and 0.35±0.1 dB/cm, respectively, for the 2-, 2.5- and 3-µm-wide mode-filters. The

signal phasematching wavelengths for the three periods in the sample are plotted in Fig.

3.8 as a function of the mask channel width of the waveguides. Up to 21.5 dB of gain was

observed with 20-µJ, 200-ns input pump pulses, for a waveguide width of 14 µm. This

result suggested a conversion efficiency of ∼1.5 %/W-cm2, more than twice that of the

APE waveguides. It was significantly lower than the expected 10-12 %/W-cm2, based on

numerical modeling.

Even with the lower-than-expected efficiency, the observed gain of ∼4.5 dB/cm would be

enough to reach the gain saturation regime in a 6-cm long amplifier with 20-mW input signal.

The most severe limitation of the first generation of devices for parametric amplification

was the pump-induced reduction of the signal transmission. To address the problem, it was

assumed that the effect was due to green-induced infrared absorption. The following design

improvements were introduced in order to make a new set of waveguides that would meet

the performance criteria for the optical preamplifier:

1. The high-temperature annealing was increased significantly, such that the effective

diffusion length would increase by a factor of 1.5. The increase of the waveguide cross-

section would increase the area of the fundamental mode of the pump by a factor of 1.5-2,

reducing the efficiency of parasitic second-harmonic generation.

2. The broader index distribution of the new waveguide would confine the mid-IR idler
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Figure 3.8: Signal phasematching wavelegnth of RPE waveguide OPAs versus mask channel
width

no worse than the origninal design, since the idler mode was larger than the characteris-

tic transverse dimensions of the original design. The DFG mixing efficiency was actually

slightly improved, since the modes penetrated deeper below the dead layer due to the longer

diffusion time.

3. Longer tapers were used in the improved design, with quadratic increase of channel

width along the length of the taper. The quadratic widening lead to a more adiabatic

change of the mode size along the taper. As a result, the insertion losses of the tapers

were reduced to levels that were undetectible by the Fabry-Perot loss measurements, e.g,

no more than 0.05 dB/taper. The better tapers improved coupling into the fundamental

mode and eliminated coupling into higher order modes, which only contribute to parasitic

processes, but not to the useful amplification process.

A periodically poled lithium niobate wafer was proton-exchanged in benzoic acid with

∼0.5 mol-% lithium benzoate at 182 ◦C for 25.6 hours. The soft-annealed depth of proton

exchange was 2.4 µm. The waveguides were annealed at 339.5 ◦C for 26.1 hours and reverse-

proton exchanged at 313 ◦C for 15 hours. The final proton dose was 1.34 µm. The channel

waveguides incorporated a 1.2-mm-long input mode-filter, 4.5-mm-long input and output
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tapers, and a 56.7-mm-long periodically-poled mixing region. The channel width of the

the mixing region varied between 13 and 17 µm in a series of different waveguides. The

propagation losses at 1.55 µm ranged between 0.11 and 0.2 dB/cm for all three mode-

filter widths used (2.75, 3 and 3.25 mm). All three mode-filter designs were single-mode

at 1.55 µm, while only the narrowest (2.75 µm) was single-mode at 1.064 mm. The 3-µm-

wide mode-filter was found to perform well even though it supported three pump modes.

The higher order modes were much larger in size than the fundamental and good input

mode-matching was adequate to ensure single-mode coupling. After characterization of the

propagation losses, the output end of the waveguide chip was polished at 8 degrees with

respect to the normal plane to the waveguide to suppress parametric oscillations.

Approximately 0.4 mW of the 0.68 mW coming from the L-band tunable laser were

coupled into the waveguide. Figure 3.9 shows the room-temperature phasematching and

gain observed for 0.5-µs pump pulses with input energy of 7 µJ.
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Figure 3.9: Signal phasematching wavelength and peak gain of RPE waveguide OPAs versus
channel width

Non-critical phasematching with respect to waveguide width may occur for a mask

channel width narrower than 13.75 mm. Assuming a lossless waveguide, the maximum

observed gain of 31 dB corresponds to a normalized mixing efficiency of 9 %/W-cm2, close
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to the numerically predicted value of 12 %/Wcm2. In addition, for a fixed waveguide

width, the gain decreases as the signal wavelength increases. The efficiency of amplifying

1620 nm is half of that for amplifying 1567 nm. This is contrary to theoretical expectations

disregarding losses, that suggest that the mixing efficiency for 1620-nm amplification should

be 20-30% higher, due to a better confinement of the idler. The likely explanation for this

experimental observation is that the wings of the OH− absorption peak (centered at 2.86

µm), significantly affect the 3101-nm idler in the case of 1620 nm amplification, reducing

the efficiency. In the case of 1567- nm amplification, the idler is at 3316-nm and is much

less absorbed. In the high-gain regime, the losses at the idler have a relatively small effect

on the observed gain. For instance, if the gain without loss would be 40 dB and the idler

losses are 10 dB, then the gain in the presence of idler loss would be 35 dB. This means that

normalized conversion efficiency numbers extracted from gain only have a meaning if full

analysis of the gain is performed, including estimates of the idler losses. Pump and signal

losses are also important, but it is assumed here that they are much smaller than the idler

losses.

For higher gain than 30 dB and longer pulses, higher pump-pulse engergy was used. In

order to suppress photorefractive effects in the waveguides, the operating temperature of

the frequency mixer would have to be increased.

The dependence of signal QPM wavelength on temperature, measured between 20 and

110 ◦C, is shown in Fig. 3.10. The the pump is at 1064 nm, and the QPM period is 25.57

µm.

The fitting curve is given by the equation:

λQPM
s = λ0 + 0.367(t− t0) + 0.00194(t− t0)2, (3.3)

where λ0=1567.44 nm and t0=25 ◦C. Over the 90-degree range in temperature, the QPM

wavelength changes by 46 nm (∼200 cm−1).

For the high-energy experiment, a waveguide with a period of 15.57 µm and channel

width of 15 µm was used at a temperature of 60 ◦C. This placed the QPM wavelength

around 1568 nm, on the lower side of the tuning range of the signal laser. The unamplified

signal power was 0.4 mW. The 1-µs pump pulses were near flat-top, but had sloped sides,

so the amplified signal pulses were slightly shorter (0.83 µs). The gain in dB as a function

of the square root of pump power coupled in the waveguide is shown in Fig. 3.11. The
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Figure 3.10: Temperature tuning of the phasematching signal wavelength of a waveguide
OPA

gain starts to saturate beyond 40 dB when the signal energy becomes over 3 µJ. The 5 µJ

of pump already converted to signal, represent over 20 % of the coupled pump energy at

that point. A maximum gain of 45 dB was observed, with 70 µJ of pump on the waveguide

input and 31 µJ coupled inside the waveguide. The input pulse energy was not increased

further, in order to avoid input-surface damage.

The improved waveguide OPA design satisfied the requirements for the waveguide pream-

plifier for remote sensing, with capability to provide pulses with energy approaching 10 µJ

and pulse lengths of order 0.8 µs. Green-induced infrared absorption was not a problem in

this design at the power levels of operation.
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Chapter 4

Vapor-transport equilibrated

near-stoichiometric lithium niobate

This chapter describes the fabrication and material properties of lightly MgO-doped vapor-

transport equilibrated (VTE) lithium niobate (LN) that is resistant to photorefractive dam-

age (PRD) and green-induced infrared absorption (GRIIRA). A brief description of the

accepted model of the photorefractive effect in lithium niobate is given first, to provide a

basis for understanding PRD-reduction by stoichiometry control.

4.1 Photorefractive effect in lithium niobate

Consider a uniaxial ferroelectric crystal, such as LiNbO3, illuminated by a visible laser

beam propagating in a direction orthogonal to the ferroelectric z axis. If the crystal is

photorefractively sensitive, its interaction with the light will cause photorefractive damage

to the crystal with a resulting distortion of the beam. The physical mechanism is described

below.

According to the currently accepted model [38, 160], the photorefractive effect in LN

starts with photoelectron generation, followed by charge separation that leads to the for-

mation of a space charge field (SCF). The SCF causes refractive index change via the

electro-optic effect. The photoelectrons responsible for the formation of the SCF are gen-

erated by the absorption of visible-light photons at impurities, such as Fe, and possibly, at

intrinsic defects. Due to the asymmetric local potential near the absorbing impurities, the

photoelectrons are ejected asymmetrically along the c-axis of the uniaxial crystal, leading to

77
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a nonzero net current (photogalvanic current). Taking the crystal conductivity into account,

the current density in the medium under illumination can be found from the constitutive

relation:

j = σE + κI ẑ (4.1)

where σ is the conductivity, κ is the Glass coefficient that determines the photogalvanic

sensitivity of the material, I is the light intensity and ẑ is the unit vector of the ferroelectric

axis of the crystal. The first term in Eq. 4.1 represents the drift current density, and the

second term represents the photogalvanic current density, jpg. The conductivity can be

represented as the following sum:

σ = σd + σph (4.2)

where σd is the dark conductivity, and σph is the photoconductivity, present due to the

illumination. The resulting charge separation leads to the formation of the SCF. Steady

state with j = 0 can be reached when the drift current driven by the SCF balances the

photogalvanic current. The steady-state space-charge field, ESC ẑ, is therefore inversely

proportional to the crystal conductivity [38, 160]:

ESC = − jpg

σd + σph
(4.3)

The SCF is usually reduced at higher crystal temperatures, since the resulting increase in

hopping mobility enhances both σd and σph. This is the traditional method for reducing

the photorefractive effect in congruent lithium niobate (CLN).

In the simplest case of optical absorption that is linear with light intensity and carrier

lifetime that is independent of intensity, the photogalvanic current (jpg = κI ẑ) and the

photoconductivity (σph = βI, where β is the specific photoconductivity) are both propor-

tional to the intensity. In the limit of high intensity, the photoconductivity dominates the

dark conductivity and the space-charge field saturates:

ESC = − κI

σd + βI

βI>>σd−→ ESSC ≡ −
κ

β
, (4.4)

where ESSC is the saturated space-charge field. Note that the photogalvanic current in

CLN grows slightly super-linearly with intensity, so the SSF does not truly saturate [161].

It is therefore worth mentioning that the “high intensity” characterization of CLN and SLN

samples, described in this chapter, uses laser beam intensities of order 104 W/cm2.
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If the space-charge field is parallel to the ferroelectric crystal axis, the change in the

extraordinary refractive index generated by the SSF ESC via the electro-optic effect is given

by

∆ne = −1
2
n3

er33ESC (4.5)

A common situation with intense laser beams is that the space-charge field in the the

center of the beam quickly reaches saturation, while the space-charge field in the periphery

is lower. This causes a nonuniform distribution of ∆ne across the beam, with most of the

change occurring in the the region of the periphery where σph ≈ σd. The space-charge field

in optical grade congruent LN is about 1.5 kV/mm when ordinary-polarized green light (514

nm) with intensity of ∼ 104 W/cm2 propagates orthogonal to the c- axis. This would lead

to a phase difference of π between the bright region of the beam and the dark periphery

after only 1.1 mm of propagation, leading to defocusing of the beam along the c-axis. The

characteristic time for the new beam pattern to appear is the dielectric relaxation time,

which is inversely proportional to conductivity, and therefore, inversely proportional to the

light intensity. For green-light intensity of order ∼ 104 W/cm2, the pattern appears within a

few seconds. If we want to limit the photorefractive phase difference to π/10 in a 1-cm-long

LN crystal, the saturated space charge field ESSC must be no larger than 15 V/mm.

4.2 PRD-suppression via doping and stoichiometry control

In order to eliminate the PRD in lithium niobate, the ratio κ/β should be significantly

reduced. In the simplest case, the carriers contributing to both the photogalvanic current

and the photoconductivity are generated by absorption at the same defects, so that it

is not possible to improve the ratio κ/β by reducing the density of this defect, e.g. Fe.

The specific photoconductivity β can be raised by lowering the density or the effective

cross-section of the dominant traps for photocarriers, thereby increasing the carrier lifetime

and thus the photoconductivity. For example, the photoconductivity in LiTaO3, a crystal

similar to LiNbO3, has been shown to increase in crystals with compositions approaching

stoichiometric, in correlation with the decrease in the density of Ta antisites [48, 49]. This

correlation suggests proportionality between antisite density and trap density.

A common approach for solving the PRD problem in LiNbO3 is to increase the pho-

toconductivity by eliminating the Nb4+
Li antisites. One established implementation [44, 45]
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involves doping of the congruent crystal with an ion (Mg2+, Zn2+, or In3+ [162]) that dis-

places the Nb4+
Li from the lithium sites. Measurements of the ESSC generated by 514-nm

light in two different samples of commercial optical grade 5 mol-% MgO:LN (Yamaju Ce-

ramics) show identical results of 2.6 V/mm in both cases. In addition, the GRIIRA of

5% MgO:LN is significantly reduced compared to CLN [43]. GRIIRA and PRD seem to

be affected in the same way when the crystal composition is changed with the purpose of

reducing PRD.

The second way to increase the photoconductivity is to remove the antisites by producing

near stoichiometric crystals with Li to Nb concentration ratio very close to 50:50 [48, 49].

When the antisites are associated with the dominant trapping defect, the carrier lifetime is

approximately proportional to 1/x, where

x = 0.5− [Li]
[Li] + [Nb]

(4.6)

is the deviation from the stoichiometric composition. Clearly, most of the increase in carrier

lifetime occurs when x approaches very close to 0. This is the requirement for suppression

of PRD. Gopalan et al. [62] showed that the coercive field of LiTaO3 is proportional to x.

The linear dependence of the coercive field on x provides a relatively easy way of estimating

x by measuring the coercive field. The photoconductivity is expected to depend on x as

σph =
σcongr

ph

1− ∆−x
∆+r∆s

(4.7)

where σcongr
ph is the photoconductivity of CLN, ∆ is the Li-deficiency of the congruent crystal,

∆s is a constant representing a small concentration of traps other than Nb antisites, that

would limit the photoconductivity of a stoichiometric crystal with x = 0, and r is their

trapping efficiency relative to that of the Nb antisites. Note that Eq. 4.7 is only valid inside

the region 0 ≤ x ≤ ∆.

4.3 PRD-suppression in lightly-MgO-doped SLN

The above model explains very well the elimination of PRD by stoichiometry control in

lithium tantalate [49]. On the other hand, near-stoichiometric lithium niobate (SLN) does
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not conform to the model very well. Non-doped SLN can be either more or less photorefrac-

tive than CLN, depending on the SLN fabrication method [163, 164, 165]. The only reported

non-doped SLN that is less photorefractive than CLN, is grown from a top-seeded solution

(TSS) [163]. None of the non-doped compositions, however, has low enough photorefractive

response to be used in practical applications involving high-intensity visible light.

Combining near-stoichiometric composition with 1 mol-% MgO-doping allows to sup-

press PRD and GRIIRA in crystals grown by the double-crucible Czochralski method [47].

It was recently demonstrated that near-stoichiometric crystals, obtained by vapor-transport

equilibration of 1 mol-% MgO-doped CLN crystals, are resistant to PRD [166]. A more care-

ful examination showed that unlike non-doped VTE-SLN, the 1 mol-% MgO-doped VTE

crystals had light-scattering centers after the VTE process. Investigation of VTE of crystals

with 1-mol-% and lower doping levels is described in the rest of the chapter.

4.4 Fabrication method

VTE of LN [56, 61, 58] consists of enclosing CLN samples in a crucible with Li-rich two-

phase pre-reacted LN powder and heating them to temperatures in the range 1000-1150
◦C, adequate for significant vapor transport of Li2O and solid-state diffusion of Li into the

crystal. The two crystalline phases in the powder are the LiNbO3 phase and the Li3NbO4

phase. The Li2O chemical potential of the powder is independent of powder composition

throughout the two-phase region (Li:Nb ratio between 50:50 and 75:25), making the VTE

process insensitive to powder composition [56]. In the present studies, a reacted mixture of

approximately 60% Li2O and 40% Nb2O5 is used as the Li source. All samples are cleaned

with diluted solutions (10-15%) of hydrochloric and nitric acid and rinsed with acetone

and 2-propanol prior to VTE. For the equilibration process, some samples are mounted on

a small platinum fixture above the powder, while others are buried in the powder. The

samples buried in the powder usually require shorter VTE time. During VTE, the weight

of the samples increases as a result of the Li indiffusion. The weight gain saturates when

a sample is equilibrated. For buried 0.5-mm thick samples, the typical time required for

weight-gain saturation (and suppression of the PRD) is approximately 200, 350 and 600

hours at 1050 ◦C for 1, 0.5, and 0.3 mol-% MgO:LN, respectively. Qualitative observations

suggest that for samples equilibrated above the powder, the saturation time increases with

the total volume of the samples due to inadequate evaporation rate from the powder, i.e. the
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kinetics are evaporation-rate limited rather than diffusion limited. When the total sample

volume is small, the saturation time is similar to that for the buried samples. Higher

temperature allows for shorter VTE time. After VTE, the large (+z and −z) surfaces of

the samples are polished to remove any low-quality layers formed on the surface during

VTE. It was found that the polishing of a VTE MgO-doped sample makes periodic poling

much less challenging.

The effects of VTE temperature and MgO-doping concentration on the formation of

scattering centers were explored. It was found that higher VTE temperature and higher

MgO-doping levels lead to more prominent and more concentrated scattering defects. The

observed concentration of scattering defects was higher in the 1 mol-% and 0.5 mol-%

MgO:SLN processed at higher temperature. Therefore, the temperature range 1090 to 1030
◦C was chosen for the equilibration of samples to be used in optical experiments. Using

an optical microscope it was also observed that compared to the 1 mol-%-doped samples,

crystals with 0.5 mol-% doping developed fewer and finer scattering centers during VTE,

while 0.3 mol-%-doped crystals did not form any. After equilibration of a full 76-mm-

diameter 0.5-% MgO-doped wafer for 115 hours at 1080, 50 hours at 1065 and 30 hours at

1050 ◦C, scattering defects were only observed in a 0.5-cm-wide band around the periphery

of the wafer, while the photorefractive effect was suppressed throughout. It was found that

using a lower VTE temperature (≤1050 ◦C) in combination with a timely termination of

the VTE process allowed the obtaining of scattering-free 0.5 mol-% MgO-doped material

resistant to PRD.

When the VTE time is very long, the powder sinters and sometimes the buried samples

with lower MgO doping (especially 0.3 mol-%-doped and non-doped) develop twins during

the process. Therefore, the VTE process for the buried 0.3 mol-% samples is usually split

into 2–4 cycles, stirring the powder between cycles to avoid significant sintering. Besides

decreasing the VTE time, burying the samples in the powder helps maintain the flatness of

large area samples during VTE.

4.5 Material characterization

4.5.1 Photorefractive properties

The experimental setup and procedure for measurement of the saturated space-charge field

are described in Ref. [49]. A schematic diagram of the used fixture and illumination
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arrangement is shown in Fig. 4.1. An argon-laser beam with optical power of ∼0.7 W at

514 nm is focused into a spot with a diameter of ∼80 µm, propagating along the c-axis of

the z-cut sample. The +z and the −z faces of the sample are contacted with LiCl liquid

electrodes. The fixture containing the electrodes is made of quartz, with small holes that

allow wire contacts to be inserted into the LiCl-water solution. Rubber o-rings or wax can

be used to seal the two sides of the crystal electrically. The photogalvanic current and

photoconductive current are measured using a picoammeter.

Figure 4.1: A schematic diagram of the photocurrent measurement

To measure the photoconductivity, voltage is applied along the c-axis in addition to the

laser beam, and the resulting current is measured. The photoconductive current can be

determined by subtracting the photogalvanic current and the dark current from the total

current, measured when both the voltage and the light beam are present. The photogalvanic

current is measured when only the light beam is present, while the dark current is measured

when only the voltage is present. The photoconductivity is determined by dividing the

photoconductive current by the applied electric field. The photocurrents have been assumed

proportional to the optical intensity and electric field at the laser power and voltages (10-100

V) applied. This assumption was tested and confirmed on two MgO-doped VTE crystals.

Note that for experimental convenience with z-cut wafers, the photogalvanic current

and photoconductivity generated only by ordinary-polarized light were measured. In the

most often used quasi-phasematching scheme in LN, all optical fields have extraordinary

polarization in order to take advantage of the largest component of the tensor of the second-

order nonlinear susceptibility. The described measurement of the saturated space-charge

field provides quantitative information about the photorefractive damage caused by an
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ordinary-polarized beam. The measured space-charge field is used only as a qualitative

indicator for low or high resistance to PRD for any other polarization. Assuming that the

photogalvanic effect and the photoconductivity depend on polarization only weakly, the

SCF measured with ordinary polarization would provide a good estimate of the photore-

fractive sensitivity to light with any polarization. To confirm the SCF-based conclusions

for extraordinarily polarized light, a beam-fanning experiment can be performed, in which

an extraordinarily polarized green beam propagates along the x crystalline axis as in a typ-

ical quasi-phasematched second harmonic generation scheme. If significant photorefractive

effect is present, the beam will be distorted after a short exposure time.

A study was performed of the dependence of the SCF on the stoichiometry of the

crystal after VTE, using six MgO:LN samples with a doping level of 1 mol-%. Different

samples were heat-treated for different time intervals above the lithium-rich powder. The

weight gain during VTE, the photoconductivity, and the saturated space-charge field were

measured and compared to expectations based on the described model. The results for the

specific photoconductivity β from Eq. 4.4 are presented in Fig. 4.2. The horizontal extent

of the plus signs representing the experimental points is comparable to the experimental

error of the weight gain measurement. The dash-dotted line represents a typical theoretical

expectation for the dependence of the photoconductivity on the weight gain according to

Eq. 4.7, where the weight gain equals ∆ − x, with ∆ = 1.174 mol-% determined from the

weight gain saturation. The constant r∆s is assumed to be 0.001 mol-%. The values of

the constants were picked somewhat arbitrarily, serving merely to illustrate the qualitative

agreement of the experimental results with the assumed physical picture.

The deviation of the rightmost data point from the functional form of Eq. 4.7 may be

related to the development of scattering centers after the saturation of the crystal with Li2O.

These defects will have a different composition than the stoichiometric crystal, possibly

allowing for additional weight gain beyond what is necessary for the displacement of all

antisites. In addition, the measured photoconductivity data represent averaged values over

the crystal thickness. This may have an effect on all data points in Fig. 4.2. Since the

surface layer of the crystals was not polished before the measurements, error due to different

surface layers may have been incorporated. In addition, Eq. 44.4 accounts for the MgO-

doping simply by a change of the expected saturated weight gain ∆. Such an assumption

may be an oversimplification of the detailed physical picture.
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Figure 4.2: Specific photoconductivity versus VTE weight gain

The results for the saturated SCF are presented in Fig. 4.3. Unlike the case of VTE-

lithium tantalate [49], significant changes of the photogalvanic current were observed in

non-doped and lightly MgO-doped LN, as a function of the VTE time and the resulting

crystal composition. The photogalvanic current in MgO:LN decreased by more than 2

orders of magnitude for the sample with the largest weight gain. Furukawa et al. [167]

observed a similar reduction in photogalvanic current, but with increasing MgO-doping

level of TSS-grown SLN. The dash-dotted curve in Fig. 4.3 represents a theoretical curve

with the parameters used for the photoconductivity plot from Fig. 4.2, assuming that

the photogalvanic current does not change with weight gain. The circles represent the

calculations with the same values for the photoconductivity, but with the photogalvanic

current changing with weight gain, as measured.

The origin of the change in photogalvanic current with stoichiometry after VTE has

not been investigated, but it is likely to be complex. In some 1- and 0.5-% samples that

underwent longer VTE processing, the photogalvanic current even changed sign. Typically,

the photogalvanic current has the same sign as the pyroelectric current spike observed

during the initial heating of the sample at the beginning of the laser beam exposure. If the
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Figure 4.3: Saturated space-charge field versus VTE weight gain

photogalvanic current can change sign with changing crystal stoichiometry in MgO-doped

crystals, there may be two kinds of crystal defects that have contributions of opposite

signs to the photogalvanic current, and as the relative density of these defects changes

with VTE processing, the net photogalvanic current changes accordingly. Note that the

photogalvanic current, generated by 514-nm green light, can be adjusted to vanish in 1- and

0.5-% MgO:SLN with an appropriate VTE process.

In a similar way to the case of 1 mol-% MgO-doped crystals, the saturated space-charge

field of 0.5 mol-% MgO:LN dropped to 0±0.1 V/mm after equilibration for 125 hours at

1090 ◦C, followed by 35 hours at 1070 ◦C, and 48 hours at 1050 ◦C (a total of ∼210 hours,

equivalent to ∼350 hours at 1050 ◦C). Equivalent hours for VTE at any temperature can

be calculated using the Arrhenius law with an activation energy of 2.8 eV.

The saturated space-charge field of 0.3-% MgO:LN also decreased as the samples were

enriched in Li2O via VTE. The value of ESSC stabilized to some minimum after ∼600–

700 hours at 1050 ◦C. For a sample equilibrated above the powder, the observed minimum

value of the ESSC was 10 V/mm after a total of ∼700 hours. With further VTE, a slow

increase of the photogalvanic current was observed in parallel with a slow increase in the
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photoconductivity, such that the value of ESSC remained between 10 and 11 V/mm even

after 1100 hours at 1050 ◦C. The sample acquired a faint yellow color indicating increased

absorption in the blue region of the spectrum. For samples equilibrated in the powder,

values of ESSC as low as as 1 V/mm were measured. For example, a sample with ESSC =1.6

V/mm had undergone two VTE-treatments: VTE 1, consisting of 98 hours at 1080 ◦C, 43

hours at 1065 ◦C, and 29 hours at 1050 ◦C, followed by VTE 2, consisting of 119 hours at

1090 ◦C, 41 hours at 1070 ◦C, and 52 hours at 1050 ◦C. The low saturated space-charge

field proved repeatable (1-2 V/mm) with repeating approximately the same sequence of

VTE-steps. The samples acquired very faint coloration. Scattering defects were not seen

with an optical microscope.

A qualitative measurement of the PRD-resistance of VTE–0.3 mol-% MgO:SLN was

performed by polishing two opposite edges of the z-cut wafer and sending a beam from an

argon laser along the x-crystalline axis. A CLN sample was prepared and measured the

same way for comparison. The beam exiting the crystal was projected onto a dark screen

and the beam pattern on the screen was photographed. Images of the experimental results

are shown in Fig. 4.4.

Figure 4.4: A beam-fanning comparison between CLN and VTE- 0.3 mol-% MgO:SLN. A
projection of the laser beam on a dark screen after passing through a 12-mm long crystal
is imaged. a)- CLN, P=90 mW, beginning of exposure; b) CLN, P=90 mW, 3 s after
beginning of exposure; c) 0.3% MgO:SLN, P=600 mW, 600 s after beginning of exposure.

By comparing images a) and b), it is seen that in CLN photorefractive effect distorts

the beam within seconds at 90 mW of laser beam power. In the MgO-doped VTE-SLN

sample, no beam fanning was observed at the maximum available power of 600 mW (image

c)).
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Experiments with VTE of non-doped LN showed that crystals equilibrated at higher

VTE temperature (for instance, 1100 ◦) had higher photogalvanic current and saturated

space-charge field than congruent crystals. Typical values of ESSC ranged from 2000 to 3000

V/mm, with higher values corresponding to higher VTE temperature. All samples were

equilibrated until no additional weight gain was occurring at the particular equilibration

temperature. Some samples equilibrated at lower temperature had lower ESSC than CLN.

The lowest saturated space-charge field measured in non-doped VTE-SLN was 1000 V/mm,

for a sample equilibrated at 1000 ◦C. At such lower temperature, the equilibration times

become prohibitively long, over 1000 hours. The same samples had the lowest coercive field,

900-1000 V/mm, of all non-doped VTE-SLN samples, indicating that their composition

was closest to stoichiometric (x ≈ ∆/20). The lower coercive field obtained with lower

VTE temperature is consistent with observations by Polgár et al.[52] that the Li-rich phase

boundary is curved, and moves toward stoichiometry at lower temperatures. Some SLN

grown by the TSS-method using a K2O flux, was closer to stoichiometric, with a coercive

field of 200 V/mm [51].

4.5.2 Material absorption

The faint-yellow appearance of VTE crystals was investigated using transmission measure-

ments. Normally, crystals with higher MgO-content obtained more prominent yellow ap-

pearance after VTE than crystals with lower MgO-content. The transmission spectra of

two 1 mol-% MgO-doped samples were measured, to determine the amount of absorption

causing the light yellowish color after VTE. The first sample was congruent. The second

sample was cut from the same wafer as the first, but after that it was vapor-transport equi-

librated and polished. The spectrophotometer beam propagated across the thin dimension

of the z-cut samples, along the c-axis. Absorption of ordinary-polarized light was mea-

sured. Fig. 4.5 shows the comparison of the transmission of 1-% MgO: CLN and VTE-

1-% MgO:SLN. The spectral linewidth of the spectrophotometer was fixed at 1 nm for both

scans. The samples were 1 and 0.9-mm thick, respectively. The transmission of the SLN

sample is slightly smaller than that of the CLN sample in the blue and violet portion of

the visible spectrum. The maximum difference of ∼0.5 % occurs at 400 nm, amounting to

an absorption coefficient difference of ∼0.05 cm−1. At 500 nm the difference is within the

measurement error of ±0.2% (0.02 cm−1 ).

The estimated extinction on the blue side of the visible spectrum seems significant.
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Figure 4.5: Optical transmission spectra of 1 mol-% MgO:CLN and VTE-MgO:SLN

On the other hand, intense focused Watt-level laser beams can propagate through the

crystal without damaging it thermally, as will be shown in the next chapter. This apparent

paradox is due to the transient nature of this absorption. With the help of the photocurrent

measurements, described in the previous subsection, it was determined that the absorption

in VTE-MgO:SLN was bleached over time periods of minutes to seconds when the green-

light intensity was of order 104–105 W/cm2. This conclusion was made by observing the

magnitude of the pyroelectric spike occurring at the beginning of laser exposure, when the

exposed area of the crystal was heated to a higher temperature by the absorbed light. This

spike was reduced significantly after seconds to minutes of exposure of the same crystal

location.

The absorption band edge in the SLN sample is blue-shifted by 14 nm compared to

the CLN one. This advantage may be exploited for UV generation if a method is de-

veloped to remove the absorption shoulder in the UV, caused by crystal defects. A way

to affect the absorption of CLN in the visible and UV by electrochemical oxidation has

been recently published [168]. Preliminary experiments performed with the help of Romain

Gaume confirmed the feasibility of the method for manipulating the absorption of CLN and
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SLN, although the method seemed more effective in CLN, where the large number of Li

vacancies improved the high-temperature ionic diffusivity and conductivity, utilized in the

electrochemical oxidation process.

Volodymir Kondilenko used photothermal common-path interferometry [169] to make

measurements of the absorption of intense extraordinary-polarized light at 1064 nm and

514 nm in VTE-SLN. In addition, measurements of the green-induced infrared absorption

at 1064 nm caused by a 514 nm pump were made. The measured sample was the 0.3-mol-%

MgO:SLN crystal used in the experiment from Fig. 4.4 c). It had a very low saturated space-

charge field of 1.6 V/mm. The results were qualitative and showed that the absorption of

0.3% MgO:CLN at 514 nm and 1064 nm was comparable to that of 5 mol-% MgO:CLN from

Yamaju Ceramics. The GRIIRA measurement did not detect any increase in the infrared

absorption at 1064 nm when a 0.5-W green pump with a diameter of 47 µm was present.

Any GRIIRA effects must have been below the noise limit, equal to ∼3 % of the infrared

absorption at 1064 nm. The absolute values of the absorption and GRIIRA coefficients

were not measured due to the lack of a calibrated sample. Only measurements relative to

a high-quality 5 mol-% MgO:CLN sample were made.

4.5.3 Dispersion of the extraordinary refractive index of SLN

The extraordinary refractive index of 1-%, 0.3-% and non- doped VTE-SLN was measured

at several wavelengths between 457.9 and 1550 nm using a prism coupler. The values of

the prism ordinary and extraordinary index at different wavelengths, used in the computer

program that calculates the propagation constant based on the incidence angle, were ad-

justed such that measurements of the ordinary and extraordinary index of CLN follow the

Sellmeier equation by D. Jundt [145]. The results of the SLN measurements are shown in

Fig. 4.6, along with the Sellmeier fitting curve.

It is seen that the extraordinary refractive index of VTE-SLN does not depend on the

MgO-doping concentration. In fact, a VTE experiment was made with 5 mol-% MgO:LN,

and after the weight gain saturated, that crystal had the same refractive index at 633

nm as VTE-SLN with low or no doping. For the Sellmeier fit, one representative data

point was calculated at each wavelength as an average of the measurements of the different

SLN crystals, which agreed within 0.0005. The continuous Sellmeier curve that fits the
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Figure 4.6: Dispersion of the extraordinary refractive index, ne , of VTE-SLN

experimental data is given by the equation

ne(λ) =

√
4.5355 +

0.09349
λ2 − 0.21372

− 0.02273λ2 (4.8)

where λ is measured in micrometers. The fit line lies between the curves from two earlier

Sellmeier equations [59, 170] in the region beyond 1.3 µm. The earlier equations were fits

to data extending only to 1.064 and 1.2 µm, respectively. The dashed line represents the

Sellmeier equation of VTE-SLN by D. Jundt et al.[59], calculated at room temperature.

The dash-doted line represents the Sellmeier equation by U. Schlarb and K. Betzler [170]

for SLN with Li2O-molar concentration of 49.85 %.

The above material characterizations of VTE-SLN show that it is a promising material

for frequency-conversion of intense laser beams, including the visible region of the spectrum.

The measured dispersion of the extraordinary index of MgO-doped SLN is adequate the

design of QPM structures for optical frequency mixing in which all interacting beams are

polarized along the ferroelectric axis of the crystal. Some experiments with periodic poling

of VTE-MgO:SLN and second harmonic generation of intense green light are described in

the next chapter.



Chapter 5

Periodic poling of MgO-doped

near-stoichiometric LiNbO3 and

high-power green light generation

at room temperature

In this chapter, periodic poling of vapor transport equilibrated LiNbO3 with low MgO

doping (≤ 0.5 mol-%) is described. An efficient process for periodic poling with LiCl-

solution electrodes at room temperature, using baked photoresist as a patterned dielectric

on one crystal surface, is developed for periods as short as 9.6 microns for 0.5 mol-% and

7 microns for 0.3 mol-% MgO-doped VTE:LN. For the same period, the quality of periodic

poling improves as the MgO concentration is lowered.

Second harmonic generation of 532-nm radiation in periodically poled lightly-MgO-

doped VTE-SLN has been reported [171] at a power level of 120 µW, which is not enough

to verify significant resistance to PRD. More recently, Chen et al. [172] described SHG of 43

mW of 400-nm violet light by third-order QPM in periodically poled 1.8 mol-% MgO-doped

VTE SLN with a period of 7.8 µm.

Stable single-pass room-temperature SHG of Watt-level continuous-wave 532-nm radia-

tion in periodically poled VTE-SLN with 0.3 mol-% of MgO-doping is described at the end

of this chapter.

92
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5.1 Electric-field poling

The experiments on periodic poling of VTE-MgO:SLN, described in this chapter, use

electric-field poling, and more specifically, the full-cover electrode (FCE) method [173, 73].

The method is applicable primarily to z-cut substrates. One of the large surfaces is un-

patterned, while on the other, a patterned dielectric coating is deposited. A top view of a

typical periodic pattern for poling is shown on the diagram in Fig. 5.1. The crystal axes are

shown on the diagram as well. In all experiments in this chapter, the pattern was deposited

on the +z surface of the LiNbO3 wafer.

x

y

z

Figure 5.1: Top view of a typical periodic pattern used for poling

The gray periodic strips in the top-view diagram represent openings (trenches) in the

dielectric coating. A full-cover electrode, such as a metallic coating or a liquid electrolyte

electrode, located on top of the dielectric coating, can contact the surface of the crystal

through these trenches. Domain inversion occurs when voltage higher than the product

of the coercive field and the sample thickness, and with polarity opposite to the crystal

spontaneous polarization, is applied between the electrodes on the two sides of the wafer.

The domain inversion does not occur at once, but starts at one of the two large surfaces

with the nucleation of an inverted micro-domain, which then penetrates the sample thickness
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[173, 63, 174, 175]. During the penetration phase, the domain shape is needle-like, with a

pointed apex on one side and a base on the other (the nucleation side). The typical aspect

ratio between the diameter of the base and the domain length (the needle height) is of order

1:100. The natural shape of the base is hexagonal or triangular. The sides of the hexagon

or triangle are parallel to the crystalline y-axis.

The kinetics of domain inversion are complex and involve a variety of domain-propagation

modes and domain shapes depending on poling conditions, such as applied electric field,

crystal conductivity, electrode material, and temperature. Representative descriptions and

models of domain kinetics can be found in the following references [176, 177, 178, 179, 180].

In this section, a simplified model of the domain kinetics is presented as a set of ob-

servations, to provide the basis for development of a process for periodic poling. Only the

most essential properties, relevant to periodic poling of MgO:SLN, are described. The fol-

lowing characteristics were used in the development of a process for periodic poling of z-cut

MgO:SLN:

1. Domain switching starts with the nucleation of micro-domains on the +z or −z

surface of the wafer. The micro-domains penetrate the thickness of the wafer, less than

0.5 mm in the experiments described in this chapter, and then expand in the x and y

dimensions.

2. Unrestricted domains (without any dielectric pattern) that fully penetrate the sub-

strate assume a hexagonal shape after growth under spatially uniform electric field of the

proper polarity to the ferroelectric axis. If adequate measures are taken to prevent neighbor-

ing domains from merging during the application of the electric field, the approximate size

of the domain could be calculated by using knowledge of the average domain-wall velocity

as a function of applied field.

3. Domain walls tend to be vertical. This is due to the large surface charge that

would be formed at a non-vertical domain wall, due to the large spontaneous polarization

of the crystal. Such charge would create a large electric field causing domain switching

in the neighborhood of the wall until it becomes vertical. This tendency of domain walls

to stay vertical makes periodic poling of bulk samples (hundreds of microns to millimeters

thick) possible. The same uncompensated surface charge forces micro-domains to assume a

needle-like shape. Slanted domain walls may occur at high temperature, when the electrical

conductivity of the crystal is high enough to allow screening of the surface charge.

4. Nucleation of micro-domains only occurs on the +z or −z surface, and not in the
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bulk.

5. The mechanism of domain-wall motion involves formation on the crystal surface of

tiny sub-micron domains, connected to the existing domain wall [181]. These tiny domains

merge to form a new wall, that is shifted with respect to the original wall. The sub-micron

domains only occur in the neighborhood of existing switched domains. They need not

penetrate the full thickness of the substrate due to their sub-micron size. Therefore, the

newly formed domain wall need not be vertical during the application of the electric field, as

sub-micron domains continuously form and move the domain wall near one or both crystal

surfaces. After the external field is switched off, the domain wall shifts as necessary to

become vertical.

6. The domain-wall velocity can be limited by the rate of nucleation of sub-micron

domains in the wall neighborhood, or by bulk pinning sites. Note that in the case without

bulk pinning sites, the domain will not expand in the bulk compared to the two surfaces,

since, as postulated above, domain wall motion occurs through nucleation and merging of

sub-micron domains on the surface.

7. When two domains merge under uniform spatial distribution of the electric field (no

patterned dielectric), very high domain-wall velocities can be observed, due to reshaping of

the total domain wall of the two domains. This situation is to be avoided during periodic

poling, since it leads to poor quality of the periodic pattern.

8. Near the edges of patterned electrode, the local electric field can be much higher

than the average field in the bulk, which is approximately equal to the ratio of the applied

voltage and the sample thickness. The field enhancement at the edges of electrodes is due

to fringe-field effects [174, 73]. It is one reason why on periodic patterns with orientation

as in Fig. 5.1, the velocity of domain expansion along the electrode is orders of magnitude

higher than in the perpendicular direction (along the crystalline x-axis). For short-period

QPM gratings with large lateral extent (for large-aperture frequency mixing), the velocity

along the electrode must be two orders of magnitude higher than the velocity of the domain

wall along the x-axis. The fringe fields only penetrate to depths comparable to the electrode

period. If the nucleation characteristics of the +z and −z surface are comparable under

uniform poling conditions, then during patterned poling, the initial nucleation always occurs

at the tips of the periodic electrodes on the patterned surface due to the large fringe fields.

9. Obtaining a high-quality periodic pattern is significantly less challenging when aided

by self-termination of the poling process [174]. Self-termination is the stopping of the process
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of domain inversion caused by uncompensated surface charge trapped under the dielectric

layer during poling. The trapped uncompensated charge is the source of electric field. If the

charge is on average evenly distributed across the surface, it will create a uniform electric

field opposite to the external field, causing the domain inversion to slow down or stop.

10. Assuming that the lithium niobate substrate is much thicker than the poling pe-

riod, the electric-field conditions near the unpatterned surface are similar to the conditions

realized during uniform poling without a patterned dielectric. Since the thickness of the

patterned dielectric is usually of order 0.01 of the thickness of the substrate, the electric field

near the unpatterned surface is approximately (1 − 0.01εLN/εdiel) times the field present

in the case of uniform poling without a dielectric film. The quantities εLN and εdiel are

the dielectric constants of the crystal and the dielectric coating, respectively. The dielec-

tric constant of LiNbO3 is ∼30, so a well-baked photoresist with 3 ≤ εdiel ≤ 10 may help

decrease the field near the unpatterned face by 3–10%

11. The patterned dielectric plays two major roles: surface-charge trapping and fringe-

field enhancement. Besides aiding self-termination, surface-charge trapping ensures that

domains don’t merge at the patterned surface during the application of the external field.

The fringe-field enhancement is highest at the pointed edge of the electrode, where the

initial nucleation usually occurs. After that, the fringe fields at all locations along the

electrode help increase the rate of submicron nucleation, aiding the fast domain growth

along the trench. At the same time, the surface charge trapped under the dielectric, prevents

the sub-micron domains from merging in the space between two electrodes, stopping the

domain-wall movement at the patterned surface.

12. If the charge trapping under the dielectric coating is efficient, merging of domains

nucleated at separate neighboring electrodes will be prevented at the patterned surface. At

that point, such undesirable merging can only occur at the unpatterned surface and may

then propagate up throughout the thickness of the wafer. This is assumed to be the main

mechanism of defect formation that limits short-period periodic poling with full thickness

penetration. As mentioned earlier, the domain-wall velocity near the unpatterned surface

can be determined from experimental data of domain-wall velocity during uniform poling.

If charge trapping at the patterned surface is uniform, the amount of trapped surface charge

per unit area can be related to the duty duty cycle of the inverted domains during poling.

In this way, the electric field near the unpatterned surface can be calculated as a function

of the domain duty-cycle by subtracting the field generated by the surface charge from the
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external field. Using information on the domain-wall velocity as a function of the local field,

the rate of domain-wall movement can be calculated [174, 64] and an appropriate waveform

of the applied voltage designed.

13. In order for the above waveform design process to work, uniform trapping of the

surface charge has to occur. Figure 5.2 compares schematically the cases of the field gen-

erated by a plane of trapped charge and the field generated by a limited area of trapped

charge. It is assumed that the patterned dielectric is on the original +z surface, and after

some domain inversion that has grown slightly beyond the area of each contact opening

of the patterned electrode, negative charge has been trapped under the dielectric film in

the immediate surroundings of each trench. A localized area of trapped surface charge

Figure 5.2: Schematic comparison of self-termination field caused by uniform planar
trapped-charge distribution (right) and localized or non-uniform charge distribution (left).
The thick black lines represent the contact electrodes on the patterned side. Near the un-
patterned surface, the density of electric field lines generated by the trapped charge is signif-
icantly reduced in the case of localized trapped charge, indicating smaller self-termination
field

should have a characteristic diameter at least comparable to the wafer thickness, in order

for the self-termination field to be significant near to unpatterned surface. In all varieties

of PRD-resistant MgO-doped LNbO3, the nucleation-site density at room temperature is

not uniform across the sample and therefore the periodic poling occurs in patches. In order

to achieve self-termination, it is necessary to obtain conditions in which the characteristic

time for expansion of the patch of periodic poling to a diameter comparable to the wafer

thickness, is shorter than the time necessary for the domain wall near the unpatterned sur-

face to propagate a distance equal to half the period. Increase of the nucleation-site density

and the rate of formation of submicron domains for fast domain growth along the contact
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electrode can therefore promote self-termination.

5.2 Domain-wall velocity and nucleation-site density in 0.3

mol-% MgO:SLN

Two of the material parameters that play an important role in the kinetics of periodic

poling are the dependences of the domain-wall velocity and the nucleation-site density on

the electric field. Measurements of the domain-wall velocity as a function of applied field

were made using the method developed by Miller [174]. After initial formation of domains

that penetrate the full sample thickness by using a voltage pulse, the crystal was etched

in hydrofluoric acid to reveal the locations of each domain wall. Single pulses of electric

field were applied afterwords with measured voltage and pulse length. After each pulse, the

sample was etched and the distance between the new and the old location of the domain

wall was measured using an optical microscope. In this way, the domain-wall velocity was

measured at several values of the electric field. The results are plotted in Fig. 5.3.
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Figure 5.3: Domain-wall velocity of VTE- 0.3 mol-% MgO:SLN versus applied field. The
solid line represents the similar dependence in 5 mol-% MgO:LN [64]

The experimental data is limited, but it is clear that the domain-wall velocity in 0.3
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mol-% MgO:SLN is similar to that in 5 mol% MgO:LN at the same applied fields, except

for the region below 2 kV/mm, where it appears an order of magnitude higher. High

slope of the v(E) dependence is desirable for better self-termination [174, 64], so electric

fields in the range 1-1.5 kV/mm were the focus of initial experiments with periodic poling

of MgO:SLN. The advantage of the high slope is not enough for obtaining short-period

patterns if adequate nucleation density is not secured first.

A qualitative estimate of the dependence of nucleation-site density on the applied field

under conditions similar to the poling with liquid electrolyte electrodes was obtained by

measuring the number of nuclei per mm along the edge of a uniform electrode with area of

several square millimeters. The electrode consisted of a piece of paper soaked with saturated

solution of LiCl. On the other (bottom) side of the sample, a larger-area electrode was used,

to simulate the poling conditions with unpatterned electrode. The fringe fields near the

edge of the top electrode ensured that nucleation occurs at the edge only, for the moderate

voltages used. The actual field at the electrode edge was not calculated, so the nucleation

data are plotted versus the field inside the area covered by the electrode, equal to the ratio

of the applied voltage and the sample thickness. The experimental data are shown in Fig.

5.4. The nucleation density per unit length, measured along the y-crystalline axis, seems to

increase approximately linearly with voltage within the range of fields relevant to periodic

poling of 0.3 mol-% MgO:SLN.

While the linear nucleation density increases by a factor of 8 between 1.5 and 8 kV/mm,

the domain-wall velocity increases by more than 3 orders of magnitude within this range.

From Fig. 5.3, the domain-wall velocity for voltages above 2.5 kV/mm is over 10 µm/s. It

will be difficult to obtain domain patterns with periods for visible light generation (e.g., 10

µm for yellow, 7 µm for green, 4–5 µm for blue) if the domain-wall velocity is so high, unless

the nucleation density is high. The best results on periodic poling of 0.3 mol-% MgO:SLN

for visible light generation were obtained with fields in the range 1.5-2.5 kV/mm.

5.3 Other properties relevant to poling

The periodic poling, described in this chapter, used hard-baked photoresist (PR) as the

dielectric. A schematic vertical cross-section of the periodic pattern in the PR is shown

in Fig. 5.5. For this crystal orientation, the top is covered with the positive electrode,

while the bottom is covered with the negative electrode. The poling period is Λ. After
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Figure 5.4: Nucleation-site density in 0.3 mol-%MgO:SLN versus voltage normalized to the
sample thickness

photolithography, the trenches in the photoresist have a slope that is different from 90

degrees, so the width wb at the bottom is smaller than the width wt at the top.

For high fringe fields, the patterned dielectric should be thicker than a third of the

period and should have a low dielectric constant, and the trenches should be as narrow as

possible [73]. In addition, the trench walls should be as close to vertical as possible.

Low electrical conductivity is required of the patterned dielectric for efficient trapping

of the surface charge. Hard-baking the PR lowers its dielectric constant and the electrical

conductivity [174]. It was determined in the present study that the typical hard-bake (105
◦C, 3 hours) that is adequate for high-quality periodic poling of non-doped CLN does not

provide enough insulation for poling of MgO-doped crystals. In addition, the usual hard-

bake leads to photoresist “reflow”, which lowers the slope θ of the trenches and reduces the

fringe fields.

To provide adequate insulation and adequate fringe fields, a hard-bake recipe was de-

veloped that preserved the high slope of the trenches while significantly reducing the con-

ductivity of the photoresist. The patterned photoresist was first baked at 75 ◦C for 2 hours

and at 95 ◦C for 2 hours, to evaporate solvents. After that, the resist was baked at 130 ◦C
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Figure 5.5: A schematic of the photoresist pattern for periodic poling

for 15-18 hours. After the hard bake, the thickness of the photoresist was typically 3–3.5

µm. The long bake ensured cross-linking of the photoresist that suppresses conductivity.

The relatively low temperature prevented the reflow. Note that at temperatures below 128
◦C cross-linking may not occur.

The bottom width of the trench, wb was typically 1 µm, which is the lowest readily

reproducible width. The maximum slope θ that could be obtained was about 70 degrees.

Although the FCE method for periodic poling provides significant flexibility in the

control of the fringe fields by modifying the geometric and material parameters of the

patterned dielectric, it provides limited fringe-fields, unless dry etching is used to fabricate

trenches with vertical walls. Therefore, the FCE method only works for long-period poling

of 5 mol-% MgO-doped CLN, since this material requires very high fringe fields at room

temperature for adequate nucleation density. On the other hand, the lightly-doped SLN,

which requires lower fringe-fields for nucleation, can be periodically poled using the FCE

method, as described in the next section.
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5.4 Pulsed periodic poling

Short-period poling in 5 mol-% MgO:LN is usually performed by using a combination of

metal electrodes, high temperature, and trains of short pulses of electric field [67, 68, 65, 66].

These methods of periodic poling use patterned electrodes that cover only the contact area,

rather than the whole wafer. With these electrodes, higher fringe-fields are possible.

The trains of short pulses are easy to implement in combination with the FCE method

without any changes in the necessary equipment for domain patterning. In the the poling

experiments described in this work, a full-cover electrode consisting of saturated solution

of LiCl in water was used at room temperature.

After a short pulse, newly inverted domains tend to switch back to the original orien-

tation, unless a stabilization field is applied to prevent this back-switching. Partial back-

switching, attributed to inverted domains shrinking in size, is desirable, as it helps prevent

fully inverted domains from growing too large while other domains are still in the initial

phases of poling. This partial back-switching is an advantage of poling with a train of short

pulses compared to poling with a single long pulse. With pulse trains, increasing the rep-

etition rate can reduce the back-switching effect. It was found experimentally that pulses

with duration of ∼0.1 ms and peak electric fields of ∼2 kV/mm produce the best results in

periodic poling of 0.3 mol-% MgO:SLN. The optimum repetition rate was 1-2 kHz. After

each pulse, there is some back-switching current. To prevent complete back-switching, a

stabilization-field plateau is added after the pulse. The plateau field is several times lower

than the field of the poling pulse.

It was found experimentally that the plateau promotes undesirable merging of domains,

so a dip-to-zero was added between the pulse and the plateau to prevent merging. A dip-

to-zero as short as 50 µs helped avoid the merging. Without the plateau, poling took too

long and occurred in patches, such that in some areas the domain duty cycle grew to 90%,

while in others poling had not occurred at all. A sketch of the typical voltage waveform is

shown in Fig. 5.6.

5.5 Results of periodic poling with LiCl electrodes

Using the short-pulse-trains described above, high-quality domain patterning for periods

suitable for second-harmonic generation of yellow and green light was obtained. To ensure

proper domain duty cycle, the appropriate amount of charge, equal to the product of the
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Figure 5.6: Typical voltage waveform used in short-pulse poling of MgO:SLN

area of poled domains and twice the spontaneous polarization, has to be transfered across

the wafer. The charge was calculated in advance and the pulse train was stopped when the

appropriate charge was delivered. The maximum length of the pulse train was limited to 10

s by the computer hardware. For long poling periods, such as 15 µm, the self-termination

of periodic poling was nearly complete, so that there was no need to manually interrupt

the pulse train. For short periods (7-9 µm), the self-termination was only partial, such that

the poling current decreased 3–5 times after the appropriate amount of charge had been

delivered. Terminating the pulse train at that point helped prevent excessive domain duty

cycle.

Some photos of periodic domain patterning revealed by chemical etching with hydroflu-

oric acid are included in figures 5.7, 5.8 and 5.9.

The periodic poling in 0.3 mol-% MgO:SLN with period of 9.6 µm (Fig. 5.7) has a

duty cycle of 50 %, ideal for maximum-efficiency SHG of yellow light near 589 nm. The

poling with a similar period on 0.5 mol-% MgO:SLN also has high quality, although the

duty cycle is larger than 50 % (Fig. 5.8). Similar poling is obtained in 0.3 mol-% MgO:SLN

with a period of 8.3 µm. The domain pattern in Fig. 5.9 has a period of 7 µm and some

irregularity of the domain structure is present, that would decrease conversion efficiency by
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Figure 5.7: Domain pattern with period of 9.6 µm in 0.28-mm thick 0.3-mol-% MgO:SLN.
The −z face is shown, which was the unpatterned side during poling.



5.5. RESULTS OF PERIODIC POLING WITH LICL ELECTRODES 105

Figure 5.8: Domain pattern with period of 9.7 µm in 0.28-mm thick 0.5-mol-% MgO:SLN
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Figure 5.9: Domain pattern with period of 7 µm in 0.28-mm thick 0.3-mol-% MgO:SLN
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20–30 %. The width of each of the three QPM gratings in the picture is 130 µm. More

recently, periodic poling with a period of 7 µm was obtained in wider gratings with lateral

extent of 400 µm, allowing easy alignment of the laser beam for SHG. The experiments on

SHG of 532-nm radiation are described in the next section.

5.6 SHG of high-power CW green radiation in PPMgSLN

near room temperature

Stable generation of 1.3 W at 532 nm by SHG in a 15-mm-long periodically-poled VTE-

MgO:SLN crystal was demonstrated recently [75]. It was determined that annealing the

sample in air at ∼340 ◦C for 20 hours improved the power-handling ability of the crystal,

apparently by reducing the residual absorption in the green, and thus the attendant thermal

focusing and phase mismatch. Before annealing, the maximum green power was limited to

0.4 W with a tightly focused beam and to 0.9 W with a less-tightly focused beam. After

annealing, the green output power was limited by the by the low-quality periodic pattern

and the available pump laser power (10.5 W). In this section, experiments with improved

periodic poling and a higher-power laser are described. The maximum power available from

the CW laser was 14 W.

The SHG experiment was performed in collaboration with Karel Urbanek. The two

crystals used in the experiment had periods ranging from 6.95 to 7.15 µm. One crystal

was 17-mm long, while the other was 12-mm long. The crystals had no anti-reflection

coatings. The power losses due to reflections were about 14 % per surface. The focusing

was chosen within the range between optimum focusing and confocal focusing. According

to the Sellmeier equation (Eq. 4.8), room-temperature phase-matching was expected at a

period of 7.09 µm. Phase-matching was observed at 28 ◦C at a period of 7.06 µm and at

18 ◦C at a period of 7.08 µm.

In the 17-mm-long crystal, as the pump power was gradually increased, stable operation

at green power levels reaching 3 W inside the crystal was observed. At a green power level

of 3.4 W, the crystal output facet cracked. The cracking occurred after the phasematching

temperature was adjusted for maximum green power, not during the increasing of the

fundamental pump power. The trace of the crack appeared to be caused by thermal self-

focusing. The local heating seemed to be due to absorption related to the green beam, since

no damage was observed at the full 14 W of pump without high-intensity green light (e.g.,
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at crystal temperatures away from phasematching).

With the shorter crystal, an input lens with shorter focal length was used, to ensure that

the beam focusing was near optimum (the crystal length being between 2 and 5.6 times the

confocal parameter). In this case, the lower-power results were recorded before the crystal

cracked. The results of green output power versus laser power are shown on Fig. 5.10. The

green power was stable at all pump power levels up to the point of crystal cracking.
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Figure 5.10: SHG power inside the crystal at 532 nm versus input pump power

There is clear deviation from the quadratic dependence characteristic for SHG in the

low-conversion limit. At the maximum green power of 2 W, only about 20% of the pump

power in the crystal has been converted to green. Therefore, most of the deviation from

the quadratic dependence is due to thermal dephasing, causing non-uniform QPM along

the beam. After stable generation of 2-W of 532-nm radiation for 4 hours, the pump power

was increased from 12 to 14 W. The crystal temperature had to be reduced to compensate

for the local heating caused by the laser beam. As soon as the green power level reached

∼2.5 W, the crystal cracked.

From the above experiments, it is clear that the maximum power in the crystal is limited

by absorption related to the green intensity. The absorption may be either absorption of

the green itself, or GRIIRA. The saturated space-charge field of the substrate, from which
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the crystals were cut, was 10 V/mm. Although this value is low enough to avoid significant

PRD, it is larger than the lowest values of ∼1 V/mm, obtained for 0.3 mol-% MgO:SLN.

This indicates that there may be some residual antisites. Therefore, some residual GRIIRA

may be present. Further studies should focus on experiments with samples with lower space-

charge field that presumably have smaller GRIIRA. In addition, measurements of GRIIRA

and green absorption should clarify which of the two was larger at green power levels of

2.5–3.5 W and residual pump in the crystal of 6.5-7.5 W. Reduction of the absorption in

the green part of the spectrum may be possible with longer annealing in air, annealing in

oxygen, or electrochemical oxidization of the crystal.



Chapter 6

Conclusion

6.1 Summary of contributions

This dissertation has described a powerful tool for the design of nonlinear optical integrated

circuits based on annealed proton-exchanged and reverse proton-exchanged waveguides in

lithium niobate. The developed model has been used extensively for waveguide design not

only within the research group, but also by scientists in other research organizations. The

model provides accurate prediction of the concentration-dependent diffusion of protons in

LiNbO3, and contains accurate information about the dispersion of the proton-exchanged

material, allowing calculations of phase-matching and efficiency to be made for most of the

transparency region of LiNbO3.

Using the model, RPE waveguides for difference-frequency generation were developed

and used to generate several-milliwatt-level, single-frequency, tunable radiation near 3.3

and 4 µm. This is the highest power level generated in the region using waveguide DFG.

In addition, 4 µm is the longest wavelength generated using waveguide DFG. The reasons

for discrepancy between expected and observed efficiency have been recognized as the ex-

cessive losses at the mid-IR wavelength, due to the tails of the O–H stretch at 2.8 µm..

Measurements of the losses were performed that proved the predictions. The demonstrated

power levels are already attractive for applications such as environmental monitoring of

methane and free-space communications in the atmospheric transparency region between

3.5 and 4 µm. A waveguide was designed that used the difference-frequency mixing process

to provide 45 dB of parametric amplification at 1.5 µm for low pump-pulse energy. Output

pulses at 1.57 µm with near 1-µs duration and up to 10 µJ of energy were demonstrated.

110
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Significant problems in waveguide performance were solved merely by implementing several

small changes in the waveguide design. The success of this approach relied on the good un-

derstanding of the waveguide based on the fabrication model and the observed performance

of the first-generation device.

In addition, the waveguide model has been used in the design of low-loss high-efficiency

RPE-waveguide devices. The usefulness of these devices was demonstrated through collab-

orations with researchers within the nation and abroad, who used the frequency-conversion

devices in a variety of applications. Frequency conversion in low-loss waveguides was a

significant contribution toward a demonstration of a quantum key-distribution system at

1.55 µm [182] using single-photon detection [35] based on high efficiency up-conversion [151]

of 1.5-µm photons to enable photon counting at 0.71 µm with a silicon avalanche photo-

diode. Additional demonstrations included a nonlinear intensity discriminator for optical

code-division multiple access systems [34, 183, 184], highly efficient SHG of a low-power

laser to enable frequency stabilization by locking the output to an Rb or an iodine cell

[185, 36], optical time-division multiplexing at 160 Gb/s using a PPLN waveguide as an

efficient gated mixer for a 1.5-µm clock and four channels of 40 Gb/s NRZ data [186], and

ultra-low-threshold one-dimensional solitons in RPE planar waveguides [187].

The techniques for accurate characterization of waveguides were used for the develop-

ment of the most efficient APE channel SHG waveguide device in 5 mol-% MgO:LN at 1.55

µm (in collaboration with J. Tian, L. Zhang and G. Imeshev) [188], which could be used

for frequency conversion and mid-span spectral inversion. The device had significantly im-

proved resistance to photorefractive damage compared to waveguides in congruent LiNbO3.

In addition, a VTE-based method for obtaining LiNbO3 crystals with Li-rich compo-

sition that solves the problems of photorefractive damage and green-induced infrared ab-

sorption has been developed. The initial problems with formation of scattering centers and

difficulty of periodic poling have been solved. A simple poling method for obtaining short

periods with good quality has been developed by utilizing the advantages of lightly-doped

SLN compared to 5 mol-% MgO:LN, and at the same time properly analyzing the reasons

for difficulty of periodic poling of all MgO-doped crystals. Stable generation of 2 W of CW

green radiation has been experimentally demonstrated in the new VTE- 0.3 mol-% MgO-

doped LiNbO3. The potential for generation of more than 3 W of green radiation has been

experimentally demonstrated, and the challenges caused by residual absorption identified.
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6.2 Future possibilities

The waveguide model has not yet realized its full potential. Integrated optical circuits with

several components operating mainly at 1.55 µm should be accurately predicted by the

model. Further improvements of the model should be considered if applications demand

more accuracy and precision. Several areas of further improvement have been mentioned in

terms of the new findings related to stability of the soft-annealed and annealed waveguides

and the simplifying model assumptions.

In the area of mid-IR generation, further improvements can be done by taking the

mid-IR losses into account during device performance optimizations. Ways to reduce the

losses must be explored. Some possibilities for improvement include deeper burying of the

RPE waveguide to further avoid the dead layer, combined with reducing the peak proton

concentration. This approach is most likely to lead to improvements in the range 2.5-3.5

µm, where the losses due to OH absorption seem to be significant. In the range around 4

µm, the losses are only moderate and their reduction could only improve performance by

∼50 %, assuming that light confinement is unchanged. If the reduction of losses in that

wavelength range is pursued merely by reducing peak proton concentration, it is likely to

lead to disappointing results, since the resulting reduced confinement of the idler can lead to

lower mode-mixing efficiency and lower overall performance. To obtain mid-IR power levels

in the range of 100 mW, similar waveguide devices may need to be developed in MgO-doped

substrates, such that more pump power can be used without photorefractive damage.

In the area of lightly MgO-doped VTE-SLN, the main focus in the near future must be

the proper identification of the source of increased absorption in the presence of intense green

light. In comparison to congruent non-doped LiNbO3, the GRIIRA effect has clearly been

significantly reduced in the periodically poled samples used in the 2-W SHG experiment.

Yet, the maximum SHG power was limited by thermal effects, so more work needs to be

done in order to increase the output power. Ways of decreasing the absorption in the visible,

such as more complete oxidation of the sample, can be explored. In addition, comparison of

the GRIIRA of samples with different values of the space-charge field can be made, to find

whether the GRIIRA effect varies significantly between samples with space-charge fields of

1 and 10 V/mm.

In the area of periodic poling of MgO:SLN, more sophisticated methods can be explored,

to allow the fabrication of thicker periodically poled substrates, as well as shorter periods.
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Finding the reasons for the absorption shoulder in the UV and ways to eliminate it may

allow using VTE:SLN for generation of UV by frequency conversion.

APE and RPE waveguides can be developed in MgO:SLN. Some promising results have

already been obtained, in terms of moderate-loss waveguides in 1 mol-% MgO:SLN. A

significant amount of data has been collected on one-dimensional diffusion of protons on

planar z-cut substrates. An accurate fabrication model similar to the one for CLN will likely

be developed in the near future. It is expected that APE and RPE waveguides in MgO-

doped SLN will provide the great advantage of resistance to photorefractive damage. In

addition, the OH− absorption peak in SLN has a simpler structure than that in CLN. There

may be a possibility of significantly lower RPE-waveguide losses in the mid-IR in regions

far from the main OH− peak. These possibilities can be explored. MgO:SLN waveguides

may provide a better alternative to CLN waveguides for power levels beyond 10 mW. The

expected resistance to photorefractive damage will be a great advantage by allowing higher

pump power to be used. Finally, exploring new ways of waveguide formation that do not

involve proton exchange will help completely eliminate the problem of OH− absorption.



Appendix A

Calibration of the OH absorption

measurement

This appendix describes the calibration used to correct for the dependence of the OH−

absoprtion peak on crystalline phase of PE LiNbO3. The absorption measurement is used

for estimating the total number of protons in a planar SA, APE, or RPE waveguide.

In all measurements, the z-cut planar waveguide sample was placed across the spec-

trophotometer beam in a fixture cut in such a way that the angle between the crystal z axis

and the beam was 8±1 degrees rather than zero to suppress Fabry-Perot fringes that would

occur due to multi-pass interference in the thin sample.

The polarized OH absorption peak alone has a complex structure consisting of at least

four peaks for waveguides containing α, κ1 and κ2 phases and at least three peaks in the

α phase alone [139, 140]. The multiple peaks in a single phase are due to the existence of

several slightly different sites that protons can occupy. In lithium niobate of the congruent

composition, the peaks overlap and look like a single broad peak that cannot be fitted with

a single Gaussian or Lorentzian due to its underlying structure.

A study of the dependence of the area of the OH absorption peak on anneal time revealed

the possibility to account for the effects of the complex structure of the absorption peak

in a simple way without the need for resolving multiple overlapped peaks. An “average

wavelength” λav of the peak, defined as

λav =
∫

dλ λ

∫ t

0
dz α(z, λ), (A.1)
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was found to increase with annealing. Annealing generally leads to the conversion of κ2

to κ1 and κ1 to α phase via diffision-based reduction in proton concentration. The area

A of the absorption peak defined in Eq. 2.31 was also found to change with annealing.

The relationship between λav and the area is plotted in figure A.1 for several samples with

different soft-annealed depth dSA of the protonated layer.
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Figure A.1: Calibration curves for the absorption measurement

The slight decrease of A for λav > 2.865µm is due to some loss of protons from the

surface of the planar waveguide sample during the high-temperature annealing. Korkishko

and coworkers [130] observed that the area of the absorption peak of APE waveguides

covered with a layer of SiO2 prior to annealing was larger than the area of the peak for

waveguides that were not overcoated. They attributed the difference to a flux of protons out

of the crystal surface in the form of water vapor. A similar experiment was performed in this

study to qualitatively estimate the effect and its influence on the waveguide characterization

and modeling. One of two identical planar wavegudies was overcoated with SiO2 and the two

waveguides were annealed multiple times at 328 ◦C for a total of ∼200 hours. The difference

in the areas of their OH− absorption peaks started from 0 and grew monotonically with

time. After a total of ∼200 hours, the area of the sample with the SiO2 overcoat was 3 %

larger than the area of the non-coated sample. The area of the coated sample did not start
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to decline within the 200-hour annealing period, although its rate of growth significantly

decreased, perhaps due to the slowing down of diffusion when the proton concentration

distribution became very deep and nearly flat. The typical annealing time at 328 ◦C for

practical waveguide devices is shorter than 30 hours. For such short times, the difference

between the absorption of the coated and the uncoated sample was within the measurement

error of 0.5%. Therefore the effect was disregarded in the modeling of proton diffusion in

the crystal.

The curves in Fig.A.1 that correspond to the deeper waveguides have a smaller slope

than the curves corresponding to the shallower because a thicker initial layer has more

protons which take longer to diffuse, causing the corresponding absorption peak to shift

more slowly in wavelength. By the time the absorption peak of a deeper waveguide shifts

as much as the peak of a shallower waveguide, the deeper waveguide loses more protons

from the surface because protons evaporate from the surface at the same rate for shallow

and deep waveguides. This is why the calibration curves for deeper waveguides lie below

those for shallower waveguides.

Most of the shift in λav and the correlated increase of absorption area happens during

the first 30-60 hours of annealing at 328 ◦C for APE waveguides with depths optimised for

telecommunication wavelength conversion. This is the time necessary for most of the index

profile to enter the α-crystalline phase. The average peak position for APE waveguides is

usually in the range 2.860-2.862 µm, while for RPE waveguides it is around 2.865 µm. The

thick straight line in Fig.A.1 was used for calibration of all absorption measurements used

in the characterization of APE and RPE waveguides. It was chosen closer to the curve

corresponding to the shallowest calibration waveguide since the linear approximation was

to be used mostly for characterization of RPE waveguides. Their appropriate annealing

time in air at 328 ◦C is short (typically less than 10 hours), making the loss of protons

insignificant.
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List of acronyms

APE annealed proton-exchange

BA benzoic acid

CDMA code-division multiple access

CLN congruent lithium niobate

DFG difference-frequency generation

DM dilute melt

GRIIRA green-induced infrared absorption

IWKB inverse Wentzel-Kramers-Brillouin

LN lithium niobate

LT lithium tantalate; low-temperature

MgO: magnesium-oxide-doped

mid-IR middle infrared

OFM optical-frequency mixer

OPA optical parametric amplification

PE proton exchange

PRD photorefractive damage

QPM quasi-phasematching

RPE reverse proton-exchange

SA soft anneal

SCF space-charge field

SFG sum-frequency generation
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SHG second harmonic generation

SLN near-stoichiometric lithium niobate

SLT near-stoichiometric lithium tantalate

TSS top-seeded solution

VPE vapor-phase exchange

VTE vapor-transport equilibration

VTEMgLN vapor-transport equilibrated MgO-doped LiNbO3

WDM wavelength-division multiplexing
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