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Abstract

Quasi- phasematched (QPM) nonlinear optical frequency conversion is a powerful tool in
the development of new laser sources, by providing high conversion efficiency and large
flexibility in terms of output wavelengths.

QPM structures are preferably implemented in bulk crystals be periodic electric field
poling. Bulk crystal interactions are needed for high power generation. In this thesis,
methods for achieving periodic poling in materials from the KTP family are developed. A
novel technique for optical monitoring of the poling is also described. These materials
combine high nonlinearity with wide transmission range, good power handling capability,
and high damage thresholds. Their low coercive field also alows thick crystals to be
poled into large aperture QPM devices. On the other hand, the high and varying ionic
conductivity in these materials has been identified as important factor complicating the
poling process.

Periodically poled QPM structures have been fabricated in flux grown KTP, RTA and
RTP. Up to 3 mm thick crystals of RTA and KTP have been periodically poled, which
are the thickest periodically poled crystals ever reported.

The periodically poled crystals have been used in various types of type-I QPM frequency
conversion experiments, including both SHG (Second Harmonic Generation) and OPO
(Optical Parametric Oscillation). Continuous wave powers exceeding 700 mW in the
blue, over 65% conversion efficiency for pulsed generation of green light and up to 17 mJ
pulsesat 1.58 um have been obtained. The shortest wavelength generated is 390 nm
using a QPM period of 2.95 um. The possibility of obtaining type-11 QPM frequency
conversion has also been demonstrated.

Keywor ds: quas- phasematching, KTP, nonlinear optics, frequency conversion, periodic
electric field poling, ferroelectrics, lasers, optical parametric oscillators.



Preface

Most of the work comprised in this thesis was carried out at former Ingtitute of Optical
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with a grant from the Swedish Ingtitute.

Thisthesis consists of an introductory part, aiming at providing a theoretical and
technological background to the work, followed by reprints of the publications listed
below. Periodic poling and initial optical characterisation of all the crystals used in
these works were made by the author. Further optical experiments were carried out in
collaboration with KTH Physics-Optics. The publications a so include results from
collaborationswith Professor W. Sibbett’s, Professor R. Wallenstein's and Professor G.
Huber’s groups at St. Andrews University, Kaiserslautern University and Hamburg
University, respectively.
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1 | ntroduction —aims and motivation

Quasi-phasematched (QPM) nonlinear crystals are very attractive for use as frequency
convertersin laser devices due to their high nonlinearity and large flexibility in terms
of output wavelengths. Combined with diode-pumped solid-state lasers, such nonlinear
components allow development of compact and efficient lasers with output
wavelengths ranging from the UV to the near-to-mid infrared.

Targeted applications for such lasers emitting in the visible/lUV include fluorescent
spectroscopy in bio-medicine, devices for printing and image recording, laser display
systems and high-density optical storage. Laser radiation in the near-to mid IR is useful
for molecular spectroscopy, which can be used in LIDAR based environmental
monitoring, pollutant detection and process control. Other applications for infrared
radiation are tissue ablation in surgery and laser-induced marking. The desired
specifications on the lasers in those applications vary alot in terms of output power,
wavelength, bandwidth, pulse length, frequency stability, etc. Among other things, this
puts high requirements on the flexibility and efficiency of the nonlinear components.

In quasi- phasematched frequency conversion processes, the phase shift between the
interacting waves induced by the material dispersion is compensated for by an artificial
wave vector in the nonlinear material. This is achieved by introducing a periodic
modulation of the sign of the nonlinearity along the direction of propagation of the
light. It was through the rapid development of periodic electric field poling in LiINbOs,
that it first became feasible to obtain efficient QPM frequency conversion in bulk
devices'. A large number of reports on the use of Periodically Poled LiNbOs (PPLN) in
nonlinear-optical experiments have since then been published®*, and PPLN has
recently also become commercially available from two American companies.

However, certain inherent properties of PPLN limit the use of this material for short
wavelength generation and in high power devices. For those applications, materials
form the KTP family might provide an attractive aternative due to their high laser
damage threshold, low photorefractive sensitivity, and thermal stability”’. Moreover,
their low coercive field and highly anisotropic structure suggest that they can be poled
into large aperture QPM devices with short period gratings suitable for short
wavelength generatior?.

The aim of this project was therefore to study the possibility to fabricate QPM
structures in bulk materials from the KTP family by periodic electric field poling.
Critical material parameters should be identified and an accordingly adapted set-up for
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periodic poling should be developed. The quality of the fabricated QPM structures
should be evaluated both directly by inspection and indirectly by various nonlinear-
optical frequency conversion experiments. The latter should also aim at evaluating the
utility of periodically poled crystals from the KTP family in practical applications.



2 c®-nonlinear optics

2.1  Nonlinear polarisation and frequency conversion

The interaction between an electro-magnetic field and a dielectric material resultsin an
induced polarisation field in the material. Normally, the response of the materia is
linear, so that several electro-magnetic waves can penetrate and propagate through the
material without any interaction with each other. However, when illuminated with
sufficiently intense electro-magnetic fields, the induced polarisation will exhibit
nonlinear properties. That is, a series expansion of the polarisation will include higher
order terms of the electromagnetic field:

P=¢,(cPE+c@E*+cPE +..)=P_+P, (2.1-1)

,where P, =e,cVE isthe linear part of the polarisation and P, the nonlinear part. o

is the permittivity of free space. The value of the nonlinear susceptibility coefficients,
c®3) | decays rapidly with increasing order number. This work deals exclusively with

interactions based on the ¢® nonlinearity, which can be observed in non-centro-
symmetric crystals only.

An important consequence of nonlinear properties is that several electro-magnetic
waves of different frequencies can interact with each other in the material, under the
condition of energy conservation. In thisway, it is possible to obtain frequency
conversion. There are mainly two types of frequency conversion processes. The first
requires two input photons, which are added or subtracted into one photon of higher or
lower energy. This type of process includes second harmonic generation (SHG), sum
frequency generation (SFG) and difference frequency generation (DFG). The other
type of process, parametric down-conversion, which includes Optical Parametric
Oscillation (OPO), Amplification (OPA) and Generation (OPG), starts from one input
photon and results in two photons of lower energies. These two generated wavel engths
are referred to as signal and idler, of which the signd is the shortest. The different
types of possible frequency conversion processes are illustrated in fig. 2.1-1 below.
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Fig. 2.1-1 Frequency conversion processes in a c‘?-nonlinear medium.

The susceptibility coefficients, c(”, are tensors of rang (n+1). Thus, the components of

the nonlinear part of the polarisation field in the second order can be expressed as:

P = 4 ec,EE=6ad,EE (i=1,2,3) (2.1-2)

, Where E « are electric field components and where dij is usualy called the nonlinear
coefficient tensor. Since § and E¢ can be permuted without changing P, the dijx tensor
can be transformed into a 3x6-element matrix (i.e. dij=dix;) so that:
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The values of the nonlinearity vary over alarge range between different non-centro-
symmetric crystals. However, in 1964 Miller found empirically that thereis arelation
between the linear and nonlinear properties in a material that yields an index (the
Miller index), which remains almost constant for all materials’:

(2

Cijk)(' V‘éwl"‘é)
cPns).clf (w) e (ws)

ad = (2.1-4)



By introducing the nonlinear part of the polarisation as an extra term into the standard
wave equation (for waves propagating along X) it is possible to derive expressions for
the coupling between the interacting waves in a nonlinear process'?:

TE nfE s JE_ 1 T°R,
™ it ec® Mt ec® 1t°

(2.1-5)

n is here the index of refraction, c the speed of light in vacuum, and s =j/E the
conductivity of the material. If considering the first type of frequency conversion
process in fig. 2.1-1 and assuming two incident electro-magnetic fields at two different
frequencies of the form of plane waves:

E,(xt)= %[EL2 (x)e k) 1o

, solutions to the wave equation 2.1-5 above are obtained that include oscillating waves
at the third frequency, ws=wixw,. Utilising the approximation of slowly varying

d’E
dx?®
coupled differential equations for the spatial evolution of the field at each frequency
component can be derived:

electric field amplitude along the direction of propagation (

<< kE) aset of three
dx

dg; S £ Ciw

dx 2n,g,c ! 2n,c

dE, S, VW,

=- E, -

dx 2n,e,Cc 2n,c

dE s i 4
S=—2—F;- s deft ESE, €%

dx 2n;e,c 2n;c

degy EgEpe'™

s EgEp e '™ (2.1-6)

The effective nonlinear coefficient, dest, here is derived from the nonlinear matrix and
depends on the polarisation direction of the incident fields. The first terms to the right
are attenuation terms, which are often expressed in terms of an absorption coefficient:

Dk is the total wave vector mismatch and depends on the material dispersion,
N, =nW,):

Dk::'BVla_ nw, nw,
c c c

(2.1-7)
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The wave vector mismatch is, as shall be seen later, a key factor for the efficiency of a
nonlinear process.

Integrating the last equation in 2.1-6 over x gives the value of E; insde the crystal at a
distance, L, from the input plane (assuming the absorption to be negligible):

. iDkL ..
E3(L):—%d33E1E2Le 2 "”"%LE (2.1-8)

It should be noted that the expression above is valid for plane waves with perfect
transversal overlap of the different beams. In the case of several input beams asin SFG,
DFG and OPA it is motivated to introduce a linear dependence on the transversal
overlap integral of the interacting fields. From equation 2.1-8 the generated power, P,

al, :2pi can be obtain through 1, :%nmeocEmE:n and |, :%“,WhereA is the
3
cross-sectional beam spot area, as.

P (L)_ 2p2deszplpzl-2 S-mzaEDkLQ
3

= _ 2.1-9
nn,n,|l 2e,cA €2 5 (21:9)

Anillustrative example is provided in the case of SHG, also called frequency doubling,
where w, =w, =w = \% . Two input photons at the same fundamental frequency are

added up to generate radiation at the second harmonic frequency. With an input power
Pr at the fundamental wavelength, the generated second harmonic power is given by:

= 852desz2PF2L2 sing 28XLO
N:Ng, | F€,CA €2 o

Py, (L) (2.1-10)

2.2  Phasematching

It can be noted that the generated power depends on the square of the input power and
also on the square of the crystal length. The sinc? dependence of the generated power
puts a stringent requirement on the phase matching condition, Dk =0, for optimum
conversion efficiency, asillustrated in fig. 2.2-1. The variable of the sinc®-function is
obvioudly affected by the length of the crystal, but also by the wavelength of the
interacting waves and the temperature of the crystal through the dispersion relations.
This sinc?-curve is characteristic for most nonlinear frequency conversion processes,
and is frequently reproduced in various experiments.
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Fig. 2.2-1 Output power dependence on phasematching.

Due to material dispersion, n(l ), in eg. 2.1-7 the phasematching condition Dk=0 is
normally not fulfilled. The length, L, inside the crystal which yields a phase-mismatch
of p is called the coherence length. At this point, the second harmonic waves generated
in the subsequent crystal segment will start to interfere destructively with the waves
generated previously in the crystal'®.

_P -
L= (2.1-11)

For most configurations this coherence length is of the order of 1-100 um, which
severely limits the useful crystal length and, hence, the output power. One way to
obtain high conversion efficiency over longer crystal lengthsis to utilise anisotropic
materials' birefringent properties, which yields different dispersion relations for
different polarisation directions. With a suitable combination of wavelengths,
polarisations and propagation directions, a phasematched configuration can be obtained
for the nonlinear process. If the pair of input or output photons in the process have the
same polarisation the phasematching is of type-I, otherwise of type-II.

Two examples of birefringently phasematched SHG are illustrated in fig. 2.2-2 below,
where the refractive index at the fundamental wavelength for the ordinary wave equals
the refractive index at the second harmonic wavelength for the extraordinary wave. In
(@), where gm? (0°,90°), the phasematching is critical, while (b) is an example of non-
critical phasematching. In the case of critical phasematching the angle g, causes spatial
walk-off between the interacting waves, since the Poynting vectors are perpendicular to
the tangents of the refractive index ellipsoids at the crossing point. The walk-off angle
isexpressed as:
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.2

; :&ﬂog tan(g, ) (2.1-12)
N, g

This angle limits the useful interaction length in the crystal, which is a particularly
severe problem in the case of multiple-passes through the crystal with focused (mode-
matched) beams, like in intra-cavity SHG configurations or OPO’s. The maximum
interaction length becomest?:

= vedp (2.1-13)

r

, Where w, isthe beam radius.

ZA
P w ZA
Ne(2w) ) wPAW) A Kk, Pw),P(2w)
Ne(2W,0)
Ne, (2W,0)=ng(W)
Ng(W) :( nyw) :<
a) b)

Fig. 2.2-2 Critical (a) and non-critical (b) phasematching in a uniaxial birefringent
material.

The general disadvantage of birefringent phasematching is the dependence on inherent
material parameters. Only a certain pair of wavelengths can be phasematched for a
certain propagation direction and the range of wavelengths that can be generated from
one single material is limited. Moreover, the value of the effective nonlinear coefficient

depends on both the propagation direction and the polarisation directions that are used
in the interaction™.



Quasi-phasematching

3.1 Theoretical description

Quasi-phasematching (QPM) as a method for achieving efficient energy transfer
between interacting waves in a nonlinear process was first proposed by Armstrong et
al. in 1962%. In its most efficient and practical form this technique is based on a spatial
modulation of the nonlinear properties along the interaction path in the material. Such a
gpatial modulation can be obtained in ferroelectric crystals by periodically altering the
crystal orientation so that the effective nonlinearity alters between -d«s and +dess. The
interacting waves till propagate with different phase velocities, but when the
accumulated phase-mismatch reaches p, the sign of the driving nonlinear susceptibility
is also reversed so that the phase difference is “reset” to zero. This creates a step-wise
growth in the output power along the crystal length as can be seenin fig. 3.1-1.
Obvioudly, the highest conversion efficiency is obtained when the periodicity of the
modulation corresponds to 2L, which represents first-order QPM, but also higher-order
QPM gives continuos frequency conversion, but with lower effective nonlinearity.

Output power [a.u.]

Crystal length [2L ]

LT T

Fig. 3.1-1 Comparison of output power versus crystal length between (a) perfectly
phasematched, (b) first-order QPM, (c) third-order QPM and (d) non-phasematched
frequency conversion.
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The introduced periodic modulation of the nonlinear coefficient can be expressed by a
Fourier expansion of its spatial harmonics along the direction of propagation. This
results in the following substitution into eq. 2.1-6**:

8 2,0

dee (0P ® dr €] c, e Ll Dk (3.1-1)

e

,where L isthe period of the modulation and ¢, are the Fourier coefficients. Quasi-
phasematching is obtained when the period is chosen such that one of the spatial

harmonics imzL—px compensates for the phase-mismatch - iDkx:

-m2P ]
L=m® (3.1-2)

For first-order QPM in the KTP materials, L isof the order of 2-40 um depending on
the application. The shortest periods, 2-15 pum, are needed for SHG into the UV and
visible, while typical periods for OPO’s in the infra-red are 15-40 um. By assuming
dest(X) to be arectangular function with a duty-cycle of D=I/L, where | is the length of
a section over which the sign of the nonlinear coefficient remains constant (i.el=L/2
yields a duty-cycle of 50%), the Fourier coefficients can be written as:

Crm :mipsin(mn)) (3.1-3)

The value of m determines the order of QPM. Since the conversion efficiency in a
nonlinear process goes as dZ , one obtains a 1/nf dependence on the order of QPM.
Obvioudly, the largest value of ¢y, is2/p and is obtained for first-order QPM with a
duty-cycle of 50%. This factor 2/p explains the discrepancy between first-order QPM

and birefringent phasematching in fig 3.1-1. Consequently, the nonlinear coefficient in
a QPM process should be expressed as:

2
dngM :m_pdeff (3-1'4)

3.2  Featuresof QPM
The use of QPM configurations in nonlinear processes has a number of advantages

over conventiona birefringent phasematching. Most important is the possibility to
tailor the materia to phasematch arbitrary processes by simply choosing an appropriate

10



period of the modulation according to eg. 3.1-2. This allows generation of any desired
wavelengths within the transparency spectrum of the material. Moreover,
phasematching can be obtained using one single polarisation along one crystal axis for
al interacting waves. Thisyields a non-critical type-1 configuration, which eliminates
the problem of spatial walk-off (however, it will be shown later that also type-Il QPM
isfeasible). Nevertheless, even QPM crystals will suffer from atype of walk-off if
angle tuned. This is a wave vector walk-off rather than Poynting vector walk-off, and it
can aways be avoided by adjusting the crystal for propagation along the grating wave
vector. Hence, in QPM crystals, temperature tuning of the wavelength is more
preferred than angle tuning.

Furthermore, the use of one single polarisation together with the free choice of
propagation direction gives access to the diagonal elements of the nonlinear tensor.
Since, for most crystals, the dss coefficient is much larger than all other coefficients, a
conversion efficiency in a QPM process can be obtained that is substantially higher
than in the case of birefringent phasematching. This feature has, for instance,
contributed strongly to increasing the margin between gain threshold and damage
threshold in OPQO’s, and has thereby enabled the development of new types of diode-
pumped and singly resonant OPO’ ™28,

Moreover, the additional degree of freedom provided by the choice of period, can to
some extent give easier access to peculiar phasematching curves. Fig. 3.2-1(a) shows
the phasematched pair of signal/idler wavelengths versus pump wavelength in a QPM
down conversion process for different QPM periods. In principle, the gain bandwidth
of the process depends on how steep the curve s, so by atering the QPM period
different phasematching characteristics for a certain fixed signal or idler wavelength
can be achieved. At some point, the phasematching curves start to turn back on
themselves, yielding two pairs of signal/idler. QPM periods in this range give extra-
ordinary broad gain bandwidths, asillustrated in fig. 3.2-1(b). This implies that, with
appropriate choice of QPM period, coherent sources of excellent continuos tunability'®
could be devel oped.

1
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Fig. 3.2-1 (a) Phasematching characteristics (in KTP) for different QPM periods and
(b) corresponding gain bandwidths (for pump at 857, 893.5 and 940 nm respectively
for the QPM periods 30, 32 and 34 um). It can be noted that a very large bandwidth is
obtained for the 32 um period and that the 30 um period yields two pairs of
signal/idler.

Finally, by introducing more sophisticated QPM structures into the material, tailored
phasematching characteristics adapted to a wide range of new applications can be
obtained. For instance it is feasible to achieve spatial beam shaping of the output beam
by varying the conversion efficiency transversally across the interaction pattf°. Also,
incorporation of several gratings into one crystal can yield multi-wavelength generation
from one single crystal, either ssmultaneously (severa gratings along interaction path)
or by trandation of the crystal in the beam (several grating beside each other)™®. The
former leads to the interesting possibility of obtaining extra-ordinary high pump-to-



idler conversion efficiencies in OPO’s by introducing multiple gratings for subsequent
signal down conversion in the cavity?**.

Moreover, the phasematched spectrum can be broadened by introducing a chirped
grating. This can be used to optimise high power SHG devices by compensating for
non-uniform temperature distributions along the beam caused by successively
increased absorbed power of the generated second harmonic wave. Another application
is temporal compression of light pulses’®°. Compression is achieved by converting the
low frequency components of the incoming pulse in the beginning of the crystal and
the higher frequency components in the end. The group velocity dispersion in the
crystal will then bring the generated components closer together in the time domain.
Finally, two of those mentioned features can be combined to create a temporally
separated train of compressed pulses from one single chirped pulse®.

Fig. 3.2-2 shows an example of a gain curve from alinearly chirped QPM structure
together with a non-chirped. It can be noted that the spectrum from the chirped
structure is much broader, but also that the conversion efficiency is lowered.

i) 3

(@ L=9.0 pm

——————————

(b) L=8.95-9.05 um

Second harmonic output [a.u.]

Y s
N NL L - U YNt e e e o

1.061 1.062 1.063 1.064 1.065 1.066 1.067 1.068

Fundamental wavelength [um]

Fig. 3.2-2 Phasematching characteristics from (a) non-chirped QPM SHG compared
with (b) linearly chirped QPM SHG. The crystal length is 10 mm

In principle, the most interesting feature of QPM, besides the large nonlinearity, isits
flexibility, which suggests that only one or afew QPM materials should be enough to
cover alarge range of applications within a certain wavelength range. In this way, the
search and development of new nonlinear materials can to some extent be replaced
with the development of processes for fabrication of QPM structures.
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3. Quasi-phasematching
3.3 Influenceof defectsin the QPM structure

There are various types of defects that may appear in the QPM structure, each of which
affects the nonlinear conversion efficiency differently'*?+%. Most severe are those
defects that cause an accumulated phase error, such as a constant or randomly varying
period error. The acceptance in constant discrepancy from the correct period can be
expressed as.

1ad 0
P&l

d
- (3.3-1)

, Where L is the length of the crystal. For a period of 9.0 um and a length of 10 mm,
this yields an acceptance of 0.03%.

The most common defects in QPM structures fabricated by periodic poling are duty-
cycle errors and missing domains. Such defects do not accumulate the phase error
during propagation through the crystal and are thus less dramatic. A constant duty-
cycle error reduces the conversion efficiency in the form of a cos-function for afirst-
order interaction, but leaves the sinc>-feature of the spectral phasematching
characteristics intact. Also in the case of missing domains there is no accumulated
phase error. However, the effective interaction length is reduced and the sinc-curve
becomes distorted. The distortion depends on the position of the areas with missing
domains, but typically the side lobes grow in size and the width of the main peak is
reduced and can no longer be related to the effective interaction length in the crystal.
This matter is further outlined and discussed in paper |.

34  Implementation of QPM

The first practical demonstration of QPM was achieved by stacking thin plates of GaAs
that were successively rotated by 180° with respect to each other. Another early method
was to propagate light beams in a zig-zag configuration inside a nonlinear crystal and
utilise the phase shifts occurring at total internal reflection (TIR device). Despite
problems with optical losses, both these two methods have recently gained new
interest, the former in particular for bulk SHG of CO- lasers and for OPO devices
generating in the far-infrared® .

Other realised implementations of QPM in bulk devices include periodic modulation of
the sign of the nonlinearity in ferroelectrics during growt® and periodic poling of
ferroelectrics using an e-bean?>*. However, these methods often suffer from a
resulting random error in period.
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Shallow domain inverted QPM structures combined with waveguides have been
fabricated in both LiNbO3 and LiTaO3 using various diffusion techniques and heat
treatments® >4, Similar structures have been obtained in KTP by periodic in-diffusion
of Rb*/Ba**, which creates domain-inverted regions and a segmented waveguide at the
same time®3°. The use of lithography techniques for the QPM structure fabrication
eliminates the problem with random period errors. Moreover, the nice confinement of
the interacting beams in waveguide interactions provides good overlap and high
intensity over long interaction lengths, which yields conversion efficiencies that are
one to two orders of magnitude higher than for bulk interactions, where the optimum
overlap areas are determined by diffraction. More than 100 mW of blue light
generation with conversion efficiencies exceeding 500%/Wcnt have been achieved by
SHG of diode lasersin such waveguide QPM structures in KTP3®. However, several
problems including heating, optica damage and mode-coupling difficulties have so far
inhibited further up-scaling of the output powers, Furthermore, manufacturing of
efficient and stable QPM-waveguide devices puts though requirements on the
waveguide fabrication process and the optical in-coupling.

For high power devices it is necessary to use bulk interactions. The most efficient
method for fabrication of QPM structures in bulk crystals has turned out to be periodic
electric field poling of ferroelectric crystals®. The technique consists of applying
electric pulses of an amplitude exceeding the crystal’s coercive field to periodic
electrodes patterned on the c-faces of the crystal. The technique combines the
advantages of using lithography for the design of the gratings with the possibility to
form parallel domains through a bulk-like crystal thickness. Periodic poling in bulk
crystals was first demonstrated in LiNbO3 by Yamada et al. in 1993, and periodically
poled LiNbO3 (PPLN) has since then through a quick development by Webjorrf,
Myers®, Miller®® and others been turned into a mature nonlinear material for up to 1
mm crystal thickness. Asis shown in thiswork, periodic poling can aso be applied to
materials from the KTP family, and some advantageous properties make such QPM
crystals an interesting alternative to PPLN for certain applications.
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4. General properties of materials from the KTP family

4 General properties of materialsfrom the

KTP family

41 I ntroduction

KTP is a non-centro-symmetric crystalline material, which, since it was first developed
in the end of the 70:ies by Bierlein and Geir, has been widely used in various
nonlinear-optical applications, in particular in SHG and OPO devices based on
pumping with 1 um radiation from Nd lasers. Thisis due to a highly attractive
combination of material properties including large nonlinearity, high damage threshold,
large birefringent phasematching acceptance in angle and temperature, wide
transmission, and good thermal and mechanical stability’®. KTP and some of its
isomorphs are available from several vendors and are today frequently used in
commercial laser devices.

4.2  Structureand growth

The isomorphic KTP family compounds are characterised by the formula unit
MTiOXO,4, where M can be K, Rb or Csand X can be P or As. Available family
members are KTP, RTP, RTA, KTA and CTA. All these materials are orthorhombic
and belong to the acentric point group mmz2, with only dlightly different lattice
parameters. The structure is characterised by chains of TiOg octahedra, which are
linked at two corners and separated by XO,4 tetrahedra. Alternating long and short Ti-O
bonds occur along these chains, which result in a net z-directed polarisation and are the
major contribution to the materials' nonlinear and electro-optic coefficients. These
bonds are aso responsible for the ferroelectric properties of the materials. The M-ion is
weakly bonded to the Ti octahedra and the X tetrahedra. Channels exist in the crystal
lattice along the z-axis whereby M-ions can move through a vacancy mechanism with
diffusion constants several orders of magnitude larger than in the x-y plane.
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Fig. 4.2-1 Structure of KTP in x-y projection, which reveals the existence of channels
along the z-axis. Shaded elements are Ti octahedra, open elements are P tetrahedra
and open circlesare K ions.

Most members of the KTP family can be grown using a high temperature solution
growth process in which the material crystallises out of a molten self-flux composition
when cooled®“°. The flux growth operates at atmospheric pressure and can yield large
crystals. Self-flux means that the solvent contains no other elements than those of the
final crystalline material. The growth temperature is typically 850-950 °C, and the
growth time is about 5-8 weeks. In order to obtain uniform crystals free from growth
striations it is necessary to minimise temperature gradients in the flux, which requires
high levels of temperature control.
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(110)
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(100)

X (017)
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Fig. 4.2-2 Natural KTP crystal morphology”.
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4. General properties of materials from the KTP family

KTP can also be grown by the hydrothermal technique (Ht-KTP), in which the crystals
are grown at constant high pressure and lower temperature®. This technique yields
crystals of very good uniformity and optical quality. However, the process is more
complicated and takes longer time, thereby increasing the price and limiting the
availability of such crystals.

4.3  Ferro-electric properties

As mentioned earlier, the main contribution to the KTP material’s ferroelectric
propertiesis provided by the long and short Ti-O bonds in the crystal lattice. This
renders the KTP materials uniaxial ferroelectrics with a spontaneous polarisation along
the z-direction.

Fundamental for ferroelectrics is that the spontaneous polarisation exhibits a hysteresis
more or less symmetric around origo when plotted versus an applied external electric
field. The spontaneous polarisation sets up an internal depolarisation field in the crystal
and domain reversal is obtained if an external field exceeding this interna field is
applied. This critical field, where so-called electric field poling occurs, is called the
coercive field, E,. The spontaneous polarisation, P., can be defined by the amount of

charge, Q, it takes to reverse a single domain crystal of a certain area, A**:
Q = (J pordt = 2¥AXP; (4.2-1)

| oo 1S here the charge transfer current during poling. Measurements of P for KTP (Ht-

KTP) carried out in this work resulted in avalue of 0.14 C/nf. We have observed slight
variations in the value of the coercive field not only for the different isomorphs of KTP
but also within the same material, depending on supplier and quality. The variations
can probably be attributed to differences in vacancy, impurity and doping levels. For
the tested materials KTP, RTA and RTP the values ranges from 2.0-4.0 kV/mm, with
the smallest values in general for KTP and the largest for RTP.

In order for the crystals to be useful in practical nonlinear-optical or electro-optic
applications they should have a single-domain structure. It has been observed that the
phosphates within the KTP family are easier to grow single domain than the
Arsenates®®. However, through advanced growth methods it is possible to generate
single-domain crystals also for RTA and KTA. In the case of multi-domain formation,
the lattice structure of the materiasis such that domain walls parallel to the y-z plane
are most probable, since formation of those is energetically favourable®.
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The anisotropic structure of the crystal lattice results in a much higher domain wall
velocity for walls in the x-y plane than for walls in planes parallel to the z-axis. Thisis
afavourable feature since it limits domain broadening when fabricating periodically
poled structures along the z-axis.

Like al ferroelectric crystals the KTP materias are piezoelectric, meaning that the
spontaneous polarisation is sensitive to pressure. They also exhibit pyroelectric
properties, i.e. the spontaneous polarisation changes with temperature®.

4.4  Conductivity

The dielectric properties of the KTP materials are, like
for many other ion-covalent crystals, typical for ion
conductors***. The M-ions are loosely bound in the 0000 4 ins sy
lattice and can move in channel-like structures by a

hopping mechanism via vacancies. These channels

cause the dielectric properties to be strongly 1000
anisotropic with a conductivity along the z-axis

severa orders of magnitude larger than in the x-y v
plane. The ion hopping rate and, hence, the 100
conductivity, s , isthermally activated with an

activation energy, E.. This can be expressed by the

Arrhenius formula: 10
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, Where k is the Boltzmann constant and T is the Fig. 4.3-1 Frequency dependence
temperature. of the dielectric constants e,,

(similar to ,) and e,, in KTP*,
The dielectric constants follow the general Debye
form with e,, exhibiting strong low-frequency enhancement, which confirms the ion-
hopping mechanism involved in the conductivity.

Unlike most other material properties of these crystals, the conductivity varies strongly
between the different isomorphs. The larger Rb-ion has a much lower mobility in the
|attice than the K-ions, yielding a conductivity 3-4 orders of magnitude lower in RTP
and RTA than in KTP and KTA°. Moreover, the conductivity is very sensitive to
crystal growth and impurity levels. Hydrothermally grown KTP crystals have a very
low level of vacancies, probably due to lower growth temperature, and has therefore a
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4. General properties of materials from the KTP family

conductivity lower by several orders of magnitude than flux grown KTP. The
dependence on impurity levels tends to cause variations in conductivity even in crystals
from the same supplier.

45  Optical properties

Optical transmission characteristics for the KTP, RTA and RTP materials used in this
work are presented in fig. 4.4-1°. The transmission data are taken for propagation
along the x-axis with a z-directed polarisation. The characteristics were similar for
other polarisation directions but some differences were observed for different
propagation directions. However, the propagation direction in the optical applications
presented in thiswork is exclusively along the x-axis.

The absorption bands at 2.8 um most likely represent OH stretching bands, which
indicates that H,O has been incorporated in the lattice during growth. The decrease in
transmission in the infrared is due to molecular absorption bands (PO4, ASO4 and
TiOg). Obvioudly, the Arsenates have an extended transmission in the infrared, which
renders RTA the preferred materia for applications in the 3-5 pum spectral range. In fig.
4.4-1 RTA also has a somewhat shorter cut-off wavelength in the UV. For all materials
the residual absorption below 2 pm can be smaller than 1%/cm, athough enhanced
residual absorption has been observed for crystals with high impurity levels.

1.0

091 RTA

0.8 \

0.7 1 KTP
0.6 A i RTP

0.5

Transmission

0.4

0.3 |

0.2 |

0.1 1

0.0

Wavelength (um)

Fig. 4.4-1 Transmission characteristics for KTP, RTA and RTP used in thiswork. Data
are taken for propagation along the x-axis (10 mm crystal length for KTP and RTA,
11.2 mmfor RTP) and with linearly polarised light along the z-direction®®. The Fresnel
losses at the surfaces have not been compensated for in this plot.



There are several dispersion data for the KTP materials available in the literature, in the
form of Sellmeier equations*>*. They al have in common to be more or less
inaccurate in the infrared (>1um), where the refractive index curve is amost flat. This
isasevere problem, since it prevents correct prediction of suitable QPM periods in this
wavelength range. The problem has been particularly pronounced for KTP. However,
recently Fradkin et al. published a Sellmeier equation with an extra pole, which enables
prediction of QPM periodsin the infrared with decent accuracy®?. Table 4.4-1 shows
the dispersion data that most frequently have been used in this work. For QPM SHG
with both interacting waves below 1 um, these data gives an accuracy of better

than+ 0.5 nm in the fundamental wavelength that will be phasematched for a certain
QPM period.

B E
Sellmeier equation (I inum): N = A+ + -DXH?
1- %2 1- '%2

Crystal Index | A B C D E F

KTP <1 pm n, 2.25411 1.06543 0.05486 0.02140 0 0

Fan*’ 0 0
KTP>1pum n, 212725 1.18431 5.14852* 9.68956* 0.6603 100.00507
Fradkin®? 102 10°

RTA n, 2.18962 1.30103 0.22809 0.01390 0 0
Fenimore®

RTP? n, 2.77339 0.63961 0.08151 0.02237 0 0

Table 4.4-1 Selected dispersion data.

The following temperature dependence of the refractive index have been used for
calculations of temperature tuning characteristicsin KTP and RTA:

dn, _a b  c .
=—<+—+—+d (I inpm)
ar | I |
a b c d Thermal expansion coeff,
(* 106) * 106) (* 106) * 105) ai[ /oC]S,Paperlv
KTP 12.415 -44.414 59.129 (-12.101) 11*10°
Wiechmann®
RTA -76.34 257.19 -237.97 15.1%10°®
Karlsson™PeV

Table 4.4-2 Temperature dependence of the refractive index in KTP and RTA. The d-
coefficient is actually not needed for deriving tuning characteristics.
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4. General properties of materials from the KTP family

The coefficients for RTA were derived from OPO tuning characteristics in paper IV,
and should be valid in the 1-3 um range. No temperature tuning characteristics of RTP
have been studied in this work.

The crystal symmetry of the KTP materials results in the following nonlinear and
electro-optical matrices:

?O 0 30

. Q 0 0 I’23+

&0 O 0 0 ds 06 -

¢ F €0 0 rye
[d]=¢0 0 o0 dy 0 o [r]=g0 o
dyy dgy dsz O O 03 2 77

8 31 32 33 %} gr51 0 0 _

S0 0 0p

Nonlinear susceptibility @1064 nm [pm/V]®® | Electro-optic coefficient @ 633 nm [pm/V]>

dy dx dx dos dis 13 23 I33 l42 I51

25 4.4 16.9 7.6 6.1 9.5 15.7 36.6 9.3 7.3

Table 4.4-3 Nonlinear susceptibilities and electro-optic coefficients of KTP.

It should be noted that the values of those coefficients given in the literature vary
somewhat. The values are similar for al the isomorphs. Obviously, according to eq.

3.1-4,a (% >él6-%_6)2 =2-fold increase in conversion efficiency can be obtained by

attaining the ds3 coefficient in afirst-order QPM configuration compared with using da4
in a birefringently phasematched process.

4.6  Comparison of material properties between KTP materials and LiNbO3
KTPFlux | KTPHT | RTA RTP KTA LiNbO3

Conductivity 10°-10" | <10™ 10°-10° | ~10° >10° ~10"°

S33[Scm]|

Coercivefield 2.0-2.1 ~2.0 21-2.3 2.5-4.0 ~2.0 ~20.7

E [kV/mm for 1 mm]

Nonlinearity 16.9 ~16.9 15.8 17.1 16.2 27.0

dg [pm/V]

Transparency 0.35-4.3 0.35-4.3 0.35-5.3 0.35-4.3 0.35-5.3 0.35-5.5

[Hm]

Phase transition 946 946 792 872 1200

[°Cl

Table 4.5-1 Comparison of selected material parameters between the

KTP isomorphs and LiNbOs.




The most apparent advantage of using KTP materials for periodic poling instead of
LiNDbOs is the about ten times lower coercive field. While PPLN currently is limited by
the high coercive field to approximately 1 mm thickness, it feasible to periodically pole
severa millimetres thick samples of KTP materials into large aperture QPM devices
suitable for high power generatior®®"V. There have been some attempts to circumvent
the problem of limited thickness for PPLN by diffusion bonding several plates of PPLN
on the top of each other*®. However, thisis afairly complicated process and the final
device tends to suffer from losses and scattering at the interfaces. Moreover, the limited
domain broadening in the KTP materials due to their anisotropic lattice structure allows
fabrication of short grating periods needed for short wavelength generatiorf V!,

Other important features of the KTP materials are their high resistance to optical
damage and their low sengitivity to photorefractive effects (see further section 6.5). The
|latter forces PPLN to be operated at elevated temperatures (>100 °C)*°, while the KTP
materials can be kept at room temperature. Furthermore, the KTP materials are much
less sensitive to thermal loading than LiNbOs, which allows stable operation even at
high average power levels and increases tolerances to absorption. The therma
instabilitiesin PPLN have turned out to be a severe problem in high power
applications®®.

On the other hand, PPLN offers significantly higher nonlinearity (%)Q?) and has

better transmission in the infrared (somewhat better than RTA). Generation of >6 pum
radiation from short-pulsed OPO’ s based on PPLN has been reported®®™’ (this indicates
also that generation of wavelengths somewhat longer than the cut-off wavel engths for
the KTP materials given in table 4.5-1 above should be possible). Moreover,

fabrication of 0.5 pum thick PPLN with periods suitable for OPO applications in the
infrared is a very mature process.

By generaising, one can speculate that PPLN is most suitable for low threshold and
low-to-medium output power OPO devices in the infra-red, while PPKTP materias
would be more interesting for high power applications in the visible to the near-
infrared. Other interesting alternatives to LiNbO; for periodic poling are LiTaO3
(slightly lower coercive field, better resistance to photorefractive effects),
stoichiometric LiNbO3 (lower coercive field, possibly lower sensitivity to
photorefractive effects)®® and MgO:LiNbOs (lower coercive field, lower sensitivity to
photorefractive effects, higher damage threshold)®®. However, the two latter materials
suffer from lack of maturity as compared to LiNbOs.

Among the KTP isomorphs, Ht-K TP% 6 RTAPelIVVINGZ ang pTpPaetll 5onear most
attractive for periodic poling due to their lower conductivity. KTA, which has the
highest conductivity, was never studied in this work. Taking the transmission



4. General properties of materials from the KTP family

properties into consideration leaves RTA as the preferred choice of material for
applications in the infrared, while Ht-K TP is known to have the best optical properties
in the visible. The main reason for studying also flux grown KTP is the limited
availability of the other isomorphs and Ht-KTP. At the time of thiswork, RTA was
only available from one supplier, Crystal Associates, USA, and suffered from
variations in quality in terms of homogeneity and conductivity. Ht-KTP was merely
available from Litton Airtron, USA, but only in small sizes, and RTP was only
available as research samples from DuPont, USA. Instead, flux grown KTP was
commercially available in large size (>30 x 30 mm) wafers from several vendors in
Europe, USA and China. Also, flux grown KTP was by far the cheapest alternative
among the KTP materials (yet more than ten times more expensive than LiNbOs3). To
the largest extent, the KTP material used in this work comes from China.
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o Periodic poling of KTP materials

51 I ntroduction

Periodic electric field poling of ferroelectric materials consists of applying an electric
field exceeding the coercive field over periodic electrodes defined on the crystal
surface®. This creates a regular multi-domain structure in the material. The challenge
of fabricating high quality QPM structures in the material by electric field poling liesin
achieving few micrometers wide domains in crystals of several millimetresin
thickness. This put high demands on the poling process.

Periodic poling of LiNbO; has been studied in detail by Myers® and Miller*®, among
others. Their works show that the domain formation can be broken up into four distinct
regimes; nucleation, tip propagation, domain wall propagation and stabilisation.
Nucleation of microscopic domains occurs at electric fields exceeding the coercive
field, mainly at the crystal polar faces, but possibly aso in the bulk. The nucleation
density depends of course on the amplitude of the electric field, but also on the type of
electrode®®. The tips of the nucleated domains then propagate rapidly towards the
opposite face. Thereafter, the domain walls start to propagate in the x-y plane with a
velocity, that was found in LiNbO3 to depend on the applied field as the sum of two
exponentia functions®®:

V(E)=F(E-E)ve’ B +F(E-E)v,e’/ F (5.1-1)

E; and & are field constants, both below the coercive field, vi and v, are velocity
constants while d; and d, are dimensionless. This yields an exponentialy growing
function with a knee-like feature dightly above the coercive field in alogarithmic plot.
It was shown that optimum control of the domain wall propagation was obtained at
poling fields close to this knee.

The geometrical structure of the periodic electrode results in very high fringing fields
in the transversal field component close to the surface®®. In LiNbOs these fringing
fields cause significant domain broadening under the electrically insulated areas on the
surface, which reduces the quality of the resulting QPM structure. However, this
problem could be circumvented by defining electrodes with a duty-cycle smaller than
50 %, and utilising the fact that domain spreading under the insulator is at some point
inhibited by charges deposited by the depolarising field at the insulator-substrate
interface. In KTP materias it islikely that domain wall propagation in the x-y planeis
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5. Periodic poling of KTP materials

strongly limited by the anisotropic lattice structure. This would facilitate fabrication of
short period domain inverted structures of 50 % duty-cycle in thick crystals.

5.2  Influence of the conductivity

The high ionic conductivity was at an early stage identified as a key-factor that
provided the main difficulty associated with periodic poling of materials from the KTP
family. High ionic conductivity results in alarge current flow through the crystal when
the high voltage is applied.

We have observed high-voltage regimes (pulsed DC, liquid electrodes) where the
conductivity exhibits non- Ohmic behaviours with rapidly decreasing resistance when
the voltage is further increased. Non-Ohmic regimes have also been found for lower
voltages (DC mode, metal electrodes) in KTP, but with an increasing resistivity versus
voltage and time®*. This behaviour has been explained by an enrichment of K* ions at
the cathode, which reduces the number of vacancies and, hence, lowers the
conductivity in that area. The increasing conductivity at higher voltages that we have
observed is probably an avalanche effect caused by the ion migration, which leads to
dielectric breakdown in the crystal for sufficiently high voltages. For certain values of
the conductivity, dielectric breakdown occurs before the coercive field has been
reached and, hence, poling of such crystalsis inhibited. These problems were
frequently observed in flux grown KTP and aso in some wafers of RTA, but never in
RTP.
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Fig. 5.2-1 Nonlinear conductivity in KTP (the voltage was applied in 6 ms long pul ses).

It was found that the use of ametal film (Al, 1000-3000 A) as one of the electrodes
could decrease the conductivity with up to 4 times, as compared with using liquid
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electrodes on both sides (c*/c’). Similar effects were obtained whether the film was
applied on the ¢’-face or the ¢'-face, and no further decrease in conductivity was
obtained if metal films were applied on both sides. Obviously, the ion migration, both
into and out of the crystal, is partly blocked by a metal film. On the other hand, it has
been reported that in KTP some of the K™ ions may move out of the crystal and form
K0, which in contact with water vapour turns into KOH. The latter reacts with the
metal electrode and destroys it%.

Furthermore, we have found that the conductivity shows strong time dependence when
high fields are applied, with increasing conductivity versus time. The ion migration
also seems to cause thermal effects inside the crystal. The time scales varies with
applied DC voltage. This led us to use short voltage pulses in order to stabilise the
poling conditions. It was found that most materials exhibited a temporally stable
conductivity over time-scales of the order of afew ms when fields close to the coercive
fields were applied.

5.3  Poling set-up

The set-up that has been used for poling experiments in this work is quite smple. A
schematic illustration is given in fig. 5.3-1.

Voltage supply Switch Signal generator

o =

Fig. 5.3-1 Set-up for poling.
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5. Periodic poling of KTP materials

A DC voltage (<10 kV) is applied over the sample via a fast high voltage switch. The
switch is operated with TTL pulses (5 V) from asignal generator. This generates high
voltage pulses of arbitrary lengths, which are applied one by one by a manual trigger.
Typica pulse lengths used in this work are 1-20 ms. The rise time of the pulses is short
(<100 ps), while the fall time, which depends on R; and the sample size, is of the order
of 1-2 ms. The longer fall time has been chosen to prevent back-flipping of domains
after the voltage has been turned off. However, unlike in LiNbOs3, no tendencies of
back-flipping have been observed in the KTP materials, which indicates a high degree
of stability for the established domain walls.

The serial resistance R, provides a current control during poling (mainly for low-
conductive samples), and can be adjusted to the conductivity of the sample (~100 kW-1
MW)?. The current through the sample is measured over a small serial resistance, R;,
while the voltage over the sample is measured by voltage division between Ry and Rs
inaparallel circuit. Ry is chosen large in order for the voltage measurements to be
passive.

54  Preparation of the samples

The initial crystal wafers are z-cut with polished z-faces. Typical dimensions are 1-3
mm in thickness and 30x30 mm in the x-y plane (somewhat smaller for RTA). The
wafers are first evaluated in terms of domain structure. This is accomplished by a
piezo-electric mapping device. The results give an indication of the homogeneity of the
crystal. In case there are multi domain structures the wafers have to be single-domain
poled prior to patterning of periodic electrodes.

A set-up was also developed for mapping the conductivity over the wafer. Such
measurements give valuable information on how samples cut-out from different parts
of the wafer will behave during the poling process. The anode consists of an electrolyte
that covers uniformly the c*-face of the wafer while the cathode is a In-covered probe
that can be connected at arbitrary positions over the ¢ -face. The contact area of the
probe could be estimated by scanning the probe across an anode edge while measuring
the current. This confirms the strong anisotropy of the conductivity. The measurements
infig. 5.4-1, made in KTP, indicate a probe diameter of 1 mm. All conductivity
measurements are taken at 1.5 kV with 6 mslong pulses. The reason for the high
voltage is to enable comparison of the conductivity over the wafer and between
different wafers at close to poling conditions. The obtained current of 63 pA in fig. 5.4-
1 yields an absolute value of the conductivity of 5.3*10” S/cm (6 ms pulses gives an
equivalent frequency of ~170 Hz).
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Fig. 5.4-1 Estimation of the conductivity probe area by scanning the probe across an
electrode edge (KTP).

A typical map of the conductivity over a 15x15 mm wafer area is shown in fig. 5.4-2.
As can be seen, the conductivity variation is almost parabolic along the y-axis with a 2-
times difference between maximum and minimum. On the other hand, the conductivity
remains fairly constant along the x-axis. This feature could perhaps be related to the
temperature gradient during growth. The variation in conductivity is in general less
pronounced in RTA and RTP.
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Fig. 5.4-2 Conductivity variation in flux grown KTP (China).



5. Periodic poling of KTP materials

After evauation, the wafers are cut into samples, the end-faces of which are polished
for propagation along the x-axis. Typical sample dimensions are 5 mm wide (y-axis)
and 5-20 mm long (x-axis).

The samples are then cleaned and patterned with periodic electrodes on one of the polar
faces using standard lithographic methods. The photoresist layer has a thickness of 2
pm. Different types of electrode configurations were tested asillustrated in fig. 5.4-3.

a b c

/M [ @

|:| Crystal |:| Electrolyte (KCl)

[ Protoresist = Metal (Al)

Fig. 5.4-3 Electrode configurations used for periodic poling.

The different configurations were also applied to the two polar faces of the crystals.
Common for al configurations is that the photoresist is used as insulator. The
electrolyte is a nearly saturated solution of KCI. Al was chosen as the metal sinceit is
easlly removed and since tests with other metals (Ti) did not show any noticeable
differences in electric contact. It was difficult to unambiguously determine which
electrode configuration is most suitable, since variations in materia quality, even over
the same crystal wafer, seem to have stronger influence on the poling results than the
electrode configuration. Similarly was it difficult to distinguish any differencesin
terms of nucleation density and domain wall propagation features between placing the
periodic electrode onto the ¢* or onto the ¢ polar face.

However, some experiments indicate that the use of periodic metal electrodes, as
compared to liquid electrodes, reduces the observed regions of nonlinearly “dead”
material at the domain boundaries™®. This suggests that periodic metal electrodes might
be most appropriate, especially for short period gratings. The main difference between
(b) and (c) isthat the insulating layer of photoresist in (c), can be made thicker, since it
IS spun-on after the photolithography. On the other hand, this configuration needs an
additional processing step.



Furthermore, it was found experimentally that samples that had been poled once were
easier to pole back to their original orientation. Pre-poling of the samples before
patterning was therefore carried out in some experiments and seemed to have a positive
effect on the quality of the domain structure, in particular for thick samples.

55  Monitoring the poling

In order to obtain a controlled poling process that can give reproducible results, it is of
interest to be able to monitor the domain reversal in the crystal in some way. Thisis of
gpecia importance when working with materials from the KTP family, since their
intrinsic irregularities prevent prediction of proper poling parameters.

Since high ionic conductivity makes it difficult to control the domain reversal by
monitoring the poling current through the crystal, we have instead devel oped a method
based on the transverse electro-optic effect in the crystal. In this way, we can monitor
time-dependent changes in the polarisation-state of a He-Ne laser beam that propagates
through the crystal during poling. The He-Ne beam is linearly polarised 45° to the z-
and y-axis of the crystal, and is launched along the x-axis of the crystal, seefig. 5.5-1.

Oscilloscope
High voltage
[ ]
| ]
He-Ne laser 5 =71
+45 1 +45° Detector

Fig. 5.5-1 Set-up for monitoring the poling process utilising the electro-optic effect.

When an electric field is applied to the crystal along the z-axis, the output polarisation-
state of the He-Ne beam will be changed due to the electro-optic effect. Thisresultsin
atime-dependent variation of the polarisation state during the rise and fall time of the
electric pulse. During the rest of the pulse, when the voltage is constant, the
polarisation-state will be time-dependent only if the sign of the electro-optic
coefficientsis reversed, i.e. if the crystal is being poled. The change in polarisation-
state can be observed by measuring the intensity of the He-Ne beam through a
polarisation analyser orthogonal to the initial polarisation.
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5. Periodic poling of KTP materials

The intensity at the detector during the rise and fall time of the voltage pul se without
poling can be expressed as:

I u (- cosG) (5.5-1)

, where G is the time-dependent phase retardation between the y and z components of
the beam:

an’ 30

=2 EZLé—yrza B (5.5-2)
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a

E; is the applied electric field, ny and n are the refractive indices for the two
components, rp3 and r33 the electro-optic coefficients, | the wavelength of the He-Ne
laser and L the length of the crystal.

With this method we have been able to observe how the poling proceeds through
several distinct stages, characterised by different time constants. This confirms the
theory for the domain reversal that was outlined in the beginning of this chapter. Since
the electric field becomes homogenous in the crystal within a short distance from the
patterned electrode, one can assume that a 50 % duty-cycle of poled and non-poled
regions is obtained when the resulting electro-optic coefficient integrated over the
whole crystal length is zero.

A typical oscilloscope trace of the poling of a 1 mm thick and 20 mm long periodically
patterned KTP crystal isillustrated in fig. 5.5-2. The intensity modulation during rise
time is not resolved in the image.

o)1= 8,888V TRIG 1°0.1W
aV2+8.8% SREF 2 A

Fig. 5.5-2 Oscilloscope trace of optically monitored poling. The upper trace represents
the intensity modulation while the lower is the voltage pulse.
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The method has enabled controlled periodic poling of up to 3-mm thick samples of
RTA and KTP and up to 1-mm thick samples of RTP™"!!! (thicker RTP samples were
never tested), and with periods as short as 2.95 um (PPK TR)™e VIl

5.6  Poling of flux grown KTP

Flux grown KTP is highly conductive compared to RTA and RTP, and therefore more
difficult to pole periodically. Two possible ways of reducing the conductivity are
doping the material with divalent or trivalent ions during growtt?>®, or reducing the
temperature of the crystal to freeze the mobility of the ions. We have investigated Cr**-
, Sc*- and Ga?*-doped flux grown KTP and found that they exhibit up to two orders of
magnitude lower conductivity. Unfortunately, the dopants seem to “lock” the lattice,
which renders domain inversion impossible. On the other hand, Rosenman et al. have
demonstrated successful periodic poling of KTP and KTA at low temperatures®”°. A
drawback with poling at low temperatures is an increase in the coercive field®.

In this work we have instead investigated a method based on ion-exchange to
circumvent the problem of high conductivity. Immersing the KTP crystal in a bath of
100 % melted RbNOs, results, through the exchange of K and Rb ions, in alow-
conductive layer of RbyK1.xTIOPO, (Rb:KTP) at the two c-faces (x varies gradually
from 100 % at the surface to 0 in the bulk)”®"*. During poling of such crystals the
domains will first nucleate in the exchanged layers, where the field is much larger than
in the bulk due to voltage division between the low-conductive surface layer and the
high-conductive bulk. The lower field in the bulk is however till sufficient to drive the
established domains along the z-direction towards the opposite side. We have found
that fields of less than 1 kV/mm are enough to drive domains through the bulk. By
applying a uniform metal film on one side before the exchange process, one can force
the nucleation to start exclusively at one side of the crystal and thereby limit the
domain propagation to one single direction.
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Fig. 5.6-1 lon-exchange process for poling of flux grown KTP.

The induced Rb depth profile has been found to fit the complementary error functiorr:

C:erfcge z 9
e2\/Dt g

C isthe Rb concentration, z the depth in the
crystal and t the time. The diffusion constant
depends strongly on the exchange temperature
and the vacancy concentration in the actual
material. At temperatures around 350 °C we
obtained Rb-layer depths (1/e) of 2-5 um in the
KTP material for exchange times of 3-8 hours.
The depths were estimated from frequency
dependent impedance measurements’2. Such
exchanged crystals of 1 mm in thickness
exhibited a reduction of the total conductivity of
up to 50 %, which indicates that there is a more
than two orders of magnitude large differencein
conductivity between the exchanged layer and the
bulk. As opposed to ion-exchange with Rb*/Ba®*,
we never observed any domain reversal on
neither ¢" nor ¢ caused by the ion-exchange itself.
lon-exchange with 100% Rb" is also much slower

than for melts with even very small amounts of Ba*

incorporated.
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Fig. 5.6-2 Exemple of induced
Rb depth profile measured
using an electron microprobe’.



Interestingly, the ion-exchange also seems to have an equalising effect on the
conductivity properties over the crystal wafer. If for smplicity it is assumed that the
diffusion scales linearly with the original crystal conductivity at a certain point on the
wafer, it turns out that the variation in total conductivity (bulk plus ion-exchanged
layers) over the wafer after the exchange process is considerably reduced. Thisis
illustrated in fig. 5.6-2. Moreover, it appears that for variations in conductivity similar
to what we have measured in virgin wafers, a maximum decrease in variation is
obtained when the absolute conductivity (at maximum) is reduced with about 30-40 %.
This effect might have an advantageous influence on the quality of the domain
structures, by contributing to making the poling more homogenous.
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Fig. 5.6-2 Variation (max - min) in E-field (in Rb-layer) and in total conductivity
ver sus ion-exchange time in terms of remaining total conductivity (max conductivity
before exchange divided by max conductivity after exchange) over a KTP wafer which
originally had a conductivity variation of 5*107-1* 10°® Scm.

The ion-exchange method described here was applied to all poling of flux grown KTP
in this work and enabled fabrication of up to 3-mm thick PPKTP crystals (thicker
crystals were never investigated).

5.7 Evaluation of domains

It has been found that the domain structures in the crystals can be revealed after poling
by selective etching techniques™. This can give valuable information about the quality
of the introduced QPM structure. In this work, we have used a 2:1 mole ratio water
solution of KOH and KNOs™ at about 80 °C, which selectively attacks the ¢'-face of
the crystal. The same solution has been used for KTP as well as RTA and etching times
varies between 5-20 mirf eV,



5. Periodic poling of KTP materials

Fig. 5.7-1 is a microphotograph of a 1 mm thick periodically poled KTP sample with a
period of 5.53 um (for first-order SHG into the blue). Fig. 5.7-1(a) shows the c'-face,
which was patterned with a periodic electrode, while fig. 5.7-1(b) is the uniformly
patterned ¢*-face. As can be seen, the domain structure is of good quality with close to
50 % duty-cycle on the cface, and most of the domains have propagated without
significant broadening to the c*-face.

From such etching evaluation, we have noted that domain broadening is strongly
limited in the KTP materials. On the other hand, there is often a problem with missing
domains over certain areas in the x-y plane. This can, among other things, probably be
attributed to crystal inhomogeneities, which cause the poling conditions to be non-
uniform over the sample.

@ (b)

Fig. 5.7-1 Domain structuresin KTP revealed by selective etching on (a) c'-face
(periodically patterned) and on (b) ¢ -face (uniformly patterned).



6 Optical applications of PPKTP materials

6.1 Continuos wave SHG

SHG isthe most straightforward type of optical experiment with QPM crystals. The
fundamental beam from the pump source is focused into the QPM crystal, which is
preferably mounted on a trandation stage with a thermo-electric control. For type-|
QPM processes, the pump beam should be linearly polarised along the crystal z-
direction. The SH signal can be separated from the pump by afilter before being
detected with a power meter.

Pump

QPM crystal

Polarizer Lens Filter PM

Fig. 6.1-1 Set-up for single-pass SHG.

The quality of the pump beam and the focusing conditions are critical for the
conversion efficiency. Optimal focusing of gaussian beams is obtained (to a good

approximation) when the beam diameter at the entrance and exit of the crystal is V2
times the beam waist inside the crystal™°. This is confocal focusing. Through
gaussian optics, confocal focusing imposes that the beam waist inside the crystal
should be:

L
2 _ 6.1-1
W; (6.1-1)

, Where| isthe pump wavelength, L isthe crystal length and n the refractive index of
the crystal at given pump wavelength. Inserting pw;? as the overlap areainto eqg. 2.1-10

and adding a factor of 2 for taking into account a multimode pump’® results in the
following expression for the optimum conversion efficiency for QPM SHG of non-
depleted gaussian beams:

Py __128d3RL _ abkLo

g =
d
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(6.1-2)
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6. Optical applications of PPKTP materials

The effective nonlinear coefficient, de, has here been replaced with the characteristic

nonlinearity for type-l QPM interactions, d, = mipd%’ where m is the order of QPM.
A calculation shows that normalised conversion efficiencies of about 1%/Wcm should
be possible to attain with QPM crystals of perfect quality from KTP materials (for

generation in the visible/lUV).

For improved optical-to-optical efficiency it is of interest to make cw SHG in an intra-
cavity configuration, which has the advantage of utilising the high intensity of the
circulating pump field. In this way, we have been able to obtain over 700 mW of cw
blue light by SHG in PPKTP with atotal optical-to-optical efficiency exceeding
5% V! An aternative way of attaining higher conversion efficiencies is to place the
nonlinear crystal in an external cavity’’.

The effective length of the QPM grating in the crystals can be estimated by measuring
the width of the phasematching peak. The phasematching characteristics can
conveniently be reproduced experimentally by tuning the pump wavelength or the
crystal temperature, yielding the acceptance bandwidths DI or DT. The grating length
can then be derived using*:

_ 04429, éng, - n, Jne  19ng, ul

DI
L & 1. . 246

(6.1-3)
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DT (6.1-4)

In eg. 6.1-4, a isthe thermal expansion coefficient of the material. It should be pointed
out that loose focusing conditions are needed in order to obtain non-distorted
phasematching characteristics.

The simplicity of single-pass SHG makes this experiment a useful tool for evaluating
the quality of the fabricated QPM structures, especially if the pump source is a tuneable
laser. With a Ti:Sapphire laser (continuously tuneable from ~750-1000 nm) it is
possible to characterise not only QPM crystals meant for SHG to the visible, but also
crystals for other applications (with longer grating periods) by detecting the SH signals
from higher-order QPM. An example of thisis shown in fig. 6.1-2. Three
phasematching peaks corresponding to 7:th, 8:th and 9:th order QPM SHG were
obtained from a PPKTP sample with a period of 31 um by scanning the Ti:Sapphire
laser over 810-870 nm !, The corresponding first-order periods are 31/7=4.42 pm



(7:th-order), 31/8=3.87 um (8:th-order) and 31/9=3.44 um. A close-up of the 7:th-order
peak shows that it resembles the typical sinc?-like phasematching characteristics.
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Fig. 6.1-2 Higher-order QPM SHG in PPKTP with a period of 31 pum.

However, it should be noted that the SH power generated in alaminar QPM structure
(at phasematching) is determined by’®:

Pou—2 gne§nP@  dd 6.1-5
SH H zmz én L g4 Z&i F ( )

, Where L isthe QPM period and d is the discrepancy in | (see section 3.1) from L /2
(the expression is derived by calculating the Fourier coefficient for alaminar structure).
From thisit follows that the conversion efficiency for higher-order QPM is very
sensitive to small deviations in duty-cycle. A calculation shows, for example, that a
deviation of lessthan 5 % in d allows the 8:th-order peak to appear with a peak power
of the same magnitude as the 7:th-order peak (all even-order peaks are 0 for d=50 %).

By trandating the QPM crystal transversally (in the y-z plane) with respect to the pump
beam while detecting the SH power, one can obtain important information about the
homogeneity of the QPM structures over the available aperture (if the pump diameter is
considerably smaller than the crystal aperture). Fig. 6.1-3 shows a 2-dimensional plot
of the 6:th-order SH output from a 3 mm thick and 9 mm long PPKTP crystal with a
period of 37.8 um. The pump wavelength was 955 nm and the pump diameter was ~50
pum. The small variation in the signal indicates a good homogeneity of the QPM grating
over the whole aperture. The sample was later used in a nano-second OPO pumped
with alarge 1064 nm beam (~2 mm in diameter), which generated up to 11 mJ pulses
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at asignal wavelength of 1.72 um (the signal output energy was limited by available
pump energy, 28 mJ).
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Fig. 6.1-3 6:th-order SH power across the aperture of a 3 mmthick PPKTP crystal.

6.2 Pulsed SHG

SHG of pulsed lasers gives significantly larger conversion efficiencies, due to higher
fundamental peak intensities. In paper V we demonstrated for instance conversion
efficiencies exceeding 65 % for SHG into the green from nano-second pulses at 1064
nm from aNd:YAG laser. In this case, it is necessary to take pump depletion into
account in the calculations of the conversion efficiency, yielding (for Dk=0)°:

h, =2 = tanh 2[(h'nd )/Vz] (6.2-1)

;U||§€'UI

, where P,, and P. are the second-harmonic and fundamental average power
respectively. For pulses with Gaussian temporal shape the relation between h' , and

h,, isthefollowing’™:

> =/2U
h'nd:hnd%élﬂgv l’Ji (6.2-2)
ée P o étf

, Wheret isthe full width half maximum (FWHM) pulse duration and f is the pulse
repetition rate.



Pump depletion saturates the increase in conversion efficiency at high power levels. In
practical applications, especialy for SHG into the visible, the conversion efficiency is
also limited by the enhanced residua absorption of the second-harmonic wave inside
the nonlinear crystal. Thisimplies that the length of the crystal has to be optimised for
maximum output (i.e. a shorter crystal can give better conversion efficiency than a
longer one).

For ultra-short pulses, i.e. shorter than picoseconds, the group-velocity dispersion in the
crystal starts to play an important role in the nonlinear process. Tempora walk-off
between the fundamental and the second-harmonic wave induces a group velocity

mismatch, Du *, which limits the effective interaction length, L, in the crystal®®:

L QDu'1|DwF )’1 (6.2-3)

, Where Dwk is the spectral width of the fundamental pulse (for transform-limited

fundamental pulses with aduration of tf, one has: t (Dwg~1). The group-velocity
mismatch can be expressed as®°;

g, fin- ©

-1 = 6.2-4
TR T (6.2-4)
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Furthermore, the group-velocity dispersion causes temporal broadening of the
fundamental and second-harmonic pulses.

6.3  Optical Parametric Oscillators (OPQO’s)

The down conversion processes described in section 2.1 are normally very weak
compared to SHG, SFG and DFG, since there are no input photons at the signal or
idler. However, by resonating one or several of the interacting beams, an Optical
Parametric Oscillator is obtained, an efficient device somewhat similar to alaser with a
gain medium, resonator conditions and oscillation threshold**®. Depending on the
number of resonated waves, the devices are named single-resonant OPO (SRO),
double-resonant OPO (DRO)?? or triple-resonant OPO (TRO)®3.
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Fig. 6.3-1 Schematic illustration of a linear cavity OPO.

The signa and idler beams start up from noise and are amplified during the round-trips
in the cavity. Threshold is reached when the gain equals the cavity losses. Considerably
lower thresholds can be achieved in DRO’s and TRO’s, but those suffer from high
sensitivity to perturbations and limited continuos wavelength tuning for single-
longitudinal mode devices, which make necessary the use of dual cavities. Therefore,
SRO’s are most useful in practical applications. The total optical-to-optical conversion
efficiency can be considerably increased for SRO’s by employing intra-cavity
configurations®*.
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o2 represent here the total round-trip losses in the cavity. By applying the Manley-
Rowe relations, i.e.
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, where G? = gg" . Oscillation threshold is reached when the gain equals the round-trip
losses in the cavity. The pump intensity thresholds for DRO’s and SRO’ s become:

3
DRO: g.g, =G2p | =SCNN% GG 6.3-44
9,9, 3 2w, 202 ( )
3
SRO: A(L)=A(O)p |1 =SC ML 2G (63-4b)

2 12
W1W2 d eff L

L is here the crystal length and G, are the round-trip losses expressed as
G, =- In[F\’1m R,,(1- bm)], where R om are the reflection coefficients of the cavity

mirrors at each wavelength. b, comprises al other losses inside the cavity (assuming
no absorption).

An analytic expression for the SRO threshold of a pulsed OPO with a Gaussian
temporal profile was derived by Brosnan and Byers (assuming no walk-off)**:
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, With kK =————— and g, =————, wherer , are the Gaussian mode radii of the
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beams. L. is the optical cavity length and t is the pulse length.

The significant advantage of using QPM in OPO’ s depends on the type of OPO. For cw
OPO’s, where mode-matching and high gain is of critical importance, both the non-
critical phasematching schemes and the high nonlinearity provided by QPM are
advantageous. In pulsed OPO'’s, where the gain is much higher due to increased peak
intensities, the high nonlinearity is not so critical. Nevertheless, femto-second®4?,
pico-second"OPPEVIIl and high repetition-rate nano-second OPO’ 26, which are most
often mode-matched, benefit strongly from non-critical phasematching. QPM therefore
contributes to increasing the flexibility of such OPO’s systems in terms of operation
wavelengths and tunability. Moreover, it has been proven that the use of one single
polarisation in combination with high nonlinearity in QPM OPO’ s enable generation of
wavelengths further out in the IR than in the case of conventional OPO’'s*®°’. Inthe
case of low-repetition rate nano-second OPO’s*’, which do not normally require neither
high gain nor mode-matched cavities, it is of more importance that the nonlinear crystal
provides good energy handling capability and large apertures.
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A variety of OPO’s, based on PPRTA and PPKTP, have been realised in this work,
including both pulsed OPO’s (nano-second - high/low-rep.rate’®*"V| pico-
second™P*V!!"" and femto-second®t) and cw OPO’ $*2. Significant for these OPO’s was
the capability of performing stable operation at room temperature, even at high power
or energy levels. However, it was observed from OPO experiments that most of the
available Sellmeier equations are not accurate enough above 1 pum to allow correct
prediction of the QPM period in the IR, seefig. 6.3-1.

OPO output wavelengths (um)
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Fig. 6.3-1 Examples of OPO’s based on (a) PPRTAP**V!! (5s OPO, | =30 pm) and (b)
PPKTP (cw OPO, | =27.5 um) illustrating the discrepancies between experimentally
obtained wavelengths and predictions from Sellmeier data. The Sellmeier data used in
(a) isfrom Fenimore, and the curves in (b) correspond to (1) Fradkin®?, (2) Dyakov™®
and (3) Kato™.



64  Typell QPM

During SHG experiments using a Ti:Sapphire laser as a pump, it was discovered that
for acertain QPM period it was possible to obtain an additional phasematching peak at
a different wavelength by turning the linear pump polarisation with respect to the
crystal axes. The measurements indicated that the additional phasematching peak
corresponded to atype-I1 QPM process in which the z- and y-components of the pump
beam are coupled via the dy4 tensor element (the possibility to obtain type Il QPM was
not known to the author before this, but it turned out later that the phenomenon had
been discussed earlier®®). The phasematched wavelength is then given by:

rriF

= 6.4-1
2nY, - nf - n/ (64-1)

Obviousdly, periodic reversal of the spontaneous polarisation along the z-axis had given
rise to a spatial modulation not only of the ds3 coefficient but also of the dy4 coefficient.
The reason for thisis not clear. Crystallographicaly, it is reasonable to believe that the
crystal axis symmetry remains constant during poling, i.e. reversal of the z-axis
imposes reversal of either the y- or the x-axis. A number of crystals were examined,
and they all exhibited type-Il phasematching characteristics, indicating that the y-axis
is always reversed along with the z-axis. However, further investigations of these
observations are motivated.

Nevertheless, type-11 QPM processes can be interesting for severa reasons. First, short
wavelength generation can be achieved using much longer QPM periods than in the
case of type-| processes, since the crystal’s birefringence is utilised, see fig. 6.4-171%,
This relieves somewhat the constraints on the fabrication process for short period
structures. Second, the wavelength acceptance is wider in type-Il processes, which
might be an advantage in short pulse SHG. Finally, in some OPO applications it might
be useful to obtain the output signal and idler beams in orthogonal polarisation
directions. However, it should not be forgotten that the dy4 coefficient is significantly
smaller than the ds3 coefficient, which reduces the conversion efficiency of the process.
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Fig. 6.4-1 Comparison of required QPM period for SHG between
type-I and type-11 processesin PPKTP.

6.5 Damage

Optically induced damage in the crystals puts fundamental limitations on their
performance in practical applications. Damage thresholds depend strongly on several
parameters such as average intensity, pulse peak intensity, pulse energy, pulse length,
wavelength and absorption. This makes studies of optical damage fairly complicated,
and it is more or less impossible to determine any general values of a materia’s
damage thresholds. A number of different distinct types of damage have been
identified:

1. Photorefractive damage®®: This effect is caused by optically excited free chargesin
the crystal, which diffuse in the electro-magnetic field of the light beam. They get
trapped outside the beam and set up an internal field, which distorts the beam via
the electro-optic effect. Photorefractive damage can often be annealed at el evated
temperatures™. It has also been shown that a QPM structure in the crystal
considerably reduces the effects of photorefractive damage due to charge
neutralisation between adjacent domains and decreased average electro-optic beam
deflectior™. Nevertheless, photorefractive damage is indeed a limiting factor when
trying to use PPLN for high power and short wavelength generation applications.
The KTP materials, on the other hand, are known to have several orders of
magnitude higher resistance to photorefractive damage than LiNbOs. A suggested
reason for thisis their higher conductivity.



2. Gray-tracks: It has been observed that high intensities, especially at short
wavelengths, may give rise to formation of gray tracks along the light bean* 2.
Those tracks are due to a dramatic increase of the absorption in the visible, which
has been attributed to the presence of excited colour centresin the crystal in the
form of Ti**. The formation of gray-tracks depends both on the intensity and the
wavelength of the exposing beam. It has also been argued that there are different
mechanisms involved with different time constants™. Large differencesin
sengitivity to gray-track formation have been observed between different material
qualities, and are probably related to differences in impurity level and conductivity.
For instance, hydrothermal KTP and high-conductive flux grown KTP seem to be
much more resistant to gray-track formation than other KTP qualities. Gray-tracks
can, like photorefractive effects, to some extent be avoided by thermal annealing.

3. Material breakdown: At some intensity levels, the optically induced strain leads to
permanent collapse of the material**. Such damage is probably initiated by
temperature increases due to absorption. Damage can occur both at the crystal
surfaces due to surface effects and crystal structure defects close to the surface
induced by the polishing, or in the bulk due to crystal imperfections and self-
focusing. The higher residual absorption and the possible creation of colour centres
due to multi-photon absorption for shorter wavelengths make the damage
thresholds considerably lower for visible light. In experiments with green light
generation by SHG of 1064 nm, we have observed higher damage threshold for
PPKTP than for bulk KTP. The reason for this might be that the residual absorption
islower for the use of one single polarisation, or that the materials originated from
different suppliers.

Table 6.5-1 below is meant to give a summary of the collected experience regarding
damage thresholds, or rather absence of damage, in PPKTP and PPRTA taken from
various optical experiments. The values given are the maximum intensity levels that
have been launched into or generated inside the crystals, limited either by available

power or by damage:
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6. Optical applications of PPKTP materials

Material Wavelength Pulsetime Average Peak intensity Type of

[nm] intensity [MW/cn?] Damage
[kW/cm?]

PPKTP 1064+ 220 ns 18.7+ 71+ Break-down
532 234 89

PPKTP 1064+ cw 305 - None
532 10.0

PPKTP 1053+ 150 ns 36.7+ 24.5 Breakdown
526.5 29.8 199

PPKTP 946+ cw 157+ - None
473 20

PPKTP 780+ 100fs 15.2+ 3000+ None
390 0.2 126

PPKTP 1064+ 5ns 0.090+ 900+ None
1800 0.020 205

PPRTA 1064+ 20ns - 103+ None
1580 27

PPRTA 850+ 1.5ps 198+ 1630+ None
1070 38,5 317

Table 6.5-1 Maximum intensity levels used in optical experiments with
PPKTP and PPRTA.




/ Description of included papers

Paper |: Frequency doubling in periodically poled RbTiOASO,

Periodic poling of RTA is demonstrated for the first time. A 3-mm long and 1-mm
thick sample was patterned with a4.2-um photoresist grating using standard
photolithography and poled at 2.5 kV/mm. The sample was used to obtain first-order
SHG from a Ti:Sapphire laser tuned at 873 nm. An output power of 270 uW at 436.5
nm was obtained for an IR input of 490 mW, yielding a conversion efficiency of 5.5 x
10™*. The influence of missing domains in the QPM structure on the phasematching
characteristics was studied.

Paper 11: Electric field poling of flux grown KTiOPO4

A method for poling of flux grown KTP with high ionic conductivity is developed. lon-
exchange with Rb ions creates low-conductive layers at the surfaces, were nucleation is
initiated when a high voltage is applied. Samples were poled at about 2 kV/mm and
effective dsz coefficients as high as 16.9 pm/V were presented. First-order frequency
doubling of aNd:Y AG was achieved in a 1-mm thick PPKTP sample at room
temperature with a period of 9.01. Higher-order SHG was obtained from a 31-um
structure using a tuneable Ti:Sapphire. The sensitivity of the conversion efficiency to
variations in duty-cycle for higher-order QPM was discussed.

Paper 111: Periodic poling of RbTiOPO,4 for quasi-phase matched blue light
gener ation

RTP isintroduced for the first time as an interesting candidate for periodic poling due
to its low conductivity. A novel method for monitoring the poling process based on the
electro-optic effect is described. This method enabled fabrication of QPM structures
with good homogeneity through the whole sample thickness. Poling of 1-mm thick
samples occurred at 3.9 kV/mm. Blue light generation was obtained by frequency
doubling Ti:Sapphire laser radiation at 984 nm inside a PPRTP sample with a period of
6.63 um. SHG experiments were also carried out with a InGaAs diode laser.

Paper 1V: Nanosecond optical parametric oscillator based on large-aperture
periodically poled RbTiIOASO,

A 3-mm thick sample of RTA, patterned with a period of 40.2 um was poled at 5.3
kV/mm. This is the thickest periodically poled crystal that has ever been demonstrated.



7. Description of included papers

The PPRTA crystal was evaluated in two different nssOPO’s pumped by Nd:YAG
lasers. The first was a high repetition rate (1kHz, 5 ns) OPO with very good beam
quality, which was used to study the nonlinearity and homogeneity of the PPRTA
crystal. The results indicated an effective ds3 coefficient well above 10 pm/V over the
whole aperture (3x3 mm). This large aperture was utilised in the second OPO (10 Hz,
20 ns) to produce up to 17 mJ of signal pulse energy at 1.58 um.

Paper V: Efficient Nd:YAG laser frequency doubling with periodically poled KTP

Detailed measurements on green light generation in 1-mm thick PPKTP were carried
out. Continuous wave as well as pulsed frequency doubling was investigated. A
maximum conversion efficiency of 66% was obtained for ns pulses. Saturation effects
due to absorption and thermal heating were studied. The reproducibility of the poling
process was estimated by comparing several equally processed samples. The QPM
crystals were also compared with conventional type-11 frequency doublers, and were
found to be about two times more efficient.

Paper VI: Generation of 740 mW of blue light by intra-cavity frequency doubling
with a first-order quasi-phase-matched KTiOPO4 crystal.

The high power of the circulating field at 946 nm inside a diode-pumped quasi-three
level Nd:YAG laser was used to produce up to 740 mW of cw blue light from a PPKTP
crystal. The PPKTP crystal was 1 mm thick and 9 mm long and had a grating period of
6.09 um. The blue output was stable up to 500 mW. Above this level thermal lensing
and possibly photorefractive effects caused fluctuations in the laser behaviour. Slight
cooling of the crystal was needed to compensate for the absorption-induced heating at
the highest pump levels. Neither gray-tracks nor permanent damage of the crystal
occurred during the experiments.

Paper VII: Ultraviolet generation by first-order frequency doublingin
periodically poled KTiOPO4

A domain-inverted period of as short as 2.95 pm in a 9-mm long and 1-mm thick KTP
crystal was used for first-order QPM SHG into the UV at 390 nm. A normalised
conversion efficiency of 1.1%/Wcm was achieved in cw mode. The influence of group-
velocity walk-off and pump bandwidth on the conversion efficiency for SHG of ultra-
short pulses was studied.



Paper VIII: Near-to mid-infrared picosecond optical parametric oscillator based
on periodically poled RbTiOASO,

A 5-mm long sample of PPRTA with a period of 30 um was used as nonlinear medium
in a synchronously pumped ps-OPO. The pump source was a self-mode-locked
Ti:Sapphire laser, and pump tuning enabled continuous tuning of the output in the
range of 3.35-5 um. Tota output average powers of 400 mW in ~1 ps pulses were
obtained at 33% extraction efficiency. The OPO was operated at room temperature and
no sign of photorefractive damage was observed in the PPRTA crystal.

Paper | X: First-order type Il quasi-phase-matched UV generation in periodically
poled KTP

A type Il quasi-phasematched configuration was studied for the first time. Radiation at
398.8 nm was obtained by frequency doubling a Ti:Sapphire laser in a 8.5-mm long
and 1-mm thick PPKTP crystal with a period of 9.01 um. The utilised effective dz4
coefficient was measured to 2.82 pm/V. Phasematching characteristics were studied in
terms of wavelength tuning as well as temperature tuning.
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8 Conclusions

A process for fabrication of QPM structures in bulk crystals from the KTP family by
periodic electric field poling has been developed. The materials that have been studied
are KTP, RTA and RTP. High ionic conductivity and limited homogeneity of virgin
crystals have been identified as the main problems with these materials. The former has
been circumvented by using the less conductive materials RTA and RTP and by
employing an ion-exchange technique for KTP. For the latter we have developed a new
method to monitor the domain reversal based on the electro-optic effect.

The process developed has enabled fabrication of QPM structures of good quality in up
to 3-mm thick samples of RTA and KTP and in up to 1-mm thick samples of RTP.
Those PP-crystals have been used in alarge variety of optical experiments including
both SHG into the visible/UV and OPO’s operating in the infrared. Effective
nonlinearities of up to 10.7 pm/V and SHG conversion efficiencies of up to 66%
(pulsed) have been obtained. Nevertheless, it has become clear that these QPM
materials potential as frequency converters does not primarily lie in the increased
nonlinearity and efficiency, but rather in their flexibility in terms of output
wavelengths, good power handling capability in terms of damage thresholds and
thermal effects and finally in being available in large apertures. These properties have,
for instance, allowed room-temperature generation of cw blue light exceeding 700 mW
and pulse energies of up to 17 mJin the infrared.

The results presented in this work clearly show that materials from the KTP family are
well suited for being periodically poled into QPM nonlinear components for use in
various applications. In comparison with PPLN they are particularly useful for short
wavelength generation and for high power devices. Future work should focus on
developing more homogenous material qualities and optimising poling and crystal
preparation parameters, in order to further improve the reproducibility of the process.
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