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Abstract 
 

This thesis deals with the fabrication and the characterization of periodically-poled 
crystals for use in lasers to generate visible and UV radiation by second-harmonic generation 
(SHG) through quasi-phasematching (QPM). Such lasers are of practical importance in many 
applications like high-density optical storage, biomedical instrumentation, colour printing, 
and for laser displays. 

The main goals of this work were: (1) to develop effective monitoring methods for 
poling of crystals from the KTiOPO4 (KTP) family, (2) to develop useful non-destructive 
domain characterization techniques, (3) to try to find alternative crystals to KTP for easier, 
periodic poling, (4) to investigate the physical mechanisms responsible for optical damage in 
KTP. The work shows that the in-situ SHG technique used together with electro-optic 
monitoring, makes it possible to obtain reliable, real-time information regarding the poling 
quality over the whole crystal aperture during the electric-field poling process. Using this 
combined monitoring method, both KTP and Rb-doped KTP (RKTP) crystals were 
successfully poled. By comparing these two crystals, we found that a low-doped KTP has a 
substantially reduced ionic conductivity and, thus, a high-quality periodic poling can be 
obtained without otherwise affecting the properties of the crystal. RKTP is a good alternative 
candidate to KTP for poling purpose. We have also shown that Atomic Force Microscopy 
(AFM) is an informative tool for investigating domain nucleation, growth, and merging. 
Furthermore, we have demonstrated a simple technique for 3D characterization of QPM 
samples. It utilizes a group-velocity mismatched, type-II SHG of femtosecond pulses for 
layer-by-layer monitoring of the effective nonlinearity along the propagation direction of the 
beam. The quality of these crystals was finally reflected in a number of SHG experiments 
with a variety of laser sources. High energies and high efficiencies were thus demonstrated 
using CW, mode-locked and Q-switched lasers. Gratings with pitches smaller than 3 µm, 
were demonstrated for first-order UV generation. Type-II QPM SHG was demonstrated as a 
technique for reducing the fabrication constraints. 

High intensity light in the visible and the UV leads to modification of the material 
properties and, eventually, to optical damage. In KTP and its isomorphs, the first sign of 
material change is an optically-induced absorption. We have used thermal-lens spectroscopy 
with a common-path interferometer for high-sensitivity measurements of green light-induced 
infrared absorption dynamics in single-domain and periodically-poled KTP (PPKTP). The 
saturated, green light-induced absorption has been shown to be consistently higher in 
periodically-poled crystals, and is attributed to the creation of stoichiometric and interstitial 
defects in the crystals during the poling process. Finally, irreversible bulk damage thresholds 
in PPKTP have been determined for pulsed frequency converters. As the characteristics of 
optical damage are closely related to the material quality, this investigation can provide 
useful information for crystal manufactures and will help to optimise the crystal growth 
conditions. 
 
Keywords: Nonlinear optics, second-harmonic generation, quasi-phasematching, type-I 
QPM SHG, type-II QPM SHG, KTP, RKTP, periodic electric-field poling, optical damage 
threshold, grey tracking, green-induced infrared absorption. 
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1. Introduction 
 
 

1.1. Aim and motivation 
 
Compact lasers in the visible and the UV spectral regions can be used in a variety of 
applications, for example, for laser displays, bio-medical instruments, photo processing, in 
spectroscopy, and for semiconductor wafer inspection. Among these, laser displays and 
biomedical instruments are of particular interest as these areas have an enormous potential 
market. 
 
The laser display can provide high brightness and a better choice of colours. The higher 
brightness will lead to improved image quality, whereas the free choice of colours would 
allow broader colour gamut and, hence, better colour saturation to be obtained which means 
that one would obtain a much better colour reproduction in the image. The primary colours 
required to fill the gamut should fall within the wavelength ranges of 450-470 nm for blue, 
520-540 nm for green and 630-650 nm for the red source, respectively. More colours, such as 
turquoise can be used in the near future. The power required varies depending on the size of 
the screen. 1 W per colour for a 10-ft x16-ft screen, and approximately 20 mW per colour for 
a 16-in display1. How do we get these three primary colours? The red source is supposed to 
rely on laser diodes, which are reasonably well developed. For the blue source, diodes exists 
as well, but at 460 nm, the power is still too low for many applications and the green diodes 
are not yet commercially available due to problems with the semiconductor material. 
 
In many biomedical applications, gas lasers such as argon and krypton lasers have been used 
to provide several discrete laser emission lines.  Argon-ion lasers operating at 488 nm and 
514 nm are typically used for flow cytometry and DNA sequencing, which is based on 
fluorescence excitation of dye molecules attached to the sample under investigation. 
Fluorescence excitation is also used in confocal microscopy where the fluorescent light is 
collected to build a 3D image of the sample. By tagging different molecules with different 
fluorophores, in combination with multi-wavelength laser excitation, considerably more 
information can be obtained in one single measurement. Krypton lasers at 568 nm are here 
often used as a green source together with the argon laser. The gas lasers although, 
functioning quite well in these instruments, they are still bulky and noisy and have a low 
efficiency. Hence, researchers and engineers are today trying to develop replacement and 
complementary compact lasers in the blue–green and yellow light regions for these 
applications.  
 
In diode-pumped solid-state lasers (DPSSL), the light emitted from most rare-earth doped 
hosts appear in the near infrared part of the spectrum, while the applications just described 
are in the visible. To obtain the necessary visible laser light, one of the solutions will be to 
use nonlinear frequency conversion techniques to extend the use of these lasers. 
 
In principle, arbitrary visible and near-UV wavelengths can be obtained by second-harmonic 
generation (SHG) and sum-frequency generation (SFG) of the output from available laser 
diodes, or DPSSLs, in many nonlinear optical materials. To do so, two criteria have to be 
fulfilled: 1) energy conservation and 2) momentum conservation.  

1 



Many of the demanded wavelengths, like 473 nm, 488 nm, 491 nm, 532 nm, 561 nm, etc, can 
thus be obtained by properly mixing of the emission from commonly available lasers. Table 
1.1 lists the wavelengths from some of the most common and important DPSSLs and diode 
sources. 
 

Nd:YAG Nd: YLF Nd: YVO4 Nd:GdVO4 Er-Yr glass Laser diode 
1319 nm 1053 nm 1340 nm 1063 nm 1555 nm 760 nm, 808 nm
1064 nm 1047 nm 1064 nm 913 nm 2900 nm  910 nm, 940 nm
946 nm 908 nm 914 nm   975 nm, 980 nm

 
Table 1.1 Example of some laser emission lines from DPSSLs and laser diodes. 
 
 
Traditionally, birefringent phasematching (BPM) has been used to obtain the momentum 
conservation. However, it is not possible to cover the whole spectrum from UV to IR by this 
technique in one single material. Instead, quasi-phasematching (QPM) in periodically-poled 
(PP) materials should be utilized. QPM relies on an artificial wave vector to compensate for 
the accumulated phase mismatch between the interacting waves and makes it possible to 
generate any wanted wavelengths in the transparency range of the nonlinear material. As the 
artificial grating vector in QPM assures momentum conservation, a high conversion 
efficiency for frequency mixing can be obtained. So far, the most successful technique for 
making QPM devices is by periodic poling of ferroelectric crystals. One of the topics of this 
thesis is devoted to the engineering of artificial domain structures in potassium titanyl 
phosphate, KTiOPO4 (KTP), a nonlinear material which has higher optical damage threshold 
than most alternative ferroelectrics. 
 
As an example of how periodic poling of KTP has been exploited, together with an 
innovative laser design, the Cobolt AB dual Calypso laser2 can be mentioned. It is 
simultaneously running on two wavelengths, namely 491 and 532 nm, but emitted in one 
single beam. It utilizes two QPM gratings, with different periods in the same KTP substrate, 
as the frequency converter. The 491 nm wavelength is generated from SFG of the 914 nm 
output from a Nd: YVO4 laser and the 1064 nm output from a Nd:YAG laser, while the green 
532 nm output from the Calypso laser is generated from the remaining 1064 nm radiation by 
intra-cavity frequency doubling. This dual-line laser is claimed to be the first true blue-green 
Ar-laser replacement. Fig. 1.1 shows the drawing of the laser. It is, of course, possible to add 
another blue line at 457 nm to this laser by adding a frequency doubling grating for the 914 
nm line, too.  
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Fig. 1.1 A Dual line, 491 nm and 532 nm laser using one PPKTP having two consecutive gratings for 
frequency conversion. The fundamental beams are emitted from two independent gain media, Nd:YAG 
and Nd: YVO4, pumped by one laser diode2. 
 
 
In the same fashion, the three primary colours, blue, green, and red for laser displays can be 
generated simultaneously in a single laser unit, by proper design of the grating for the QPM 
and the choice of laser gain media. For instance, by frequency doubling the 914 nm output 
from the Nd: YVO4 laser, and the 1064 nm and the 1319 nm output from the Nd:YAG laser, 
we can achieve a compact RGB unit. 
 
At this point, it should be clear that PP crystals have a potential to become a key component 
in the design of many solid-state lasers in the future. However, a lot of issues remain to be 
solved in order to obtain a simple and reliable fabrication process for PP crystals with high 
yield and high quality. 
 
One of the primary demands on a laser display projector is that the employed lasers should be 
compact, efficient, of high output power and have a long lifetime. This, in turn, requires that 
the nonlinear material should have a large nonlinearity and a high damage threshold level. 
KTP is known to be comparatively resistant to optical damage in the visible part of spectrum 
and it is hence one of the most attractive candidates for making the QPM devices. However, 
this has not been quantified to any larger extent. Damage effects such as grey tracking, as 
well as photorefractive damage, have all been observed for KTP when used at high powers. It 
would therefore be necessary to describe and to quantify these effects under various laser 
operating conditions. 
 
The aim of the work contained in this thesis has been to study KTP under electric-field poling 
and to try to develop practical procedures for the poling in order to get high-quality QPM 
crystals in a controllable manner. Furthermore, I have demonstrated different types of QPM 
in KTP and studied the performance of QPM crystals generating both visible and UV 
radiation in general. I have also tried to understand the mechanisms of laser-induced damage 

3  



and eventually define the damage threshold levels. This work should lead to an improved 
understanding of how the material should be employed in nonlinear frequency conversion 
applications. Finally, I have also studied the physical properties of the recently synthesized 
crystal, Rb-doped KTP (RKTP), and investigated its applicability for electric-field poling. 
The efforts made in this thesis work should contribute to a better understanding of both KTP 
and RKTP and could, in part, be used in the commercialisation steps of QPM devices. 
 

1.2. Outline of the thesis 
 
The purpose of the present thesis is to constitute the basis for the discussion of the original 
research work presented in the publications. In Chapter 2, the basic theory of nonlinear 
optics, particularly the second-order nonlinear processes, is reviewed. Quasi-phasematching 
theory is paid a special attention to and, in Chapter 3, how to implement QPM is addressed. 
Following this, the second-harmonic generation based on QPM is introduced theoretically, 
accompanied with experiment results in Chapter 4. In Chapter 5, one can find the answer to 
why I have focused my work on KTP and RKTP but not on the other ferroelectrics. After 
this, the material related properties are discussed. In Chapter 6, the emphasise is on the 
fabrication issues for periodically-poled KTP (PPKTP) and for PPRKTP, as well as on the 
different techniques for evaluating the poled material. SHG, results from PPKTP and 
PPRKTP are also compared. It is worth noting that an improved control method for the 
poling of KTP and its isomorphs, i.e., the in-situ SHG was developed in this work. It is well 
known that KTP suffers from photochromic damage at high input power level in the visible 
spectrum. For this reason, in Chapter 7, the mechanisms of laser-induced damages in KTP is 
reviewed. The common path interferometer technique was developed in order to measure the 
green-induced infrared absorption. With this setup, the small absorption level both in KTP 
and in PPKTP is measurable. In Chapter 8, the original research work is summarized and the 
contribution of the candidate is presented. Finally, my main conclusions are given in Chapter 
9. 
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2. Basic principles of nonlinear optics 
 
 

2.1. The nature of the nonlinear polarization 
 
Soon after the invention of the laser, Franken and co-workers demonstrated frequency 
doubling of a ruby laser using a quartz crystal in 19611. This was the first experiment on 
optical frequency conversion and, hence, an important milestone of the investigation of the 
nonlinear optical properties of matter. 
 
In an optical medium, the valence electrons are displaced from their normal orbits by the 
oscillating electric field, E , of an incident light wave. Hence, the electrons and the remaining 
ions form oscillating dipoles and will emit photons. The macroscopic manifestation of the 
oscillating dipoles is the oscillating polarization, P . Therefore, the induced polarization will 
radiate a new field at the frequency of oscillation. The induced polarization can be either 
linear (displacement is small) or significantly nonlinear depending on the magnitude of the 
applied electric field. In the linear case, where the strength of the applied field is small, the 
emitted radiation has the same frequency as the incident light. However, if an intense field is 
applied to the optical medium, the relationship between the induced polarization and the 
applied electric field is nonlinear. The radiated field, will oscillate with harmonics, starting 
from the double frequency and then continuing with the triple one, etc. Fig. 2.1 shows the 
dependence of the induced polarization on the applied electric field. 
 

       
                                        (a)                                                                          (b) 
 
Fig. 2.1 The relationship between the induced polarization and the applied electric field. (a): Linear 
dependence holds for a low input field strength.(b):At a large field strength, the polarization has been 
distorted and will contain harmonic frequency components. In this example, a second-harmonic of the 
applied frequency shows up2. 
 
 
The relation between the induced polarization and the applied electric field is given by the 
expression:  
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refraction, while the first nonlinear term, the second order one, , is responsible 
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generation. 
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2.2. Second-order nonlinear processes and the d-coefficient 
 
Among the second-order nonlinear processes, probably the most important ones in an 
application perspective, are the second-harmonic generation, the sum-frequency generation, 
the difference-frequency generation (DFG) and the optical parametric generation (OPG). The 
first condition for such processes to appear is the photon energy conservation. Two waves, at 
frequency 1ω  and 2ω , incident on a nonlinear medium, can combine in different ways. For 
SFG, the photon energies are added to create a new photon with higher energy, 213 ωωω += . 
SHG is a special case of SFG when the two photons have the same frequency and come from 
the same laser mode, i.e., 13 2ωω =  = 22ω . In the case of DFG, a photon with low energy is 
created by subtraction of the lower energy from the higher, i.e., 213 ωωω −= . In OPG, a 
pump photon is split into two lower energy photons, called the signal photon of frequency sω  
and the idler photon of frequency iω , respectively. To keep the energy conservation, 

isp ωωω += . If the OPG is put into a resonator, an optical parametric oscillator (OPO) is 
constructed. Fig. 2.2 illustrates theses processes schematically. 
 

 
 

Fig. 2.2 Schematic illustrations of the second-order frequency conversion processes. 
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Second-order nonlinear processes can only happen in materials without inversion centre. In 
practice, the nonlinear coefficient, d, is more frequently used than  and they are 
interrelated by the expression: 

(2)χ

 

   )2(

2
1

ijkild χ≡                  (2-2) 

 
where, i, j, k are the Cartesian indices of the different frequency components polarization. 
Altogether, there are  such components. Under intrinsic permutation symmetry, 
the j and k indices indexing  are interchangeable. Hence, a contracted notation can be 
introduced where j and k together are replaced by the index l and can take on the following 
values: 

27333 =xx
)2(

ijkχ
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The number of independent elements are thereby reduced from 27 to 18 and the second-order 
polarization in d-matrix notation now gets the form: 
 

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎡

+

+

+
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
=

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡

2121

2121

2121

21

21

21

3

3

3

)()()()(

)()()()(

)()()()(

)()(

)()(

)()(

),;(2

)(

)(

)(

363534333231

262524232221

161514131211

2130

)2(

)2(

)2(

ωωωω

ωωωω

ωωωω

ωω

ωω

ωω

ωωωε

ω

ω

ω

xyyx

xzzx

yzzy

zz

yy

xx

z

y

x

EEEE

EEEE

EEEE

EE

EE

EE

dddddd
dddddd
dddddd

K

P

P

P

       (2-4) 

 
where ),;( 213 ωωωK , the degeneracy factor, is equal to ½ when 21 ωω = , and equal to 1 if 

21 ωω ≠ . 
 
The number of independent components of dil will further decrease from 18 to 10 when the 
Kleinmann symmetry conditions are valid. It applies to the cases of when all the frequencies 
involved in the interaction are far away from any resonance frequencies of the nonlinear 
material3. In this case,  ;1621 dd = ;3224 dd =  ;1531 dd =  ;3513 dd =   ;2612 dd = ;2432 dd =  

. 253614 ddd ==
 

2.3. The nonlinear wave propagation and coupled wave equation 
 
The propagation of light in a nonlinear, nonmagnetic medium is governed by the nonlinear 
wave equation: 
 

NLPDE 2

2

2
0

2

2

2
0

0
11

tctct
E

∂
∂

−=
∂
∂

+
∂
∂

+×∇×∇
εε

σµ             (2-5) 
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where 0µ  is the permeability of vacuum and σ  is the conductivity of the material. The 
polarization P is split into its linear and nonlinear parts, viz: 
 

NLPPP += L                 (2-6) 
 

D is the linear displacement field and is defined in the following way 
 

LPED += 0ε                 (2-7) 
 
Using  the vector relations  and EEE 2)( ∇−∇∇≡∇∇ xx 0)( =∇∇ E , Eq (2-5) now changes 
into the form given by: 
 

2

2

02

2

02

2

000
2

tttt ∂
∂

+
∂

∂
+

∂
∂

+
∂
∂

=∇
NLL PPEEE µµµεσµ            (2-8) 

 
To solve this equation analytically, several assumptions can be made to simplify the solution. 
First, let the electromagnetic waves be quasi-monochromatic plane waves and propagate 
along the x-axis. The electric field and polarization can then be written as: 
 

( ccextx kxti .),(
2
1),( )( += −ωωEE )     

and                     (2-9) 

   ( ccextx kxti .),(
2
1),( )( += −ωωPP )      

 
We also assume that the envelope of the plane waves changes slowly with distance. Then, the 
second-order derivatives with respect to distance and time can be neglected. This is called the 
slowly-varying envelope approximation, or SVEA: 
 

x
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x
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<<
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xE
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where k is the wave vector and n is the refractive index , 
 

)(        , ωεω
== n

c
nk              (2-11) 

 
By inserting Eq (2-9) into Eq (2-8) and taking the SVEA approximation into account, Eq (2-
8) can be simplified to a first-order differential equation: 
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   NLPEE
n
ci

x 2
0 ωµ

α +−=
∂
∂              (2-12) 

 
where 20 cσµα =  is the loss coefficient in the material. 
 
In a second-order nonlinear process, the induced polarizations, expressed in Eq (2-4), couple 
the three waves to each other. Substituting Eq (2-4) into Eq (2-12) and identifying relating 
terms, we can obtain a group of three coupled equations, viz: 
 

xkkkieff eEE
cn
di

E
x

E )(*
23

1

1
11

1 123 −−−+−=
∂

∂ ω
α  

xkkkieff eEE
cn
di

E
x

E )(*
13

2

2
22

2 123 −−−+−=
∂

∂ ω
α            (2-13) 

xkkkieff eEE
cn
di

E
x

E )(
21

3

3
33

3 321 −+−+−=
∂

∂ ω
α  

 

Here  is the phase mismatch between the three interacting waves and dkkkk ∆=−− 123 eff is 
the effective nonlinear coefficient originating from the d-matrix, expressed in Eq (2-4). The 
resulting values of deff will depend on the polarization directions of the incident fields and on 
the phasematching conditions. 
 

2.4. Second-harmonic generation  

2.4.1. Second-harmonic generation with plane waves 
 
Second-harmonic generation is the special case of three-wave mixing where frequencies have 
been chosen to be FFSH ωωω += , where 21 ωωω ==F  is the fundamental frequency of the 
incoming wave. Considering the momentum conservation criteria, FSH kkk 2−=∆ , where 

 and . For lossless materials, for which 3kkSH = 21 kkkF == 0=α , the solution to the 
nonlinear, coupled-wave equations is simplified to: 
 

)( kxi
FF

SH

effSH eEE
cn

di
x

E ∆=
∂

∂ ω
           (2-14a) 

)(* kxi
FSH

F

effF eEE
cn

di
x

E ∆−=
∂

∂ ω
           (2-14b) 

 
At the low-conversion limit, where pump depletion is neglected, i.e., when 0=∂∂ xEF , the 
intensity of the SHG is obtained by integrating Eq (2-14a) and its complex conjugate over the 
whole nonlinear crystal length L. Taking into account that the input intensity at the 
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fundamental frequency Fω  is given by *
02

1
FFFF EcEnI ε= , we may express the intensity of 

the SHG in the following way: 
 

   )
2

(sin
2

)( 2
23

0

2222 kLc
nnc
ILd

LI
FSH

Feff
SH

∆
=

ε
ω

            (2-15) 

 
Eq (2-15) tells us that, the SHG output has a quadratic dependence on the fundamental 
intensity, as well as on the length of the nonlinear crystal in the case of plane waves. The 
SHG output follows a sinc2-curve accordingly, and reaches a maximum when the mismatch 

, as shown in Fig. 2.3. 0=∆k
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Fig. 2.3 Normalized second-harmonic generation as a function of kL∆ . 
 

2.4.2. Second-harmonic generation with Gaussian beams 
 
Gaussian beams are the most commonly used with lasers and in nonlinear interaction studies. 
Boyd and Kleinman4 solved the problem of deriving the conversion efficiency with Gaussian 
beams. For a focused fundamental Gaussian beam with beam cross-section , where 2

0πω=A

0ω  is the beam waist radius, and with an interaction length L, we can get the second-
harmonic generation power, taking into account that IAP = , as follows: 
 

  ( )ξ
επ

ω
,

2
3

0
2

222

BLh
cnn
Pkd

P
SHF

FFeffF
SH ⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
=             (2-16) 

 
where ωF and kF are the fundamental frequency and wave vector, respectively, c is the speed 
of light in vacuum, and ε0 is the permittivity of free space. h(B,ξ) is the Boyd and Kleinman 
focusing factor. bL=ξ , where λωπ 2

02 Fnb = , is the confocal parameter for a beam waist 
radius 0ω . B is double refraction parameter. For so-called noncritical (90o) phasematching, 

 12



there is no walk-off and B = 0, as shown in Fig. 2.4. h(B,ξ) is maximized for a value of ξ = 
2.84, which then gives the optimum focusing condition. 
 

    
 
Fig. 2.4 Plot of the focusing factor h(B,ξ) as a function of the focusing parameter ξ for various values 
of double refraction parameter B4. 
 
 
From Eq (2-16), we note that under optimum focusing conditions, the SHG power increases 
linearly with the crystal length rather than quadratically as in the plane wave solution, Eq (2-
15). 
 

2.5. Phasematching using birefringence 
 
When the phase mismatch factor, 0=∆k , exact phasematching is reached. Unfortunately, 
due to material dispersion, e.g. that FSH nn ≠ , this condition is not often fulfilled, i.e. 0≠∆k . 
Fig. 2.5 shows how the refractive indices of flux-grown KTP change monotonously with the 
wavelength5. 
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Fig. 2.5 The dispersion curves of flux-grown KTP. nx, ny and nz are the refractive indices in x, y and z 
direction of KTP, respectively. 
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For a fixed amount of , the SHG power varies as a function of the crystal length with a 
period of 

k∆
kL ∆= /2π  along the crystal. Half of this distance is called the coherence length Lc, 

which is the distance from the crystal entrance to the point at which the SHG power reached 
its maximum. Over this characteristic distance, a phase difference of π is accumulated 
between the two interacting waves. 
 

   
k

Lc ∆
=

π                (2-17) 

 
So, if the crystal is not perfectly phasematched, the maximum SHG power will be generated 
at one coherence length from the entrance, followed by a decrease in SHG power. The power 
will then oscillate back and forth between the harmonic and the fundamental waves with the 
coherence length. Typically the coherence length is limited to about 10 µm, which is, of 
course, much shorter than the useful length of the crystal which is of the order of 1 cm for 
efficient conversion. Therefore, phasematching is essential to achieve a practically useful 
frequency-converted powers. 
 
There are two main types of phasematching, depending on the two possible orientations of 
the linear polarization vectors of the incident beams. In the type-I SHG process, both of the 
fundamental polarization vectors are parallel, whereas in the type-II SHG process, the 
polarization vectors are orthogonal. These two types of processes will be described in more 
detail in Chapter 4. 
 
The conventional method of obtaining phasematching is by utilizing the birefringence of the 
nonlinear crystals. The birefringence is defined as the difference between the refractive 
indices of the ordinary and extraordinary wave on the principle axes of the crystal, . 
The refractive index of the extraordinary wave, , is in general a function of the polar angle, 
defined as 

eo nn −
en

θ in Fig. 2.6, between the optical axis and the wave vector6, expressed as: 
 

   
)(tan)/(1

)(tan1)( 22

2

θ
θθ eo

oe

nn
nn

+
+

=             (2-18) 

 
To explain how birefringent phasematcing (BPM) works in a simple manner, we will use a 
negative uniaxial birefringent crystal ( ) as an example. The dependences of the 
refractive indices of the direction of light propagation inside the crystal, as shown in Fig. 2.6, 
is a combination of a sphere with radius for the ordinary beam and an ellipsoid of rotation 
with semiaxes and  for the extraordinary beam.  

eo nn >

on
on en

 
In the case when the phasematching is achieved at an angle θ, point A in Fig. 2.6 
[ ) ] other than for θ = 90(θe

SH
o
F nn = o, with respect to the optic axis of a uniaxial crystal, the 

direction of power flow (pointing vectors shown as SF and SSH in Fig. 2.6) of the fundamental 
and the second harmonics will not be completely collinear. The latter will be rotated by a 
walk-off angle, called ρ , from the former. For a negative uniaxial crystal and type-I 
phasematching, this angle is given by7: 
 

   θρ 2sin
)(

1
)(

1
2

)(tan 22

2

⎥
⎦

⎤
⎢
⎣

⎡
−= o

SH
e
SH

o
F

nn
n            (2-19) 
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Fig. 2.6 Dependence of the  refractive index on light propagation direction and polarization in 
negative uniaxial crystals. Phasematching is achieved at point A7. 
 
 
Walk-off reduces the spatial overlap between the two interacting waves, which limits the 
interaction length. The distance at which the beams completely separate is called the aperture 
length and is given by the expression: 
 
   ρ/aLa =                (2-20) 
 
where a is the beam diameter. Obviously, the walk-off limits the ability to focus tightly, 
hence lowering the conversion efficiency. 
 
It is sometimes possible to allow both the fundamental and the second-harmonic waves to 
propagate collinearly along the optic axis of the crystal, i.e., . This is called 
noncritical phasematching (NCPM), and this will eliminate the walk-off. Furthermore, the 
angular tolerance of NCPM is increased because the dependence of on the angular 
misalignment, 

o90=θ

k∆
δθ , is due to a much smaller quadratic term, instead of a linear relationship as 

is the case of critical phase matching. NCPM can be realized through temperature tuning or 
by modifying the chemical composition of the crystal. 
 
For bixial crystals, the dependence of light propagation on the crystalline properties in 
birefringent phasematching is more complicated than in the case of uniaxial crystals, but the 
methodology is the same. More details on this topic can be found from the reference6. 
 
Although birefringent phasematching is convenient, it has severe disadvantage. The 
phasematching range is restricted by the birefringence and the dispersive properties of the 
nonlinear material. For instance, in KTP, the shortest wavelength for type-II noncritical 
phasematching is 0.993 µm which hinders blue light to be generated by frequency doubling5. 
Due to a too small birefrigence, the same is also true for LiNbO3

8. Moreover, the effective 
nonlinear coefficients vary depending on both the propagation and the polarization direction 
of the interacting beams. Furthermore, it is worth noting that the largest nonlinear coefficients 
for two-wave mixing, the d33 coefficient, cannot be used in BPM. 
 
One way to go around the problems with birefringent phasematching is to use quasi-
phasematching, which will be discussed in the next chapter. 
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3. Quasi-phasematching 
 
 

3.1. Theory 
 
Quasi-phasematching is a technique for compensation of the phase-velocity differences 
between the interacting waves in a nonlinear frequency conversion process. In QPM, the 
accumulation of phase mismatch is prevented through a spatial modulation of the sign of the 
nonlinear susceptibility. Thus, the nonlinear medium is physically altered in a periodic 
fashion along the length of the crystal to prevent the flow of energy away from the generated 
wave. In a ferroelectric crystal, this is obtained by changing the domain orientation of the 
material periodically, thereby introducing an extra grating vector, kQ. Fig. 3.1 illustrates how 
the artificial wave vector compensates the wave-vector mismatch for SHG. 

 
Fig. 3.1 Grating vector, kQ  is used to compensate the mismatch between the fundamental wave vector 
kF and the SH wave vector kSH . 
 
 
This technique was first proposed by Armstrong et al1 in 1962. Mathematically, we can 
consider the change of sign as being equivalent to a π phase shift (eiπ = -1). From an 
engineering point of view, in a SHG process, each layer length is chosen, or fabricated, such 
that the –π phase shift obtained by the domain reversal is matching the phase shift obtained 
between the driving fundamental wave and the generated SH wave. The overall phase 
mismatch for each period is thus returned to zero, ensuring efficient, second-harmonic 
generation. Although the QPM interaction reduces the effective nonlinear coefficient by a 
factor of π/2 , the overall conversion efficiency can still be several times larger than with 
BPM, because in this case, the largest nonlinear coefficient, , can be utilized. Then, all the 
waves are polarized along the polar axis, which is impossible in BPM. The highest second-
harmonic conversion efficiency is obtained for first-order QPM which is obtained when the 
sign of the nonlinear coefficient is reversed every coherence length, L

33d

c. When the sign of the 
nonlinear coefficient is reversed every three coherence lengths, it is named third-order QPM. 
Fig. 3.2 shows the different cases of phasematching for a typical nonlinear crystal. The QPM 
period, i.e., , can be designed for phase matching at any desired temperature. cL2=Λ
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Fig. 3.2 The effect of different kinds of phasematching on the growth of the SH signal with distance in 
a nonlinear crystal: Curve a: Perfectly phasematched; curve b: Periodic growth and decay of the 
SHG for a non-phasematched process; curve c: First order QPM; curve d: Third-order QPM2. 
 
 

3.2. High-order QPM and the effect of the duty cycle 
 
In a QPM, structure, an artificially engineered spatial modulation of the nonlinear coefficient 
d is used to compensate for the phase-velocity mismatch between the interacting waves. By a 
Fourier expansion of the spatial distribution of the d-coefficient, the periodic nonlinear 
coefficient for the QPM interaction can be written as3: 
 

                  (3-1) ∑
∞

∞=

=
m

mQmil xikGdxd )exp()(

 
where is the material nonlinear coefficient, Gild m is the Fourier coefficient of the mth 
harmonic, and the mth-harmonic grating wave vector is defined as: 
 

   
Λ

=
mkmQ
π2    ...3 ,2 ,1=m               (3-2) 

 
Here, is the period of the modulated structure.  Λ
 
Then, the Fourier amplitude of the mth spatial harmonic of the distribution is given by: 
 

mileff Gdd =                  (3-3) 
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When the sign of the nonlinear coefficient is periodically modulated, the mth Fourier 
coefficient is equal to:  

)sin(2 Dm
m

Gm π
π

=                 (3-4) 

 
where D is the duty cycle, which is determined by the ratio of the reversed domain length and 
the structure period . At the optimum D, the sine factor is equal to unity, viz: Λ
 

ileff d
m

d
π
2

=                  (3-5) 

 
If the duty cycle deviates from the optimum value, the effective nonlinear coefficient will 
decrease. Fig. 3.3 shows the dependence of the effective nonlinear coefficient on the duty 
cycle for m = 1, 2, 3.  
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Fig. 3.3 The variation of the relative nonlinear coefficient as a function of the duty cycle, D, for a 
first-order (m = 1), a second-order (m = 2) and a third-order (m = 3) QPM interaction. 
 
 
For the first-order QPM, the highest SH conversion is obtained for a duty cycle of 0.5, 
whereas for second-order QPM, it is found at 25.0=D . Of course, higher-order process are 
always less efficient and the conversion efficiency is more and more sensitive to the variation 
in the duty cycle, compared to the first-order, as can be seen in Fig. 3.3. 
 

3.3. Fabrication methods of QPM structures 
 
In principle, a QPM device can be achieved as long as one can flip the sign of the nonlinear 
coefficient in the neighbour ‘material slice’. This means, one does not have to bother if the 
material has a small or no birefringence at all. Instead, other material parameters, such as the 
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transparency range, nonlinear coefficient, the optical damage threshold should be considered 
when making a QPM structure for high conversion efficiency and high power application. 
 
In 1963, Franken and Ward4 demonstrated for the first time QPM by stacking several quartz 
plates which were oriented in such a way that each consecutive plate was rotated 180o 
relative to the previous one thereby altering the sign of the nonlinearity. Gordon et al5 used 
the same approach to double the frequency of a CO2 laser, but employed a bonded stack of 
GaAs. This technique is successful for frequency doubling of long infrared wavelengths, 
where a rather long coherence length in the range of around 100 µm is needed. However, it 
has not been practical in order to make thinner plates to generate shorter wavelengths when 
the coherence lengths are in the few micrometer range. Recently, a QPM process for GaAs 
has been developed by using orientation patterning6. QPM-based DFG and OPO were 
demonstrated in the near infrared spectrum based on this technique.  
 
Many attempts to engineer domains in ferroelectrics for QPM have been made during the last 
two decades. In the 1980’s, Chinese researchers fabricated periodic ferroelectric domain 
structures in LiNbO3 and LiTaO3 during the Czochralski crystal growth. In their method, the 
spontaneous polarization was reversed by yttrium-doping7, ,8 9. Domain periods as small as 2 - 
15 µm could be fabricated in this way10. The problem with this method is the temperature 
fluctuations during the crystal growth which make the domain size vary and, therefore, 
accumulated phase errors are grown into the structure which, in turn limits the effective 
structure length. Periodic domain structures were also produced in LiNbO3 using a laser- 
heated pedestal growth technique. Domain structures down to 2 µm were obtained and used 
for blue-light generation at 407 nm11. The thermoelectric potential generated by the 
temperature gradients was responsible for the polarization reversal. However, this method 
also suffered from built-in phase errors and was mostly used for growing small-size crystals 
and, hence, a bit impractical. 
 
For LiNbO3, Miyazawa had observed that in the fabrication of Ti-indiffused waveguides, 
domain inversion could occur at the c+-side of c-cut samples under special processing 
conditions12. It was believed that the domain inversion was due to the different composition 
gradient for the Ti-diffused and the pure regions in LiNbO3 in combination with the heat 
treatment. Based on this observation, Webjörn et al, developed techniques to make periodic 
domain structures in the surface layer of LiNbO3. They fabricated a periodically-poled 
domain-inverted channel waveguide in a 7 mm- long sample. It was used for first-order QPM 
SHG at 532 nm13. In a following experiment, they fabricated a first-order domain structure in 
LiNbO3 for blue light generation14. Also, proton-exchange, in combination with heat 
treatment in LiNbO3 and LiTaO3, can induce the domain inversion. A 3.2 µm period grating 
was fabricated for first-order blue generation in LiNbO3 and LiTaO3

15
.

3 3 2

 In KTP, periodic 
polarization reversal was first demonstrated by ion exchange with Rb /Ba . In this method, 
the KTP was immersed in a RbNbO

+ 2+

/Ba(NO )  molten salt bath in which Rb  will replace K  
at temperatures of 330-360 C for 45-90 minutes

+ +

o 16,17. Waveguides with periodically inverted 
domains have been engineered on both hydrothermal and flux-grown KTP substrates16 17 and 
relatively efficient blue light was generated

,

18,19. 
 
Electron bombardment of LiNbO3 and LiTaO3 can also lead to a polarization reversal20,21. 
Therefore, electron beam writing was developed to write domain structures in LiNbO3, 
LiTaO3 and in KTP22, , ,23 24 25. The problem with this technique is, however, an inhomogeneous 
distribution of the field strength in the crystal bulk which cause domain broadening23. 
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Today, the most common technique to fabricate QPM structures is by electric-field poling. In 
this technique, a pulsed electric field of strength higher than the coercive field, is applied to a 
periodically patterned crystal. Yamada et al. was the first to demonstrate this method for 
poling of bulk LiNbO3 at room temperature26. In this experiment, a 100 µm-thick crystal, was 
patterned with a metal electrode with a period of 2.8 µm. It was used for blue-light 
generation. Webjörn et al developed a liquid electrode method for poling of LiNbO3, where 
the electric contact was made with the electrolyte LiCl27. Miller et al adopted this method and 
poled a 53 mm-long, 0.5 mm-thick sample with a period of 6.5 µm for single-pass, CW 
frequency doubling of a 6.5 W Nd:YAG laser at 1064 nm. A maximum conversion efficiency 
of 42 % was achieved28. Many efforts have been made on poling of KTP and its isomorphs. 
For example, Chen and Risk developed an in-situ SHG monitoring method for poling 
hydrothermal KTP at approximately 2 kV/mm29,30. Flux-grown KTP is available in larger 
size and is considerably less expensive. However, it is more difficult to pole it due to a high 
ionic conductivity. To be able to pole flux-grown KTP in a controlled way, the conductivity 
has to be reduced. Two different methods for accomplishing this have been developed: In 
Karlsson and Laurell’s method, KTP was exchanged in pure RbNO3 to create a thin, low-
conductive layer on the polar faces, followed by the electric-field poling at room 
temperature31. Rosenman used a low-temperature poling technique. Here, the mobile K+ ions 
are frozen in the lattice32. Both of these techniques can give high quality periodic structures 
for efficient frequency doubling of Nd:YAG laser at 1064 nm33 (Paper I). Poling of flux-
grown RTP34, RTA35 and KTA36 has also been investigated. However, since these materials 
have a lower commercial availability, fewer studies have been done. 
 
In this thesis, flux-grown KTP has been the primary material for our studies. However, flux-
grown RKTP was also investigated in one case (Paper VII). This new material clearly seems 
to be a potential alternative to KTP for making QPM structures at room temperature. 
Moreover, in my study, an in-situ SHG monitoring method was developed, which leads to a 
better control of the poling process which is important for crystals from the KTP family. 
 

3.4. The advantages of QPM 
 
The main advantage of QPM for SHG applications is that the phasematching can be achieved 
for any combination of input and output wavelengths in the transparency window of the 
material at any temperature by a correct choice of the period of the domain inversion. Hence, 
a QPM grating can be flexibly engineered for sophisticated structures such as chirped 
gratings for doubling of ultrashort pulses37; consecutive gratings for sequential processes or a 
combination of other mixing processes, such as SFG to generate multiple signals 
simultaneously38; multiple gratings which are placed beside each other39 and, finally, the fan-
out gratings40 for the enhancement of the tuning range of an OPO. 
 
QPM is unique because it allows a free choice of polarization of the interacting light waves, 
permitting efficient nonlinear interaction between waves that all have the same polarization 
using the largest diagonal component of the nonlinear susceptibility tensor. Furthermore, 
QPM is well suited for noncritical phasematching, and, thereby, spatial walk-off can be 
avoided which leads to better beam quality. The combination of a higher nonlinearity and a 
noncritical phasematching geometry results in very efficient crystals that can be used in a 
variety of applications. Type-II QPM has sometimes advantages despite that it utilizes the 
smaller nonlinear coefficient, for instance, to generate the orthogonally polarized signal and 
idler photons with a degenerate OPO for quantum optics investigations. 
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A periodic modulation of the nonlinear optical coefficients also leads to a periodic 
modulation of the electro-optic coefficients, which, among other things, reduces the 
sensitivity of the photorefractive effect, which is detrimental to the performance of nonlinear 
devices in general in terms of power, efficiency, and beam quality 41. Moreover, it can be 
used in QPM electro-optic Bragg modulators where the Bragg reflectivity is electrically 
adjustable42. 
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4. Quasi-phasematched second-harmonic 
generator 

 
 

4.1. Type-I and type-II quasi-phasematched second-harmonic generation 
 
When all the wave vectors are collinear with the grating vector, the wave-vector mismatch 
for QPM SHG is: 
 

mQFSHQ kkkk −−=∆ 2                (4-1) 
 
where the mth-harmonic grating wave vector is Λ= /2 πmkmQ , defined in Eq (3-2). 
 
When the SH and the fundamental waves are quasi-phasematched, i.e., , the grating 
period can be deduced as: 
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There are two types of quasi-phasematching in second-harmonic generation, depending on 
the two possible orientations for the linear polarization vectors of the incident beams. In the 
type-I process, both polarization vectors are parallel whereas in the type-II process, the 
polarization vectors are orthogonal. 
 
In the type-I QPM SHG process, the largest nonlinear coefficient, d33 for KTP and its 
isomorphs, can be utilized when the polarization of the fundamental electric field is chosen to 
be parallel to the direction of the polar axis of the crystal (z-direction). Consequently, the 
polarization of the second-harmonic wave is also parallel to the polar axis. The process is 
then . The grating period for this type of quasi-phasematching for the mth order 
frequency doubling is given by: 
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Here,  and  are the refractive indices along the z-axis of the crystal for the fundamental 
and the SH waves. 
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Type-II SHG in PPKTP is realized by employing the d24 nonlinear coefficient for a z-cut, x-
propagation direction. Here, two orthogonal fundamental components are used to generate a 
second-harmonic wave that is polarized perpendicular to the polar axis (y-axis), i.e., the 
process is . In this case, the grating period is calculated by replacing  in Eq 
(4-3) by , viz: 
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Here,  and  are the refractive indices along the y-axis of the crystal for the 
fundamental and the SH waves, respectively. 
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The grating periods for type-I and type-II of the first-order ( 1=m ) collinear QPM SHG, 
shown in Fig. 4.1, are calculated for flux-grown KTP by using the Sellmeier equation from 
Fan1. 

 
Fig. 4.1 First-order grating periods as a function of the fundamental wavelength for type-I and type-II 
QPM SHG. 
 
 
In the UV region, the dispersion of the KTP material increases rapidly, which makes the first-
order grating period very small for type-I QPM SHG, and thus brings on difficulties in 
fabricating components. On the other hand, we noted that in the fundamental spectral region 
from 700 nm to 900 nm, for the same order QPM at a fixed wavelength, the grating period for 
type-II QPM SHG is several times larger than for type-I QPM SHG. Obviously, we can 
conclude that one of the advantages of type-II QPM SHG over type-I QPM SHG is that the 
fabrication difficulties are considerably reduced in the short wavelength region due to that 
fact that the coherence length increases substantially in the type-II process. This has also been 
seen experimentally (Paper III). 
 
In Paper III, we generated UV light at approximately the same wavelengths from two PPKTP 
crystals, having approximately 3-time the difference in the grating period, by utilizing type-I 
and type-II QPM SHG, respectively. Fig. 4.2a shows the homogeneity of the SH signal 
generated at 398.8 nm with the type-II configuration from  PPKTP having a period of 9.01 
µm. The SH signal was almost constant over the entire thickness of the crystals which is a 
sign of homogeneous poling. As a comparison, curve b is a vertical scan of the other PPKTP 
crystal with a 2.95 µm period used for first-order type-I generation at 390 nm. In this case, 
the SH power varied more than 50% within half the thickness of the crystal. The poor 
uniformity in this case has been attributed to the difficulty in fabricating narrow and deep 
domains.  
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However, we should realize that type-II QPM SHG is a much less efficient process compared 
to type-I since the d24 nonlinear coefficient is several times smaller than d33. (For KTP, 

)VpmdVpmd / 9.16,/ 64.3 3324 == 2. 

 
Fig. 4.2 Variation of the SH power with the vertical position for two PPKTP crystals used for UV 
generation. Curve a shows a 9.01 µm sample for first-order type-II UV generation at 398.8 nm. The 
first point is measured at the very top surface where the fundamental beam was cut and, therefore, a 
lower SHG power is measured. Curve b shows a 2.95 µm sample for first order type-I UV generation 
at 390 nm. 
 

4.2. Phasematching tolerances 
 
The phasematching is sensitive to many parameters, such as the wavelength, temperature and 
the polarization of the interacting waves. The phasematching tolerance, also called the 
acceptance bandwidth, is commonly defined as the relative change in the parameter that 
causes an output power to drop to half of the maximum value. For a device of total length  
containing uniform periods, the phasematching factor is 

L
( )2/sin 2 kLc ∆ , which is given in Eq 

(2-15). The full width at half maximum acceptance bandwidth is then satisfied by the 
following expression: 
 

π4429.0
2

=
∆kL                 (4-5) 

 
Expanding  as a function of wavelength or temperature, and neglecting the second 
derivative terms, we can find the wavelength acceptance bandwidth and the temperature 
acceptance bandwidth, respectively, which will be shown below. 

k∆

 

4.2.1. Wavelength acceptance bandwidth 
 
The wavelength acceptance bandwidth for a nonlinear process is an important parameter 
because it gives us information on the linewidth limitation we will expect of the fundamental 
laser source. For a uniform grating, the wavelength acceptance bandwidth is given by3: 
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The acceptance bandwidth for type-II QPM SHG is considerably wider than for type-I as can 
be seen in Fig. 4.3. 
 

 
Fig. 4.3 Calculated wavelength bandwidth as a function of the fundamental wavelength for type-I and 
type-II QPM SHG. 
 
 

4.2.2. Temperature acceptance bandwidth 
 
The temperature tuning characteristics of the nonlinear interaction is very important too. First 
of all, the phasematching wavelength can be adjusted by changing the crystal temperature in 
order to match it to a light source with a fixed wavelength, such as one of the many solid-
state lasers. Moreover, the temperature tuning characteristic for SHG can also provide 
information about the uniformity of the QPM structure, i.e., it serves as a quality measure for 
the poling process. For a fixed wavelength, the temperature bandwidth can be expressed as3: 
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where α is the thermal expansion coefficient. The value of α  for KTP is given by Bierlein et 
al4. The derivatives of the refractive indices with temperature, at the fundamental and the SH 
wavelengths, are calculated for a particular phasematching temperature, . The best fit 
function for the experimentally derived values for KTP has been given by Wiechmann

0T
5. The 

thermal bandwidths increase toward longer wavelengths, which is expected due to the lower 
material dispersion. As in the case of wavelength acceptance bandwidth, the temperature 
acceptance bandwidth is wider for type-II compared to type-I interactions in QPM SHG. 
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4.2.3. Effective crystal length 
 
Missing domains is one of the most common defects to appear in QPM structures fabricated 
by electric-field poling. When it happens, the effective interaction length will be reduced. Eq 
(4-6) and Eq (4-7) tell that the effective crystal length of the PP crystals is reciprocal to the 
wavelength or the temperature acceptance bandwidth. By measuring the bandwidth, the 
effective crystal length, , can be estimated. A specific crystal is poled with expected good 
quality if the effective crystal length is comparable with the physical one. 

effL

 

4.3. Single-pass SHG in the low conversion efficiency regime 
 
Single-pass CW SHG is the simplest nonlinear frequency conversion approach to generate 
UV and visible light from available laser sources. As an example, Fig. 4.4 shows the 
experimental set-up, in which the fundamental light is focused into a nonlinear crystal. The 
combination of the λ/2 wave plate and the polarizer has two functions: 1) it allows adjustment 
of the fundamental power and 2) it keeps the right polarization of the fundamental wave for 
proper quasi-phasematching. 
 

 
 
Fig. 4.4 Single-pass, second-harmonic generation set-up: 1: Pump laser; 2: Half-wave plate;  
3: Polarizer; 4: Lens; 5: Nonlinear crystal; 6: Filter; and 7: Power/energy meter. 
 
 
For a Gaussian beam, the conversion efficiency is obtained by rewriting Eq (2-16): 
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It can be seen that from this the conversion efficiency increases linearly with the fundamental 
power and the crystal length. In Fig. 4.5, we show the measured efficiency of frequency 
doubling of a CW Nd:YAG at 1064 nm, with a 9 mm-long PPKTP sample. The measured 
conversion efficiency fits very well with a linear function here in the low power regime. 
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Fig. 4.5 The SHG conversion efficiency as a function of the fundamental power for a 9 mm-long 
PPKTP crystal with period of 9.01 µm. Solid square is the measured data and the line is a linear fit. 
 
 
To be able to increase the conversion efficiency in QPM SHG, one might easily draw the 
straightforward conclusion from Eq (4-8) that a longer crystal in single-pass CW operation 
should be employed. However, there are reasons why this approach might not be valid or 
practical. Firstly, the crystals used have a limited length, which varies depending on the 
material and the growth technique. For flux-grown KTP z-plates, the typical size is 30 x 30- 
mm2. It is even smaller for hydrothermal KTP. Secondly, it is still difficult to fabricate fine- 
pitch domain gratings of high qualities over very long lengths, at least in crystals from the 
KTP family. Moreover, as the crystal length increases, the SHG become more sensitive to the 
changes in temperature, wavelength and the refractive index variations over the substrate. 
 
To be able to compare the conversion efficiency for different materials and experimental 
conditions, it has been common to compare the results with those of a standard crystal length 
and power. This normalized conversion efficiency refers to an input fundamental power of 1 
Watt and a crystal length of 1 cm, with unit of, %/W·cm. It is written as: 
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For an optimal confocal focusing, 07.1)84.2 ,0( =h , the theoretical normalized conversion 
efficiency is wavelength dependant for a given nonlinear material. In our single-pass, type-I 
CW SHG experiments, the maximum normalized conversion efficiency 1.7 %/(W·cm) and 
2.5 %/(W·cm) were obtained for doubling a CW Nd:YAG at 1064 nm with PPKTP (Paper I) 
and a CW Ti:Sapphire at 908 nm with PPRKTP (Paper VII), respectively. These two figures 
are very close to the theoretical values. 
 
Single-pass, type-II SHG was also studied in the low conversion regime using a Ti:Sapphire 
laser as the fundamental input source (Paper III). The d24 nonlinear coefficient was utilized 
for the interaction. The laser beam was launched along the crystal’s x–axis and the 
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polarization of the fundamental beam was adjusted to 45o relative to the z-axis to give the 
type-II interaction. 0.44 mW of UV radiation (398.8 nm) was generated from 780 mW of 
input power with a 8.5 mm-long crystal, which corresponds to a normalized conversion 
efficiency of 0.09 %/(W·cm). 
 

4.4. Single-pass SHG with pump depletion using pulsed lasers 
 
In many applications, such as micro-machining and range-finding, pulsed lasers are needed. 
Then the laser’s peak power is high even though the average power is low or moderately 
high. Thereby the conversion efficiency is enhanced considerably. In this case, the pump 
depletion needs to be taken into account even for a single-pass configuration. 
 
Let us assume that we have phasematching, i.e., 0=∆ Qk , and quasi-monochromatic fields, 
then the second-harmonic generation efficiency for a depleted fundamental wave is given 
by6: 
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where SHP  and FP  are the average power of the second-harmonic and the fundamental 
waves, respectively, and  is the nonlinear coefficient for a train of short pulses.  ,

SHγ
 
In the case of SHG with nanosecond or picosecond pulses, we can assume that the group-
velocity dispersion (GVD) and the self-phase modulation (SPM) within the crystal can be 
neglected. Then, for a temporally Gaussian shape pulse, , is given by:,

SHγ 7  
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where τ is the full-width at half maximum (FWHM) pulse duration and f is the pulse 
repetition rate. LnormSH ηγ = , is the coefficient for the CW case without pump depletion [see 
Eq (4-9)]. 
 
We should note that in Eq (4-11), only the fundamental pump depletion is considered. 
However, for KTP, absorption in the visible is a non-negligible effect and, at high conversion 
rates, a considerable amount of the SH radiation is absorbed which lowers the conversion 
efficiency. This was observed in our experiments. Therefore, the maximum efficiency 
predicted in theory can only be achieved in a perfectly non-absorbing crystal. 
 
In our investigation, high conversion-efficiency experiments were conducted with a mode-
locked and Q-switched Nd:YAG laser using PPKTP for 532 nm generation. Fig. 4.6 shows 
the dependence of the conversion efficiency on the average fundamental power for the case 
of 100 ps-long pulses at a repetition rate of 100 MHz. The crystal length was 9 mm. A 
maximum average SH power of 1.34 W and a conversion efficiency of 63 % were obtained 
(Paper I). The solid line is the theoretical conversion efficiency in which the depletion of the 
fundamental wave was taken into account. At lower fundamental power, the theoretical 
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simulation fits well with the measured data, whereas at a fundamental average power higher 
than about 1.5 W, the saturation of the conversion efficiency, due to the absorption of the SH 
radiation, was observed. 

 
Fig. 4.6 The conversion efficiency as a function of the average fundamental power for a mode-locked 
Nd:YAG laser. The solid line is a theoretical fit calculated by taking the fundamental beam depletion 
into account (Paper I). 
 
 
For frequency doubling of Q-switched Nd:YAG lasers, different repetition rates and pulse 
lengths in the ns regime have been used for efficiency measurements on two different 
samples. As shown in Fig. 4.7, the highest efficiency obtained was 74 % in a 3 mm-long 
PPKTP at a 20 Hz repetition rate and with 5 ns long pulses (Paper B).  
 

 
Fig. 4.7 Frequency doubling efficiency at two different crystal lengths as a function of the 
fundamental pulse energy of a Q-switched Nd:YAG laser with a 5 ns-long pulse and a 20 Hz 
repetition rate (Paper B). 
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A strong saturation effect and, actually, a decrease in the conversion efficiency was observed 
for an increase of the input energy. This cannot be explained by the depletion of the 
fundamental power only. However, it may quantitatively be explained by the absorption in 
the rear part of the crystal where the SH power has built up to a higher value than in the rest 
of the crystal. This absorption leads to heating of the crystal and, consequently, a detuning 
from phasematching. Fig. 4.7 shows the conversion efficiency as a function of the pulse 
energy for a 5 ns-long pulse at 20 Hz for two different crystal lengths. The higher efficiency 
obtained for the shorter crystal demonstrates clearly that the thermal effect caused by the 
absorption of the SH signal is much stronger in the longer crystal. The absorption of the 
generated green light in the crystal leads to thermal gradients as well as to thermally-induced 
stress. We will discuss thermal contribution to the optical damage in more detail in Chapter 7. 
 

4.5. SHG using ultrashort pulses 
 
Here, we discuss the second-harmonic generation with femtosecond pulses because this 
temporal regime has several properties different from those of the SHG with picosecond or 
nanosecond pulses. Specifically, we have to consider the group–velocity mismatch (GVM) 
and the group-velocity dispersion (GVD) in this process. 
 
In principle, the GVM limits the effective interaction length in the nonlinear crystal. The 
group velocity of a pulse is generally different from the phase velocity. Therefore, even if the 
interaction is phasematched, i.e., 0=∆k , the fundamental and the harmonic pulses propagate 
with different group velocities. This leads to a spatial walk-off as they propagate through the 
nonlinear crystal. The group-velocity mismatch factor γ , is expressed as8: 
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The influence of the group-velocity mismatch on the SHG efficiency depends on the ratio of 
the interaction length and the walk-off length, , which is defined as: wL
 

( ) 1−∆= FwL ωγ               (4-13) 
 
where Fω∆ is the spectral width of the fundamental pulse. For a transform-limited 
fundamental pulse with duration Fτ , we have that 
 

1≈∆ FF ωτ                (4-14) 
 
Thus, can be written as:     wL

γ
τ F

wL ≈                (4-15) 

 
When , frequency doubling of short pulses takes place in the same way as under the 
condition of phase-velocity matching. 

wLL <
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However, in most cases, , due to the walk-off phenomenon, and the frequency 
doubling will be accompanied with a strong spreading of the SH pulse

wLL >
9 and a spectral 

broadening. The duration of the SH pulse, SHτ , depends on the crystal length, as expressed: 
 

LSH γτ ≈                (4-16) 
 
There are two factors contributing to the spectral broadening. One is due to the phase 
mismatch, and the other one is the group-velocity walk-off. The overall SH spectral response 
is proportional to [ ] [ ])(5.0/)(5.0sin 00 ωωγωωγ −− effeff LL , where γ is the group-velocity 
mismatch factor, given by Eq (4-12), and  is an effective crystal length deduced from CW 
characterization. 
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For fs SHG at a high fundamental peak intensity, the fundamental beam depletes quickly 
after a nonlinear interaction length, , which is defined as: NLL
 

   
FeffF

F
NL Ed

cnL
ω

2
=               (4-17) 

 

where 0ω is the fundamental central frequency and E  is the field amplitude of the 

fundamental pulse. At high peak intensity, ( 2
FE∝ ), the nonlinear interaction length is 

getting shorter, which will result in an intensity-dependent broadening of the QPM 
acceptance bandwidth. 
 
Quantitatively, we have tested the PPKTP crystals for UV generation by frequency doubling 
of femtosecond pulses. In this experiment, the pump source was a Kerr-lens, mode-locked 
Ti:Sapphire laser, generating 100-fs long pulses at a 80-MHz repetition rate. The spectral 
bandwidth of the laser was approximately 10 nm at the fundamental wavelength of 780 nm. 
The crystal for this experiment has a period of 2.95 µm and a physical length of 9 mm. An 
effective crystal length of 5.6 mm was determined from the measured wavelength bandwidth 
of 0.09 nm using a CW Ti:sapphire laser (Paper II). 
 
The characteristic walk-off length was calculated to be shorter than 57 µm. Due to walk-off, 
the SH pulse width is broadened to about 10 ps, which corresponds to the calculated value 
obtained from Eq (4-16) when the effective crystal length, instead of physical length is used. 
Fig. 4.8 shows the measured SH spectrum at two different pump intensities. The fundamental 
beam was focused to a 50 µm radius in the crystal. The solid curve corresponds to a 
fundamental peak intensity of 0.93 GW/cm2. The calculated phasematching bandwidth was 
0.18 nm which is very close to the measured figure of 0.2 nm, approximately two times 
broader than that in the CW case. A much larger bandwidth, 1.44 nm, was obtained at 3 
GW/cm2. At this intensity, the LNL is 605 µm. 
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Fig. 4.8 SH spectra obtained by frequency doubling 100-fs optical pulses in PPKTP at two different 
fundamental intensities: solid curve: 0.93 GW/cm2, dashed curve: 3 GW/cm2. 
 
 

GVD also produces a temporal spreading of the fundamental and the SH pulses due to the 
chirping of the spectral components. The dispersion length, , is defined asdL 10: 
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It can be shown that the duration of a transform-limited Gaussian pulse in a dispersive 
medium grows with distance, x , in the following manner: 
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If the dispersion length is much longer than the crystal length, the pulse broadening due to 
dispersion is negligible. Fortunately, this is the case for our experiment described in Paper II. 
 

 35



References of Chapter 4 
 
 
1 T. Y. Fan, C. E. Huang, B. Q. Hu, R. C. Eckardt, Y. X. Fan, R. L. Byer and R. S. Feigelson, Appl. 
Opt. 26, 2390 (1987). 
 
2 H. Vanherzeele and J. D. Bierlein, Opt. Lett. 17, 982 (1992). 
 
3 M. M. Fejer, G. A. Magel D. H. Jundt and R. L. Byer, IEEE J. Quantum Electron. 28, 2631 (1992). 
 
4 J. D. Bierlein and H. Vanherzeele, J. Opt. Soc. Am. B6, 622 (1989). 
 
5 W. Wiechmann, S. Kubota, T. Fukui and K. Masuda, Opt. Lett. 18, 1208 (1993). 
 
6 A. Yariv, “Quanttum Electronics”, 3rd ed., Wiley, New York (1989). 
 
7 S. D. Butterworth, S. Girard, and D. C. Hanna, J. Opt. Soc. Am. B 12, 2158 (1995). 
 
8 S. A. Akhmanov, V. A. Vysloukh, and A. S. Chirkin, “Optics of Femtosecond Laser Pulses”, 
American Institute of Physics, New York (1992). 
 
9 D. H. Auston and K. B. Eisenthal, “Ultrafast Phenomena IV”, Springer, Berlin (1984). 
 
10 J. Zhang, J. Y. Huang, H. Wang, K. S. Wong and G. K. Wong, J. Opt. Soc. Am. B.15, 200 (1998). 
 

 36



5. KTP and Rb-doped KTP  
 
 

5.1. Why KTP and its isomorphs? 
 
In Chapter 4, several experiments on QPM SHG based on flux-grown KTP have been 
discussed. In this chapter, more of the material characteristics of the KTP-crystal family are 
given together with the motivation why I have chosen to study these crystals. 
 
Among roughly 20,000 surveyed crystals only a few percent have a combination of an 
intrinsic nonlinearity and a sufficient birefringence for nonlinear optics1. Besides being 
nonlinear, there are many other requirements that have to be met for a material to be suitable 
for practical implementations. Some of the more important ones are:  
 
� wide transparency range 
� large size with good optical homogeneity 
� chemical and mechanical stability 
� low cost and easy fabrication 

 
This reduces the number of candidates to only a few tens of crystals. Furthermore, if we look 
for the generation of visible and near UV radiation and restrict ourself to QPM, then, 
essentially, only three classes of ferroelectric crystals have been used with promising results. 
These are: 

 
• Lithium Niobate (LiNbO3 or LN) and Lithium Tantalate (LiTaO3 or LT) 
• Potassium Niobate (KNbO3 or KN) 
• Potassium Titanyl Phosphate (KTiOPO4 or KTP) and its isomorphics 

 
Let us now look at these in more detail. Congruent LN, (CLN) has been the most frequently 
studied material. It is transparent from 350 to 5,000 nm. The absorption is relatively weak 
and the material homogeneity within a given crystal, and between crystal to crystal is 
generally very good. The nonlinearity is high (d33 = 34.1 pm/V)2, which allows a high 
conversion efficiency to be obtained. However, LN suffers from photorefractive damage 
when illuminated with visible radiation, which distorts the beam3. In addition, CLN has a 
coercive field as high as 21 kV/mm and, in practice, this limits the thickness of the samples to 
approximately 0.5 mm. Congruent LT (CLT) is an attractive one compared to CLN because 
the absorption edge of CLT extends further into the UV (280 nm)2. For example, periodically 
poled CLT with a period of 1.7 µm has been demonstrated for UV generation.4,5. However, 
this crystal also suffers from a high susceptibility to photorefractive damage. Several 
techniques have been used to improve the properties of CLN and CLT. The first one has been 
by doping the crystals with magnesium (MgO:CLN, MgO:CLT) where the prime motive is to 
reduce the photorefraction. The second one is making them lithium-rich, i.e., increase the 
stoichiometry (SLN, SLT), and the third one is based on a combination of the two, i.e., to 
make magnesium-doped stoichimetric crystals (MgO:SLN, MgO:SLT). In all cases, a 
positive aspect of the modification is the substantially reduced coercive field allowing for 
thicker crystals to be poled. For instance, the coercive fields are about 4.5 kV/mm6, and 2 
kV/mm7 for MgO:CLN (5 mol%) and for MgO:SLN, respectively. And, similarly, 
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approximately 1.7 kV/mm for both SLT8 and for MgO:SLT9. However, although the 
photorefractive resistances have been improved dramatically for MgO:CLN10, MgO:SLN2,10, 
SLT and for MgO:SLT2,11, the photorefractive damage thresholds are still too low for SHG-
devices to be operated at room temperature. For pure SLN crystals, it exhibits even lower 
photorefractive damage resistance11, than the CLN10,12.  
 
KN is an attractive crystal for making SHG-devices in the visible spectrum because of its 
high resistance to photorefractive damage13 and the large nonlinear optical coefficient14. 
Furthermore, a low coercive field, 300-500 V/mm13,15, makes it possible to pole rather thick 
crystals. Some of the problems with this crystal relates to the fabrication. It has been very 
difficult to grow defect-free single crystals as they often crack during cool-down after the 
growth. Furthermore, it has been difficult to grow single-domain crystals and it can even 
happen that samples will self-pole during handling, such as, cutting and polishing as well as 
during operation at high optical intensities. Altogether, this has somewhat limited the usage 
of KN in practice. 
 
Let us now look at KTP as an alternative for making QPM devices. Besides its wide 
transparency, large nonlinear coefficient, low refractive index change with temperature16, 
large thermal phasematching bandwidth, and high chemical and mechanical stability, 
probably the most important property of KTP is it´s orders of magnitude lower sensitivity to 
photorefractive damage17 than LN. Furthermore, the coercive field of KTP is about one order 
of magnitude lower than that of CLN and, therefore, it is rather straightforward to pole 
thicker crystals, even with dense QPM gratings. Despite all the favourable properties of KTP, 
we should realize that KTP can suffer from photochromic damage when illuminated with 
intense visible or UV radiation. However, this effect, usually called grey tracking, does not 
cause permanent damage to the crystals18. Other crystals from the KTP family have very 
similar properties to those of KTP. The largest difference in this regard is for the arsenates, 
RTiOAsO4 (RTA) and KTiOAsO4 (KTA), where P has been exchanged with As, which 
results in a wider transparency limit in the IR. 
 
Today, with the knowledge we have of these materials, it would be too much to say that one 
material is better than all the other. However, if we want an efficient crystal, for generating 
moderate power in the visible or the near UV spectrum, then KTP seems like a good 
candidate to fulfil the task. Hence, I chose KTP and its closest relative, i.e., Rb-doped KTP, 
RKTP, as the nonlinear optical material for my studies.  
 

5.2. Crystal growth 
 
KTP decomposes on melting at approximately 1,150-1,170 oC16,19. This inhibits the use of 
convenient melt-growth techniques, such as the Czochralski method, for growth of KTP. 
Instead, crystals from the KTP family are grown by the hydrothermal method20 or the flux 
technique21,22. 
 

5.2.1. Hydrothermal method 
 
In the hydrothermal process, nutrients and seed crystals are sealed in a platinum autoclave 
which can withstand high temperature, high pressure as well as being resistant to corrosive 
solvents. The crystal growth needs a constant pressure (20,000-25,000 psi) and a constant 
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temperature (350 – 600 oC)16. High quality crystals, in terms of uniformity and low 
conductivity can be obtained with this technique. However, it is an expensive growth 
technique and it is also difficult to grow large crystals, which have limited the usage of 
hydrothermal KTP in practice. 
 

5.2.2. Flux-grown method 
 
Flux growth is a high-temperature solution technique to grow larger single crystals. In this 
procedure, the KTP crystallizes out of a molten flux composition when it is cooled down. For 
KTP, the growth temperature can be varied between 700 – 1,000 oC, depending on the flux 
used. Common fluxes employed are various potassium phosphates, with the K- to P-ratio 
varying from 1 to 3, and tungstates and halides16. If the flux contains only the constituents of 
the crystals, then, it is called as self-flux. To grow large crystals, a seed is needed. There are 
two methods to place it. One is called submerged seed solution growth i.e., SSSG, which 
gives a crystal with 14 growth sectors. The other one is termed top seeded solution growth, 
i.e., TSSG, which have 10 growth sectors. 
 
Larger alkali ions can be doped into KTP to modify the dielectric property of the crystal. For 
example, RbxK1-xKTP (with x = 0 ~1), RKTP, crystals could be synthesized in the flux-
grown method by adding Rb

→
+-ions to the growth melt. When the K+-ions is substituted 

completely by Rb+ ( 1=x ), RbTiOPO4 (RTP) is obtained. 
 
An advantage of the flux-grown method is that it is relatively simple and that the process 
operates at atmospheric pressure without the need for sophisticated pressure equipment and 
expensive autoclaves, which makes it a more inexpensive technique. 
 

5.3. Crystal structure  
 
The KTP structure was determined by Tordjman et al in 197423. It is an orthorhombic crystal 
and belongs to the acentric mm2 point group and the Pna21 space group with crystal lattice 
constants, a = 12.814 Å, b = 6.404 Å and c = 10.616 Å. There are four asymmetric units per 
unit cell, and two formula units per asymmetric unit, therefore, in the stoichiometric 
component, each unit has two crystallographically distinct atomic sites for each of the 
titanium Ti(1), Ti(2), phosphorus P(1), P(2), and potassium K(1), K(2 ) atoms. Ti atoms are 
six-coordinated, P atoms are four-coordinated, and K(1) atom is eight-coordinated together 
with K(2) which is nine–coordinated by O atoms. 
 
The KTP structure is characterized by helical chains of distorted TiO6 octahedra that are 
corner-linked and separated by PO4 tetrahedra. The TiO6 octahedra along the c-axis bridge 
the PO4 tetrahedra to construct a three dimensional framework. This framework forms 
channels along the polar axis24. The K+ ions are located at structural voids. Each of the TiO6 
groups contains a short Ti-O bond (of approximate length 1.7 Å) and a long Ti-O band 
(approximately 2.1 Å long)25. The difference in bond length makes the TiO6 highly distorted. 
It has been suggested that alternating the long and the short Ti-O bonds will result in a net 
polarization along the polar axis which is the major contributor to the nonlinear optic 
coefficient for KTP16,20. Fig. 5.1 shows the KTP structure with a projection in the (001) 
direction. 
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Fig. 5.1 Projection of the KTP crystal structure in the (001) direction26. 
 
 
KTP is the key member of the crystal family described by the compound formula MTiOXO4, 
where the atom M can be K, Rb, Tl, NH4 or Cs and the X atom can be P or As. By permuting 
the constituent elements, crystal manufactures have a possibility to synthesize several crystals 
with slightly different lattice parameters16, linear optical properties as well as the 
nonlinearity27. 
 
In the KTP crystal structure, the K atom can be partially or totally replaced by another 
element like Rb. In RKTP, it has been demonstrated that rubidium substitutes for potassium 
only on the larger K(2) site in the lattice when the concentration of rubidium is low28. Rb(K) 
ions are displaced along the polar axis and the Ti atoms are displaced in a way so as to create 
the chains of alternating long and short Ti-O bonds20. 
 

5.4. Crystal properties 

5.4.1. Ionic conductivity  
 
The ionic conductivity originates from the ion transport in the crystal lattice. As we can see 
from Fig. 5.1, the open nature of the framework, built-up by the TiO6 octahedra and the PO4 
tetrahedra, allows for cations to diffuse easily along the polar axis via a vacancy hopping 
mechanism. Thereby, KTP gets a relative large and highly anisotropic ionic conductivity. The 
ionic conductivity along the polar axis is typically three to four orders of magnitude larger 
than that perpendicular to the polar axis29.  
 
The ionic conductivity of KTP varies depending on the crystal growth process. Typically, the 
room-temperature ionic conductivity of flux-grown KTP is 10-6S/cm. The high conductivity 

 40



of flux-grown KTP is primarily attributed to the non-stoichiometry of the crystals, where the 
K+-vacancies are built into the structure, which are then available for ionic transport with an 
applied electric field. Hydrothermally grown KTP, on the other hand, has a higher degree of 
stoichiometry and is, hence, much less conductive, typically 3 orders of magnitude lower than 
the flux-grown material16. However, as mentioned earlier, this material is much more difficult 
to grow. 
 
To obtain a flux-grown material with low conductivity for periodic poling, one could utilize 
crystals with an inherently lower ionic conductivity, such as, RTA and RTP, which have very 
similar optical properties to KTP. Cheng et al27 have reported that the ionic conductivity of 
RTP and RTA are 3 - 5 orders of magnitude lower than those of KTP and KTA. However, the 
usage of these low-conductive isomorphs is limited due to poor availability and the large 
variations in the crystal quality. The growth control for flux-grown KTP has now been 
refined and it is a rather mature process compared with the other isomorphs. Based on this, 
the doping technique was introduced into ordinary flux-grown KTP as an alternative strategy 
to lower the conductivity of flux-grown KTP. It has been reported that the ionic conductivity 
of KTP can be reduced by 1.5 to 3 orders of magnitude by introduction of dopants in the 
growth melt30. However, some of the dopants make it difficult to do the periodic poling as 
they occupy crystal lattice positions that inhibits or hampers the domain reversal. Other 
dopants, like Ta, and Nb, can be detrimental for the nonlinear properties31.  
 
KTP doped with Rb is an interesting candidate for periodic poling as we know that both KTP 
and RTP can be poled with good results and the larger Rb+-ion reduces the conductivity32,33 
(Paper I). The reduction of the ionic conductivity for RKTP is a result of the higher activation 
energy for Rb+ (0.45 eV) than for K, (0.33 eV)33 in the crystal lattice. This is again attributed 
to the fact that Rb+ has a larger atomic radius than K+, and it is more difficult for the Rb+ to 
pass through the bottleneck formed by the oxygen ions34. A Rb+-ion will hence occupy the 
K(2) site longer time than a K+-ion would do. This makes the hopping rate of Rb+ much 
lower than that of a K+ ion. The Rb+-ion also blocks the lattice for the majority of the K+-
ions, which otherwise would like to hop but are unable to as the neighbouring sites are 
already occupied by Rb+. The hopping rate of K+ is then reduced with respect to that of Rb+ 
as there are no possibilities to pass the Rb+ ion for the K+ ion. 
 
In this work, we show that the dielectric property of flux-grown KTP can be modified 
substantially by just introducing a low doping level of Rb+. The ionic conductivity of the 
resultant RKTP became approximately 2 orders of magnitude lower than that of KTP when 
two-mole percent of Rb was added to the growth melt (Paper VII). 
 
In this thesis work, for the main part of my studies, flux-grown KTP has been the model 
material for room-temperature electric-field periodic poling, but, in the end of the work, 
RKTP came up as a promising alternative. Both the KTP and the RKTP were grown by 
Bright Crystals Technology, Inc. (Beijing, China), using the top-seeded growth technique.  
 

5.4.2. Ferroelectricity  
 
Ferroelectric crystals are materials with a spontaneous polarization, i.e., an inherent electric 
dipole moment per unit volume, that can be switched between two or more equilibrium states 
by an applied electric field. The equilibrium states have the same crystal structure, but differ 
in the direction of the spontaneous polarization at zero applied electric field. The electric field 
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required to switch the direction of the spontaneous polarization is called the coercive field. In 
this work, we have measured coercive fields between 1.85 - 3.4 kV/mm for both KTP and 
RKTP. A ferroelectric domain is defined as a region of the ferroelectric crystal, with a 
uniform spontaneous polarization. In KTP, the domains have two states, the so-called 180 
degree domains oriented either in the c+ or the c- direction. The interface between two 
domains is called the domain wall, so, for KTP, the domain wall is parallel to (100) crystal 
plane 35. 
 
In ferroelectrics, the domains are stable below the Curie point, Tc. At this temperature, they 
undergo a structural phase transition from the polar into the paraelectric, non-polar state for 
which the ferroelectricity has vanished. For KTP, the Curie temperature is 35. CT o

c 936=
 
The ferroelectric property is commonly characterized by the ferroelectric hysteresis loop, i.e., 
a plot of the polarization versus the applied electric field. Unfortunately, it is not quite 
straightforward to obtain an ideal ferroelectric hysteresis loop for flux-grown KTP at room 
temperature due to screening from the high ionic conductivity. However, if the conductivity 
is reduced, it is possible to measure such a curve. Rosenmann et al36 derived a spontaneous 
polarization value of 23.7 µC/cm2 for flux-grown KTP at 170 K, where the K+-ions are frozen 
into the lattice and the conductivity is reduced by five orders of magnitude down to 10-12 
S/cm. 
 
All ferroelectric materials are a subset of pyroelctrics, in which, the electric charges will be 
generated on the crystal surfaces when subject to a varying temperature. 

5.4.3. Piezoelectricity  
 
Piezoelectricity is a phenomenon where positive and negative charges are generated on a 
crystals surface when mechanical stress is imposed. The piezoelectric effect is a reversible 
electromechanical interaction. The inverse piezoelectricity is the generation of mechanical 
stress by an applied electric field. The responses are linear with the applied electric field. All 
ferroelectric crystals are also piezoelectric. 
 

5.4.4. Optical properties 
 
KTP crystals have been widely used for frequency doubling of the near-IR from Nd:YAG 
lasers into the green and also for near-IR OPOs. Recent development of periodically-poled 
KTP have provided a wider use of the material through its full transparency region from the 
UV (Paper II and Paper III), over the visible region (Paper I) to the near-IR spectrum37,38. The 
knowledge of the crystal transmission is thus also important for QPM devices. In general, 
MTiOPO4 is transparent over a broad wavelength range, i.e., 0.35 - 4.5 µm, whereas the IR 
transmission extends to approximately 5.2 µm for the MTiOAsO4 compound. So far, the 
shortest wavelength generated from KTP is 390 nm, by first-order QPM SHG (Paper II).  
 
The optical transmission of KTP and its isomorphs were measured in Paper A. In this 
experiment, the light was linearly polarized along the z-axis and propagated along the x-axis, 
as is normally chosen for a QPM interaction. Fig. 5.2 shows the transmission windows for the 
potassium compounds KTA and KTP. 
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Fig. 5.2 Transmission window for KTP and KTA (Paper A). Crystal lengths are 10.00 mm and 10.05 
mm for KTP and KTA, respectively. The Fresnel losses at the facets were not taken into account. 
 
 
One common feature of these crystals is the strong absorption line at about 2.8 µm. It is 
caused by OH groups grown into, or trapped in, the crystals during growth. The OH group 
oscillates as a hydroxyl molecule and forms an OH- defect in the crystals39. The strong 
absorption at this wavelength does not affect the QPM SHG devices directly, fortunately. The 
second feature is that the absorption increases in the infrared. This is attributed to the 
vibrations in the XO4 tetrahedra40. 
 
To be able to generate a specific wavelength by the QPM devices, accurate knowledge of the 
refractive indices is needed. They are normally described by the Sellmeier equations and, 
hence, used for calculating the grating period. Fan et al has improved the Sellmeier equation 
coefficients of KTP for wavelengths shorter than 1 µm41. However, for wavelengths longer 
than 1 µm, better resultants are obtained by the coefficients reported by Fradkin et al 42. 
Recently, Fragemann et al characterized RTP using periodic poling and published a more 
accurate Sellmeier equation for the wavelength range between 0.43 and 3.4 µm32. Generally, 
the two-pole Sellmeier equation is written as: 
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Here, λ is the vacuum wavelength, in micrometer. A, B, C, D, E and F are specific material 
constants. The coefficients for  and  for KTP and RTP, respectively, are listed in Table 
5.1. 

zn yn

Crystal Index A B C ( ) 2mµ D E ( ) 2mµ F ( ) 2−mµ
KTP41<1µm yn  2.19229 0.83547 0.04970 0 0 0.01621 
KTP41<1µm zn  2.25411 1.06543 0.05486 0 0 0.02140 
KTP42>1µm zn  2.12725 1.18431 0.0514852 0.6603 100.00507 0.00968956

RTP32 zn  2.229382 1.230476 0.052475 2.40099 159.4113 0.00131914
 
Table 5.1 Sellmeier equation coefficients for KTP and RKTP according to the Eq (5-1). 
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For QPM, temperature tuning is a powerful tool not only for optimisation of the conversion 
efficiency at a fixed fundamental wavelength, but also for extending the wavelength range of 
the generated light from a periodic poled material with a specific grating structure. Together 
with the refractive indices, their temperature dependence, i.e., , are very important 
characteristics for the PP material to predict precisely the phasematching temperature. Data 
on the temperature dispersion of KTP has been published by several authors. Ghosh’s 
thermooptic coefficients

dTdn /

43 are specified for λ > 1 µm. Wiechmann’s data44 have shown to be 
more accurate for wavelengths shorter than 1 µm. For the latter one, the temperature 
dispersion for light polarized along the polar axis is of the form: 
 

)/10)(101.12129.59414.44415.12(/ 6123 CdTdn o
z

−−−− −+−= λλλ            (5-2) 
 

where λ is the fundamental wavelength, in micrometer. 
 
When the KTP structure is modified by partial substitution of some of the ions, discussed 
earlier in this chapter, the microscopic structural modification leads to macroscopic physical 
changes of the properties of the crystal. In this work, we have investigated experimentally 
how the optical characteristics vary when KTP was lightly doped with Rb (Paper VII). 
 
In the experiment, we first measured the phasematching wavelength for pairs of 
PPKTP/PPRKTP with periods of 5.27 µm, 6.095 µm, and 6.81 µm, respectively, in a single-
pass SHG set-up, pumped with a CW Ti:sapphire laser. The phasematching wavelength is 
slightly red-shifted for RKTP relative to that of KTP, but still much shorter than the 
calculated values for RTP. A comparison of the phasematching wavelengths of KTP, RKTP, 
and RTP is summarized in Table 5.2. The small shift of the phasematching wavelength of 
RKTP, with respect to KTP, indicates that the dispersion of nz is modified only slightly from 
that of KTP although the ionic conductivity has been reduced substantially. 
 

Phasematching wavelength in (nm) 
at different periods 

 
Crystal 

Λ =5.27 µm Λ = 6.095 µm Λ = 6.81 µm 
KTP 908.1 946.3 977.5 
RKTP 908.4 946.5 977.7 
RTP 919.6 958.5 990.1 

 
Table 5.2 Comparison of phasematching wavelengths for KTP, RKTP, and RTP for three grating 
periods (PaperVII). 
 
 
To investigate the wavelength dependence on temperature for PPRKTP relative to PPKTP, 
we recorded the fundamental peak wavelength for each of the crystals in the temperature 
range of 20 – 70 oC for all three periods 5.27 µm, 6.095 µm, and 6.91 µm, respectively. As 
expected, it was found that they all have approximately the same wavelength dependence on 
the temperature, namely, 0.05 nm/oC. Fig. 5.3 shows the wavelength dependence on the 
crystal temperature for PPKTP and PPRTP with a period of 5.27 µm. Approximately 2.5 nm 
wavelength tuning range was achieved when both PPKTP and PPRKTP were temperature 
tuned over a range of 50oC (20 – 70 oC). 
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Fig. 5.3 The wavelength dependence on the crystal temperature for PPRKTP and PPKTP with the 
same period of 5.27 µm (Paper VII). 
 
 
As we have discussed earlier in this chapter, KTP and its isomorphs belong to the mm2 point 
group. Crystals with a such symmetry have only 5 non-zero nonlinear coefficients, viz: 
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The non-zero nonlinear coefficients of KTP reported by Vanherzeele and Bierlein45 are listed 
in Table 5.3. 
 

 dil (pm/V) for KTP 
Wavelength d15 d24 d31 d32 d33

1064 nm 1.91 3.64 2.52 4.35 16.9 
 
Table 5.3 Nonlinear optical coefficients of KTP at nm 1064=λ .  
 
 
We made an experiment in order to compare the effective nonlinear optical coefficient, , 
between PPKTP and PPRKTP in a single-pass set-up. The PPRKTPs were 8.5 mm-long with 
periods of 5.27 µm (sample A), 6.095 µm (sample B), and 6.81 µm (sample C), respectively. 
The pump power were 230 mW for the first and the second crystal, and 150 mW for the third 
one. The maximum SHG powers were, respectively, 825 µW, 800 µW, and 280 µW, 
generated at the fundamental wavelengths of 908.4 nm, 946.5 nm and 977.7 nm, respectively 
(See Table 5.2). Taking into account the optical losses, the corresponding effective nonlinear 
coefficients are all around 10.3 pm/V, which is very similar to the corresponding figure from 
a well-poled KTP and, hence, in good agreement with Vanherzeele’s and Bierlein’s value of 
d

effd

33. Our results support the proposal by Zumsteg et al20 discussed earlier that the 
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nonlinearities of KTP isomorphs are primarily related to the alternating-length Ti-O bonds 
and not so strongly influenced by the alkali-ion subsystem. 
 
The electro-optic coefficients and the thermal expansion coefficients of KTP were measured 
by Bierlein et al16,29 and the figures are listed in Table 5.4. 
 

Electro-optic coefficient29 
rij (pm/V) Value 

Thermal expansion 
coefficient (oC-1)16  

r13 9.5 
r23 15.7 
r33 36.3 
r51 7.3 
r42 9.3 

α1 = 11x10-6 

 

α2 = 9x10-6 

 

α3 = 0.6x10-6

  
Table 5.4 The electro-optic coefficients and the thermal expansion coefficient of KTP. 
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6. Fabrication and characterization of PPKTP and 
PPRKTP 

 
 

6.1. Introduction 
 
An important contributor to the developments in nonlinear optics is the practical realization 
of QPM devices for frequency conversion using periodically-poled ferroelectrics. In 
particular, this has been important for the realization of compact and efficient blue-green 
sources as well as for UV light generation. However, it is a very challenging task to fabricate 
high-quality PP structures with fine-pitch domain gratings (3 - 10 µm periods) in large 
aperture samples (> 0.5 mm) needed for medium and for high-power applications. In this 
chapter, I will discuss where some of the difficulties lie, both related to the fabrication 
procedure as such and as regards the basic material. Emphasis will be put on the special 
problems of crystals made from the KTP family, like the material homogeneity and the 
conductivities. I will also address ways to improve the fabrication of periodically-poled 
crystals using pre–poling screening and the use of in-situ SHG monitoring technique during 
poling. Some novel techniques for evaluating the poled crystals will finally be introduced as 
well. 
 

6.2. Electric-field poling of KTP and RKTP 

6.2.1. Domain switching for the KTP family 
 
The most common method to achieve domain reversal in ferroelectrics is by electric-field 
poling. The applied electric field should have a strength exceeding the coercive field, in a 
direction antiparallel to the spontaneous polarization. This allows the ions to overcome the 
potential energy barrier in order to re-orient towards the opposite dipole position. In the case 
of KTP and its isomorphs, Stolzenberger et al1 have proposed a model for the reversal. It 
takes place in the crystal by a shift of the alkali atoms (K, Rb) in the –z direction with only a 
slight relaxation of the neighbouring oxygen ions. The 9-fold coordinated alkali ion in the 
pre-poled lattice becomes an 8-fold coordinated ion after poling, and visa versa. In the 
meantime, the domain reversal is accompanied by a slight rotation of the PO4 tetrahedra and 
the TiO6 octrahedra, as well as a bond exchange between the long and the short Ti-O bounds. 
For further detail, see Chapter 5. 
 

6.2.2. Sample preparation for poling 
 
The as-purchased, z-cut flux-grown KTP and RKTP wafers have a typical size of 30(x) x 
30(y) x 1(z) mm3. Their domain status are first inspected using a d33 piezo tester (American 
Piezo Ceramics, Inc), and, in most cases, they are completely single domain. A pronounced 
feature for flux-grown KTP and its isomorphs is that they acquire a variation in stoichiometry 
during growth. This manifests itself as a nonuniform ionic conductivity over the whole wafer, 
but the ionic conductivity also varies from one boule to the other. It has been found important 
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to obtain the conductivity information on the whole wafer prior to the poling to properly 
match the poling conditions to the individual sample. 
 
The room-temperature ionic conductivity of a specific wafer along the polar axis can be 
determined from a simple current measurement. In my investigations, I applied a few ms-
long electric pulse over an area A of the c-cut wafer. The ionic conductivity can then be 
deduced from the following expression: 
 

VA
IL

=σ                  (6-1) 

 
where I is the current through the external circuit, V is the applied voltage across the sample, 
and L is the thickness of the sample. 
 
To eliminate any risk of bulk poling during the conductivity measurement, the external field 
has to be applied in parallel to the spontaneous polarization. Specifically in our experiments, 
the c- side was probed by a metal tip, with a diameter of 1.5 mm and the opposite side was 
contacted with a saturated KCL solution. Typically, the ionic conductivity of flux-grown 
KTP is approximately 10-6/S·cm. 
 
By mapping the ionic current through over the whole wafer, the homogeneity information of 
the ionic conductivity for a specific wafer is gathered. Fig. 6.1 shows a typical result for KTP. 
The ionic conductivity is rather constant along the x-axis (crystallographic a-axis) while it 
has an approximate parabolic profile along the y-axis (crystallographic b-axis). Typically, it 
is increased by a factor of 2 from the edge to the centre of the wafer. The non-uniformity of 
the conductivity is attributed to the temperature gradient the crystal experienced during the 
growth which leads to a spatial stoichiometry variation. 
 

 
Fig. 6.1 Conductivity map of a flux-grown KTP wafer. 
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For the RKTP used in this work, the crystals were grown with the same method as the flux-
grown KTP crystals. The ionic conductivity was approximate1.5 x 10-8/S·cm, i.e., about 2 
orders of magnitude lower than that of the non-doped KTP. This suggests that RKTP might 
be a better candidate for periodic electric-field poling. 
 
To achieve a higher yield for KTP, the wafer is then cut up into smaller samples. Each 
sample can then be poled individually. The dimensions of the small samples are chosen to fit 
the particular applications they are intended to be used for. More importantly, during the 
whole process, we kept track of all the samples, with respect to their original location on the 
wafer in order to try to learn more about how the ionic conductivity affects the poling results. 
 
A preferred orientation of the grating vector for PPKTP will depend on the nature of the 
domain wall formation when the KTP crystals are subject to the poling field. Bierlein et al2 
and Miller et al3 discussed this issue by examination of the crystal structure of KTP. 

According to Bierlein and Ahmed2, the Ti-O chains oriented along the ( ) and the ( ) 
directions contribute to the z-directed polarization. Domain walls parallel to the (100) planes 
will be preferred because this plane does not intersect the Ti-O chains. Also, the lattice 
constant along the a-axis is about two times larger than that of along the b-axis. We could 
interpret Miller and Weinreich’s model3 in such a way that the domain growth should occur 
preferably in the direction of the crystallographic b-axis where the nucleation step is minimal. 
The two models predict that the domain growth in KTP crystals should elongate along the y-
axis. Accordingly, the length of the sample should be cut along the x-axis which then is the 
direction of the QPM grating vector. 

011 110
−

 
The samples were optically polished on the x-face to allow the laser beam to pass through the 
crystal. Following this, approximately 2 µm-thick photoresist (Shipley Microposit S1818) is 
spun onto the c- -face. Then the sample is pre-baked on a hot plate at 105 oC for 90 s to 
harden the resist. The required grating structures are then transferred to the crystals with 
standard lithographic technique. Grating periods ranging from 2.95 µm to 35 µm were used 
for the thesis work reported here. 
 
The last step prior to poling is to deposit a metal layer as an electrode, usually an aluminum 
film, on the patterned side. A frequently used electrode configuration for electric-field poling 
of KTP and its isomorphic crystals is showed in Fig. 6.2. 

 
 

Fig. 6.2 Standard electrode configuration for electric-field poling of KTP. 
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6.2.3. Basic electric-field poling technique 
 
Energy is needed to change a domain from one state to the other. In electric-field poling, it is 
in the form of a charge transfer. The necessary charge depends on the material’s spontaneous 
polarization, , and the area of the domain-reversed region, , and is given by the 
expression . The charge is defined to be the integration of the current, I, through 

the sample over the poling time, 

sP A
APQ s2=

τ , i.e., ∫=
τ
0 

IdtQ . For low conductive ferroelectrics, such 

as LiNbO3, monitoring of the current flowing in the poling circuit is an effective method to 
determine the progress of the poling and to find the right time for when it is complete. 
However, flux-grown KTP, as well as its isomorphs, has an ionic conductivity which to a 
large degree screens the poling current. It is thereby difficult to use the current as a sole 
monitoring technique. 
 
Rosenman et al4 avoided this difficulty by cooling the KTP to 170 K where the crystals 
undergo a transition from the superionic to the dielectric state. Thereby, they could control 
the poling directly by monitoring the switching current. A disadvantage of this method is that 
the coercive field increases substantially at lower temperature, and a field as high as 12 
kV/mm was needed to switch the polarization. In practice, a high poling-field strength does 
not allow very thick crystals to be poled. Moreover, low-temperature poling requires special 
means to be taken into account in order to avoid icing of the equipment. 
 
Karlsson and Laurell developed an alternative monitoring technique based on the electro-
optic response in order to monitor the poling of KTP at room temperature5. In this technique, 
a He-Ne probe laser beam propagates along the grating vector and is linearly polarized 45o to 
the z-axis. When the domains grow through the crystal, the output intensity of polarization 
the state of the He-Ne beam changes accordingly. This change is then detected by a second 
polarizer positioned orthogonally to the first one, together with a photodiode, and is displayed 
on an oscilloscope. Fig. 6.3 illustrates the electro-optic monitoring set-up.  
 

 
Fig. 6.3 Poling monitoring set-up for KTP and its isomorphic crystals. 
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In this thesis work, the crystals were poled by applying square-wave pulses, with 6 ms 
duration. The rise time was less than 0.1 ms and the fall time was about 1 ms. The number of 
these pulses and the applied field strength varied from sample to sample. For KTP, the poling 
field varied from 1.85 kV/mm (Paper III) to 2.3 kV/mm (Paper I). In the case of RKTP, the 
crystals were poled at 3.4 kV/mm (Paper VII). 
 
In my Licentiate thesis work6, it was found that samples from the edge of the KTP wafers are 
more suitable for periodic poling than those from the centre, as they have lower conductivity. 
The edge samples are also poled at a lower field than those at the centre. It is generally 
accepted that a high stoichiometry gives a low conductivity and also a low poling field. This 
result, which was obtained for KTP, coincides with the results achieved from studies on 
LiNbO3 and LiTaO3 crystals in which the coercive fields were substantially reduced in 
stoichiometric crystals as compared to their nonstoichiometric compositions. For instance, the 
switching field for SLN and SLT is reduced to about 4 - 5 kV/mm7 and 1.7 kV/mm8

, 
respectively, with respect to 21 kV/mm for the congruent crystals.  
 
The ionic conductivity of KTP originates from the vacancy hopping mechanism. Both 
potassium and oxygen vacancies contribute to the deviation from stoichiometry9. A 
correlation between the vacancies, or rather the potassium content, and the coercive field was, 
in fact also investigated by Rosenman et al10 where a substantial decrease in the coercive 
field was observed when the potassium content was increased. 
 
For the case of RKTP, the coercive field increased substantially compared to that of KTP. 
This can not be explained by the defect mechanism discussed above. Instead, one should 
consider that the activation energy of Rb+ (0.45 eV) is larger than that of K+ (0.33 eV) by an 
amount of 0.12 eV11. It should, hence, be more difficult to shift Rb+ in the –z direction during 
the polarization reversal process than to shift the K+-ion. Consequently, a higher poling field 
is needed. 
 
The domain evolution of KTP crystals, poled at room temperature, had previously not been 
documented. For this purpose, then, we studied the domain propagation from PPKTP samples 
(Paper VI) using a commercial atomic force microscope. 1mm-thick sample used for this 
experiment has a period of mµ 3.26=Λ , and was poled by one pulse of 2.1 kV followed by 
two pulses of 1.75 kV. 
 
Fig. 6.4 displays the images four different positions on the b-face of a sample. The top of 
Figure (a), (b) and (c), correspond to the surface of the c- patterned side. For clarity, the metal 
electrodes have been redrawn (black squares). These three scans represent different stages of 
the development of the domain inversion region under the electrodes. Fig. 6.4(a) shows the 
domain formations starting at the edges of the metal electrodes and the fast propagation along 
the polar axis. Fig. 6.4(b) portrays another region of the same sample, showing several 
independent tips growing between the two electrode edges. This indicates that, in this stage, 
the domain switching is governed by the nucleation of new domains. The tips growing from 
the middle of the electrodes do not penetrate as deeply as the ones growing from the edges, 
since the field in this position is not as high as that at the edge of the finger electrode. 
Fig.6.4(c) displays a third position in the same sample. Here, the nucleated domains are in the 
process of merging or have already merged. It is worth noting that the domain merging 
occurs much before the tips of the first edge-nucleated domains reach the c+-face. After the 
initial domain nucleation at the electrode edges on the patterned surface, the domains rapidly 
propagate along the polar direction helped, in part, by the electric field enhancement at the 
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tips of the growing domains [see Fig. 6.4(d) which shows the domain tips at a depth of 290 
µm, where the domains of Fig. 6.4(a) terminate]. 
 

 
 

Fig. 6.4 Four different areas of the b-face of a PPKTP with Λ = 26.3 µm are imaged with AFM. The 
top of figures (a), (b), and (c) is the edge with the patterned electrode. For clarification, the metal 
electrodes have been drawn in black and the photoresist grating in grey. Figure (d) shows an area 
where the tips of figure (a) terminate. 
 
 
In brief, the domain growth for the KTP family is as the follows: the domain nucleation 
begins at the two edges of each finger electrode where the field is strongest. The domain 
nuclei rapidly propagate vertically (z-direction) down toward the opposing crystal face, and, 
in a slower process, merge horizontally under each electrode. Evidently, the domain growth 
in KTP follows the same model as described for LiNbO3

12. 
 

6.2.4. Improvement of domain engineering in KTP and RKTP 
 
6.2.4.1. In-situ SHG monitoring 
 
The main objective of electric-field periodic poling is to obtain an engineered domain 
structure in the crystal with high quality. To do this, we need accurate control techniques. The 
electro-optic monitoring method discussed earlier is simple and practical, but, it gives only 
integrated information over the local volume illuminated by the He-Ne beam and, hence, only 
a rather rough quantitative indication of the poling result can be obtained5. Therefore, it is 
important to develop alternative qualitative monitoring methods to be able to improve the 
homogeneity. 
 
The in-situ SHG technique I have explored relies on a CW Ti:sapphire laser which is loosely 
focused through the crystal and tuned to the phasematching wavelength. The SHG signal is 
measured by a power meter. We can thus follow how the signal develops after each poling 
pulse and stop when we either have reached a known maximum or when the SHG signal 
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saturates. Since the domains nucleate and start to grow from the patterned side, the signal is 
hence first obtained close to this surface and then, with subsequent pulses, the signal is 
increasing deeper and deeper down into the sample, showing that the domains propagate 
towards the opposite side of the sample. If too many pulses are applied, the signal will 
decrease and we have indications of over-poling. After each pulse, it is possible to obtain 
information on the homogeneity of the poled sample without removing it from the poling set-
up by scanning the beam in the horizontal (width) and vertical (depth) directions. For the case 
of loose focusing, it is possible to calculate an optimum SHG signal where the poling process 
should be stopped, using the Boyd-Kleinman equation given in Eq (2-16). 
 

As a Ti:sapphire laser can deliver radiation with wavelengths between 700 nm and 1100 nm, 
QPM grating periods between approximately 2 - 10 µm for KTP 13 and RTP14 can be studied 
using 1st order SHG. For periods longer than 10 µm, higher order SHG could be used, 
according to the expression:  
 

m
nn FSH

F
)(2 −Λ

=λ                 (6-2) 

 
where Λ is the grating period, λF is the phasematching peak wavelength, and m is the 
phasematching order. In theory, only odd-order SHG signal should be observed when the 
crystals are poled with a 50/50 duty cycle. In reality, though, even-order SHG signal can also 
be seen if an imperfect duty cycle has been obtained. 
 
As an example of how the in-situ technique is used, results from our measurements on RKTP 
are presented. Four 1mm-thick RKTP samples with periods of 5.27 µm (A), 6.095 µm (B), 
6.81 µm (C) and 35 µm (D), were prepared in the way we have discussed above for poling 
(Paper VII). Aluminium finger electrodes with photoresist isolation were fabricated 
lithographically on the c--face with a 40/60 duty cycle. The electric contact was made with a 
KCl water solution. The in-situ SHG, and the electro-optic response method, were both 
employed to monitor the domain inversion. In Fig. 6.3, the in-situ monitoring details are 
shown with dashed lines. The He-Ne and the Ti:sapphire laser beams were collinearly 
overlapping and loosely focused inside the sample with a 150 mm lens. 6 ms-long, high-
voltage pulses were applied to the c+ side of the crystals while the c--side was grounded. The 
SHG signal, the He-Ne and the IR beams were separated by a dichromic mirror and filters, 
respectively. To determine the poling voltage of the new material, we applied the voltage in 
incremental steps on a dummy sample until we could detect signals with the two techniques. 
The spontaneous polarization was not reversed until the voltage over the sample had reached 
3.4 kV. Direct current monitoring was not an effective method due to a conductivity which 
was still too high. 
 
All the RKTP samples were then poled by first applying one 6 ms-long pulse at 3.4 kV. The 
He-Ne beam modulation indicated that the domain reversal was taking place in the part of the 
crystals where the He-Ne beam was passing. The Ti-sapphire could then be fine-tuned to the 
wavelength where the SHG signal appeared strongest, i.e., where the phasematching peak. 
The signal could then be compared to what was theoretically expected from Eq (2-16). 
Samples A and B had a signal close to the theoretical maximum. The homogeneity of these 
samples was then tested by translating them horizontally and vertically. They had a constant 
SHG signal over the whole aperture of the sample and no further poling was needed. For 
sample C, the SHG power also reached the theoretical value in the centre, but when it was 
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scanned in the IR beam it was found that only about 70 % of the aperture, primarily in the 
upper part of the sample, had this value. In the lower part of the sample, the signal was lower 
and we drew the conclusion that the domains had not yet propagated completely to the 
opposite side of the crystal. Additional field was therefore needed to drive the domains all the 
way down to the other side. This had to be done in a very careful way as the driving of the 
domains takes a much lower electrostatic energy compared to the domain nucleation. In order 
to homogenize the QPM structure, we applied several pulses at 1 kV over this sample. After 5 
additional pulses, the SHG signal had indeed increased to about 90 % of the theoretical value 
in the area where it previously had been low, while it still was unchanged in the area where 
the signal was high after the first pulse. When we then applied one more pulse the signal was 
reduced slightly on the patterned side indicating the start of domain broadening. The poling 
was then stopped. For sample D, 7th order SHG was used to monitor the poling. In high-order 
SHG, the output power is strongly dependent on the duty cycle of the electrodes, as we 
discussed earlier in Chapter 3. It is, therefore, not so useful, or even accurate, to compare the 
absolute value of the detected SHG signal with the theoretical value. For sample D, two 
pulses at 3.4 kV were needed to get a good SHG signal and two pulses at 1 kV were further 
applied to obtain a homogeneous poling over the whole aperture. It should be noted that the 
quality improvement for samples C and D could only be obtained by utilizing the in-situ SHG 
monitoring technique. 
 
6.2.4.2. Optimising the duty cycle 
 
The duty cycle of the PP structure plays an important role for the effective nonlinear 
coefficient as can be seen in Eq (3-4). The uniformity of the duty cycle is also important 
because it will contribute to the overall conversion efficiency of the QPM device. The ideal 
duty cycle for first-order QPM is 50 %. 
 
Domain broadening can occur during the poling of flux-grown KTP at room temperature 
(Paper VI). We have therefore investigated this phenomenon using AFM scans of the polar c-
face. Fig 6.5 shows substantial changes of the duty cycle in a 1mm-thick poled sample with a 
period of 10.6 µm poled with 1 pulse of 2.46 kV, followed by 6 pulses of 1.74 kV. The 
average inverted domains have a width of 6.5 µm, i.e., 65 % duty cycle compared to the 30 % 
duty cycle of the electrode (electrode in grey). 
 

  
 
Fig. 6.5 Broadened domain structure on the c- face of a KTP sample with the topography of the metal 
electrode (in grey) overimposed. 
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To investigate how the domain broadening depends on the duty cycle of the electrode, the 
period and the poling parameters, we inspected another sample. A 60 % of duty cycle of the 
domain pattern was obtained under the electrodes from a 40 % original electrode duty cycle 
and a period of m3.26 µ=Λ , poled by one pulse of 2.1 kV followed by two pulses of 1.75 
kV. 
 
The origin of the broadening comes from the tangential component of the fringing electric 
field which is so strong that compensating charges can be injected into the insulated regions 
to initiate domain nucleation and growth there. To obtain the required mean duty cycle of the 
device, compensation of the domain broadening has to be considered when one designs the 
QPM devices. This means that an electrode pattern with a duty cycle smaller than 0.5 should 
be used. Different duty cycles, ranging from 25 % to 40 % have been tested for optimising 
the conversion efficiency in this work. Here, one should have in mind, of course, that the 
relative effect of the domain broadening is much larger for short periods than for long ones.  
 

6.3. Characterization of domain structures  
 
In this section, several evaluation techniques will be compared and discussed. 

6.3.1. Piezoelectric probing 
 
Piezoelectric probing is a method in which a needle is probing the surface of the sample by 
applying an oscillatory force to the crystal. The piezoelectric response is monitored 
electronically on an oscilloscope. The relative phase difference between the applied force and 
the piezoelectric response gives information of the orientation of the local domain. For 
simplicity, a reference sample is used to determine the absolute orientation. In the first stage 
of an evaluation of a virgin crystal, the negative or the positive sign of piezoelectric response 
gives us the orientation of the wafer, i.e., the c--face or the c+- face. In the set-up we employ 
the needle has a rather large tip area and it is, hence, probing a relatively large area of the 
sample. For a periodically poled sample with micrometer-sized domains, with a 50 % duty 
cycle, the piezoelectric response will be zero due to averaging over both the negative as well 
as the positive domains. On the other hand, if the samples are not perfectly poled or they are 
designed with an uneven duty cycle, the piezoelectric response will have a non-zero value. 
 
The advantage of domain surface mapping with this method is that it is fast, simple, and non-
destructive. However, one could neither obtain qualitative information on the duty cycle or 
the uniformity by this technique. 
 

6.3.2. Selective etching 
 
For many ferroelectrics, chemical etchants have been found which will etch the positive and 
the negative c-faces at different rates. It is, thus, possible to reveal the domain structure for 
periodically-poled crystals. Early studies with BaTiO3 using HCl as an etchant have been 
extensively documented15. It has also been found that a KOH-based eutectics could 
selectively etch the faces of KTP16. Molten salts containing hydroxide attack the negative 
face, the c- face, of KTP, while the positive face is left relatively untouched. This technique 
can, therefore, be utilized to etch PPKTP. My best results were obtained with a 2:1 mole ratio 
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of a water solution of KOH and KNO3
17 at about 80 C with etching times varying from 1 to 

5 minutes. 
o

 
Fig. 6.6 shows the domain structure for a first-order type-I UV crystal (Paper II). The period 
is 2.95 µm, which is designed to generate radiation at 390 nm. The dark segments seen in the 
picture are the etched parts. Fig. 6.6(a) shows the etched surface on the patterned side where 
the resultant duty cycle is close to 50 %. Fig. 6.6(b) shows the opposite surface of the crystal. 
It is obvious that the duty cycle is less uniform here and that the domains have not grown 
throughout the whole thickness of the whole crystal. 
 

(a)                (b) 
Fig. 6.6 Microphotograph of an etched PPKTP sample for first-order type-I UV generation. (a): The 
patterned side; (b): The opposite side. 
 
 
The selective etching technique is probably the quickest method to reveal if periodic domain 
reversals have taken place. The etchant does not attack the b-face and the domain growth is, 
hence, not revealed. To be able to visualize the growth of the domains in the depth of the 
sample, the sample has to be polished with a wedge relative to the c-face prior to etching. 
This, however, is inconvenient and complicated and it also destroys the sample. 
 
When one has multiple grating structures on a single substrate, it has been found particularly 
convenient to use surface etching as an indicator of the poling result. Fig. 6.7 shows a tandem 
grating of PPKTP poled with two different periods, 6.99 µm and 9.01 µm, respectively. The 
crystal was used to simultaneously generate 532 nm and 491 nm by SHG (from1064 nm) and 
SFG (from 914 nm and 1064 nm). 

 
Fig. 6.7 Etched PPKTP with two grating periods, 6.99 µm and 9.01 µm, on a single KTP substrate. 
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6.3.3. Atomic Force Microscopy  
 
An Atomic Force Microscope (AFM) consists of a very sharp tip mounted on the end of a 
tiny cantilever spring which is moved by a mechanical scanner over the surface to be 
observed. When the tip is brought to the surface of the sample, the cantilever will bend or 
deflect due to the force between the tip and the sample surface. The deflection of the 
cantilever can be monitored by collecting a laser beam reflected by the end of the cantilever 
onto a position-sensitive photodetector. By measuring the cantilever deflection during the 
scanning, a three-dimensional map of the surface topography can be obtained through an 
electronic feed-back loop. When the distance between the tip and the sample is reduced to 
shorter than one nanometer, the AFM is operated in a so-called contact mode. 
 
In voltage-modulated AFM, so-called a piezoresponse-AFM, an ac electric field is applied 
between an Au-coated tip and the sample, such as KTP. The sample surface will oscillate 
when it is in contact with the tip, due to the inverse piezoelectric effect. The tip will follow 
the surface oscillations and the amplitude, as well as the phase of these oscillations can be 
detected using a lock-in amplifier. Recently, the piezoresponse-AFM has been proved to be a 
powerful technique for investigating the domain structures with high resolution on the polar 
faces18, as well as on the non-polar faces19. 
 
In the case of sample detection on the polar surface, the surface movement, , is governed 
by the piezoelectric coefficient, , according to the expression: 
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where  represents the sign of the polarization , and  and )sgn( sP sP 0V ω  are the amplitude 
and the oscillation frequency of the applied voltage, respectively.  
 
A phase shift of the piezoelectric response at ω , characterizes the sign of the polarization 
vector. For periodically inverted domains in ferroelectrics, such as PPKTP used in my 
studies, the phase of the vertical deflection for one domain (with – ) will be out of phase 
180

sP
o, respective to the adjacent domain (with + ).  sP

 
In the case of sample detection on the non-polar faces, where the polarization vector is 
perpendicular to the applied electric field, there will be no piezoelectric deformation along 
the direction of the applied field. However, an in-plane movement can be induced through the 
shear strain in the KTP crystal, brought about by the nonzero piezoelectric coefficient, . 
Consequently, this in-plane movement results in an oscillating lateral deflection of the 
cantilever via the fraction force. The size of the lateral deflection, , is expressed as 
follows: 
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The in-plane movement is phase-shifted for the domains with opposite polarization. The 
phase-shift can also be detected with a lock-in amplifier.  
 
Our studies of domain structure were performed on a commercial AFM. An ac voltage of 20 
V at a frequency of 93.2 kHz was applied to the Au-coated tip while it scanned the PPKTP 
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surface in the contact mode. The experiment set-up is show in Fig. 6.8. Fig. 6.8a shows the 
scanning on the polar face while Fig. 6.8b shows how the measurement is performed for the 
non-polar surface. 

 
   (a)     (b) 

Fig. 6.8 Experimental set-up for studying the domain structure via the AFM method. An ac voltage is 
applied to the tip while it scans in contact with (a) the z-face, and (b) the y-face of the crystal. 
 
 
Using this technique, domain broadening and the related changes of the duty cycle are 
investigated while scanning on the polar c-face (see Fig 6.5). Domain propagation and the 
morphology were studied from AFM scans on the non-polar face (see Fig. 6.4). 
 
In conclusion, AFM is a powerful informative tool for investigating the domain reversal 
processes in a non-destructive way. There is no need for angle polishing in the case of the 
non-polar face detection. Furthermore, the measurement has a very high accuracy since the 
spatial resolution is around 1 nm. However, the measurement is time consuming and only a 
small area is probed at a time which may limit the usage of this technique. 
 

6.3.4. Temperature and wavelength tuning 
 
As we discussed in Chapter 4, the characteristics of the temperature and the wavelength 
tuning of the SHG process serve as the quality measure of a periodically-poled crystal. A 
loosely focused fundamental beam should be used when performing the tuning 
measurements, in order to avoid the influence of beam divergence and, thus, ensuring 
approximately constant phasematching condition throughout the crystal. 
 
As an example of the bandwidth measurements, in the following I will present the results of 
the dependence of the phasematching characteristics on the crystal temperature for frequency 
doubling of a CW Nd:YAG laser at 1064 nm in a single-pass set-up, see Fig. 6.9. The laser 
beam was focused in the crystal to a spot size of approximately 44 µm. The illustration shows 
the temperature tuning curve for a PPKTP crystal with a period of 9.01 µm (Paper I). The 
solid line is a theoretical sinc2 function, which fits the experimental data well, including the 
sidelobes. This fit confirms that a high-quality QPM structure was indeed obtained. From the 
measured temperature bandwidth of 6.1 oC, we estimated the effective crystal length to be 
7.7mm, which is very close to the physical crystal length of 8 mm. 
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Fig. 6.9 SH power (a.u.) as a function of the temperature of a PPKTP crystal with a period of 9.01µm. 
The solid line is a sinc2 fit. 
 
 
In Paper VII, we also performed a temperature tuning for a PPRKTP crystal with a period of 
6.81 µm and for a cyan-colour generation at 488 nm using a CW Ti:sapphire laser. A 
temperature bandwidth 4 oC gave also here rise to a 7.7 mm effective length, which was close 
to the physical length of 8.5 mm. For the same effective crystal length, we can thus see that 
the temperature bandwidth is wider for a longer fundamental wavelength, in a good 
agreement with theory, as discussed in Chapter 4. 
 
The uniformity of the poled structure can, of course, also be evaluated for a type-II SHG 
process by either temperature or wavelength tuning in the same way. In Fig. 6.10, we 
demonstrate the latter type of tuning in an example of a “green” PPKTP crystal with a period 
of 9.01 µm which was evaluated with a CW Ti-sapphire laser (Paper III). The wavelength 
bandwidth of the phasematching peak at 797.6 nm was 0.12 nm, corresponding to an 
effective crystal length of 8 mm which was very close to the physical crystal length of 8.5 
mm. Again, this indicates that the poled crystal had an uniform periodicity over the length of 
the crystal. 

 
Fig. 6.10 SH power(a.u.) as a function of the fundamental wavelength for first-order type-II UV 
generation. The wavelength bandwidth is  nm.FWHM 120=∆λ . 
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Temperature and wavelength tuning, as described above, are widely used for characterizing 
the uniformity of the periodicity of the domains and are considered an adequate methods for 
determining the phasematching characteristics. However, a single measurement of this kind 
only provides the uniformity information in a local area where the laser beam passes. 
 

6.3.5. Effective nonlinear coefficient 
 
As was discussed in Chapter 3, in the QPM process, the effective nonlinear coefficient is 
given by: 
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where m is the order number and  is the appropriate nonlinear coefficient. For KTP 
crystals, the highest efficiency is obtained when the coefficient is utilized. The quality of 
a poled crystal is known after a comparison is made of the experimentally-obtained efficiency 
with the theoretical value. In the low-power regime, with confocal focusing, the effective 
nonlinear coefficient is obtained by reversing Eq (4-9), viz: 
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For example, in Paper I, several “green” crystals poled from KTP have displayed effective 
nonlinear coefficients of around 10.5 pm/V, which is very close to the theoretical figure when 

20Vpmd /9.1633 =  is used for the first-order SHG.  
 
The same type of evaluation was also performed for RKTP. In Paper VII, three crystals of 
length 8.5 mm with periods of 5.27 µm, 6.095 µm, and 6.81 µm, respectively, were 
investigated. The experimental parameters have been given in Section 5.4. All of these 
crystals have an effective nonlinear coefficient of approximately 10.3 pm/V, which indicates 
that these PPRKTP crystals have been poled with very high quality too. 
 
In Paper II, we studied the generation of UV light through a type-I QPM SHG from a 2.95 
µm-period PPKTP crystal, pumped by a Ti:sapphire laser at 780 nm. 450 µW of SH power 
was generated from 270 mW of incident fundamental power. Taking into account the 
focusing condition, the effective nonlinear coefficient was calculated to be 5.5 pm/V. The 
smaller figure, compared to those given above, indicates that the sample was poled with non-
optimized quality due to either missing domains, merged domains or error in the duty cycle, 
or all of these reason at the same time. 
 
As a conclusion, we can say that measurements of SH power are an effective way to evaluate 
the crystal homogeneity over the whole aperture by scanning the pump beam horizontally and 
vertically. It is, actually, a very useful technique for screening PP samples even in an 
industrial production line. However, it is worth to note that this method provides information 
only on the effective nonlinearity integrated along the optical beam. One needs to combine it 
with selective etching or AFM method in order to obtain the full detailed information on the 
uniformity we want. 
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6.3.6. Three-dimensional characterization of the effective nonlinearity 
 
To date, we still have KTP and RKTP materials with some variations in the stoichiometry. 
This often results in non-uniform poling, such as the local deviation in the duty cycle and/or 
missing domains. In this case, the local SH efficiency can vary substantially over the length 
of the crystals. A three-dimension mapping of the nonlinearity by measuring the SH output 
point by point, will provide additional information on the poled crystal quality. To be able to 
measure the effective nonlinear coefficient locally with a high longitudinal, spatial resolution, 
type-II QPM SHG with ultrashort pulses comes into the picture. 
 
In type-II SHG using ultrashort pulses, the two orthogonal fundamental components travel at 
different group velocities and, therefore, they will separate after a certain distance, i.e., the 
walk-off length, as we discussed in Section 4.5. The walk-off distance will determine the 
spatial resolution along the beam propagation. 
 
To measure the effective nonlinear coefficient point by point inside the crystal, we need to 
properly delay the fast-traveling fundamental component before the beam enters into the 
crystal in order to generate maximum SHG at each point. The x-coordinate of the measured 
point inside the crystal, xc, is a function of the delay length, xd, given by the expression: 
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where and are the group indices of the y-and z-polarized fundamental pulse. y

gn z
gn

 
The sample which was used to demonstrate this technique, was a 4 mm-long and 1 mm-thick 
PPKTP crystal with a 9.01 µm period. Fig. 6.11 shows the experimental set-up. A Ti:sapphire 
laser, generating 80 fs pulses at a repetition rate of 80 MHz, served as the fundamental 
source. The central fundamental wavelength was set to 795 nm for a first-order type-II SHG 
utilizing the d24-coefficient. Pre-chirping by double-passing through the prism pair is used to 
compensate for the pulse broadening induced by the optics before entering the PP sample. By 
adjusting the distance between the two prisms, the 80 fs pulse duration after Lens 1 was 
ensured. A λ/2 plate was used to set the polarization of the fundamental wave at 45o relative 
to the polar axis of the PPKTP. The polarizing beam splitter P1 separates the z- and the y- 
components. The y-component of the fundamental pulse has a higher group velocity in KTP 
and, thus, it was the one component which was delayed. The second polarizing beam splitter, 
P2, was used to recombine the two beams. The recombined beams were weakly focused into 
the crystal to a 300 µm beam diameter. The generated SH distribution was imaged by Lens 2 
onto a CCD camera. 3D-mapping of the effective nonlinearity was then obtained by 
translating the delay stage and taking subsequent CCD pictures of the 2D SH power 
distribution. Appropriate filters were used to adjust the SH signal and to avoid saturation of 
the camera. The background of the non-phasematched type-I SHG was subtracted from the 
measured total SH power and the square-root of the SH intensity was calculated, which is 
proportional to the effective nonlinearty, d24eff  we are interested in. 
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Fig. 6.11 Experimental set-up for measuring the local effective nonlinearity, deff. 
 
 
Fig. 6.12 shows four different frames of the nonlinearity distribution taken from the CCD 
camera. The subsequent frames are separated by 0.75 mm. The grey scale is proportional to 
the local value of deff. It is quite clear that the effective nonlinearity varies along the length of 
the crystal. 

 
Fig. 6.12 The measured SH distribution converted to the effective nonlinearity, deff, in PPKTP. The 
distance between subsequent frames is 0.75 mm along the grating vector of the PPKTP sample. 
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It is assumed that d33eff  will follow the same variation as the one for d24eff. The absolute 
values of the local effective nonlinear coefficient, d33eff(x), were obtained by calibrating the 
d24eff(x) dependence to the known value of d33eff figure, as measured from a type-I CW SHG 
experiment. Fig. 6.13 shows the distribution of the effective nonlinearity, d33eff, along the 
crystal length obtained in this way. 
 

 
 

Fig. 6.13 Distribution of the effective nonlinearity d33eff, along the crystal length. 
 
 
This method can be widely used for any PP material. More importantly, it provides the 
possibility to characterize the effective nonlinear coefficient for a complicated grating 
structure, such as a chirped grating or a tandem grating (see, for instance, Fig. 6.7). 
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7. Laser-induced damage in KTP 
 
 

7.1. Introduction 
 
Laser-induced damage in crystals is a detrimental effect for nonlinear frequency converters. 
Particularly, photorefractive and photochromic effects, like grey tracking and green-induced 
infrared absorption (GRIIRA), will limit the performance of high-power operating SHG 
devices in the UV and the visible spectrum. Different materials have different damage 
thresholds, which are complex functions of wavelength, peak intensity, average power, 
temperature, exposure duration and processing history of the crystal. Some of these negative 
effects can be mitigated at elevated temperatures but the lifetime of these materials may still 
be limited. 
 

7.2. Photorefractive effect 
 
Photorefraction is a light-induced change of the refractive index. In a photorefractive 
material, photocarriers are generated in the irradiated volume. These photocarriers will drift 
away from the beam volume and thereby generate a space-charge field, which will induce a 
refractive index change through the electro-optic effect. Consequently, the laser beam 
experiences a spatial distortion in the crystal. The distortion can manifest itself in various 
ways like a phase modulation, a beam break-up, and Bragg scattering. Ferroelectrics such as 
LN, is know to suffer severely from photorefractive damage, particularly at visible 
wavelengths1. To minimize this effect, both experimental and theoretical solutions have been 
proposed, such as 1) operating the samples at elevated temperature2; 2) doping the crystal 
with magnesium oxide or 3) make the LN more stoichiometric. As we already have discussed 
in Chapter 5, the increased damage threshold by means of the second and third method is still 
not high enough to get efficient and stable SHG devices operating at room temperature. 
Several studies have shown that the periodic poling can reduce the photorefractive effect in 
LN3,4. This might be due to a cancellation effect in the adjacent domains with opposite 
direction of the spontaneous polarization5. On the other hand, the main material type of our 
own investigation, KTP and its isomorphs, have a low susceptibility to photorefractive 
damage benefiting mainly from the high ionic conductivity, which will screen any generated 
bulk field. It has been reported that several watts of frequency doubled visible light can be 
generated stably in PPKTP operating at room temperature6, ,7 8.  
 

7.3. Photochromic effect 
 
Although the quality of KTP has been improving, so far, the ordinary flux-grown KTP still 
faces an aging problem due to photochromic damage, i.e., grey tracking and/or green-induced 
infrared absorption. A better understanding of the damage mechanisms may lead to a 
reduction of these effects through a better choice of operating parameters as well as improved 
crystal growth. 
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7.3.1. Grey tracking 
 
Grey tracking was initially observed in the experiments with high-efficiency frequency 
doubling of 1064 nm9, , , , ,10 11 12 13 14 and in optical parametric oscillator pumped at 532 nm15. 
Many different types of experiments have been done to study grey tracking. It has been by 
visual observation of the bulk darkening and beam distortion9, spectral transmission and 
absorption measurements10,11,12,16 as well as by electron-spin-resonance (EPR) spectra which 
were measured before and after laser irradiation17. The predominant feature of grey tracking 
has been identified as a reduced optical transmission over the visible range (400 nm – 700 
nm). Continued operation after the formation of grey tracks can lead to catastrophic damage 
of the crystals. 
 
Mechanisms for grey tracking were proposed by Scripsick et al18,19 and Mürk et al20. We now 
briefly recaptulate these suggestions and start with Scripsick’s model. Laser beam radiation 
in KTP produces photocarriers in the volume of the beam. Then, the electrons and holes will 
drift apart and become trapped separately by the defects in the crystal. As a result, the 
electrons are trapped by the Ti4+ ions, located adjacent to oxygen vacancies, and Ti3+ centres 
are created. Impurities, such as Fe2+, will trap the holes and be converted to Fe3+. These new 
centres give, in turn, rise to broad and partially overlapping absorption bands around 420 nm 
and 510 nm, respectively. At the same time, a possibility exists for hole capture in the 
vicinity of the oxygen ion in the perturbed Ti-O-Ti chain, which is stabilized by a potassium 
vacancy V(K+). Mürk et al suggested that Frenkel defects made from interstitial K+

i and 
V(K+) can capture the free carriers (hole and electrons) and to create colour centres. In KTP, 
optical creation of potassium interstitials and vacancies, acting as Frenkel defects, has a 
rather low threshold value due to a relatively low activation energy of 1.4 eV required for 
their creation and provided by a nonradiative decay of the TiO6 vibration modes. 
 
The susceptibility to grey tracking depends on the crystal quality and, hence, directly on the 
crystal growth condition and growth method11,21. It has been demonstrated that the damage is 
stronger when the laser beam has a polarization along the polar axis of KTP13 and that the 
magnitude of the damage has a nonlinear dependence on the intensity of the laser beam, 
which induced the damage12. The relaxation of the damage depends on the operating 
conditions14,22. Furthermore, grey tracking is removable by heating the crystals10,12. 
 

7.3.2. Green-induced infrared absorption 
 
Green-induced infrared absorption is an increase of the infrared absorption in the presence of 
green light. It is related to colour centre formation, mentioned in the previous section.  
 
7.3.2.1. Technique for GRIIRA measurement 
 
The common-path interferometer is a sensitive technique for measuring absorption in weakly 
absorbing materials. Variants of this technique have previously been used for high-sensitivity 
absorption measurement23,24. In our study, we employed the collinear configuration to 
measure the absorption. Fig. 7.1 shows the experimental set-up. 
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Fig. 7.1 The principle set-up for the common-path interferometer used in the absorption measurement 
of GRIIRA. 
 
 
Three laser beams, a probe beam at 633 nm (He-Ne), a pump beam at 970 nm (Ti:Sapphire) 
and a grey-track inducing beam at 532 nm from a Q-switched and frequency-doubled 
Nd:YAG (pulse length of 5 ns, repetition rate of 20 Hz), were combined by dichroic mirrors 
DM1 and DM2 and propagated collinearly into the sample. The pump and the probe beam 
diameters were 35 µm and 350 µm, respectively. The infrared and the absorption-inducing 
green beams were polarized parallel to the crystal z-axis. This polarization is the most 
commonly used in applications with periodically poled KTP. Moreover, it has been reported 
that grey-tracking is most pronounced for z-polarized green light1 3. The 970 nm pump beam 
had a power of 800 mW and was mechanically chopped. The thermal lens caused by the 
absorption of the infrared pump beam causes spatial distortion of the phase front in the co-
propagating probe beam. This phase distortion can be transferred into a modulation of the 
transverse beam intensity in the Fourier plane. A spatial Fourier transform of the probe beam 
is, hence, obtained by lens L2. The modulation of the probe beam intensity at the chopping 
frequency of the pump (10 Hz) was detected by a Si p-i-n detector located behind a 90 µm 
circular aperture placed in the Fourier plane. The dynamic range of the lock-in amplifier 
(SRS 530) was 40 dB and the pump modulation frequency was chosen low enough for 
thermal equilibrium to be established in the KTP sample. Also, special care was taken to 
prevent direct and scattered infrared pump light reaching the detector by using a dichroic 
mirror, DM3, two BG-18 and one OG-590 glass filters, and by placing the detector into an 
enclosure. 
 
7.3.2.2. Theoretical analysis of GRIIRA 
 
Here, we start with an analysis to show how the thermal lens relates to the induced 
absorption. To simplify the analysis, we use a cylindrical geometry with radial coordinate r 
and estimate the temperature distribution in the sample resulting from the absorption of the 
infrared pump beam which propagates along the x-axis. The temperature distribution, T(r), 
can be obtained by solving the one-dimensional heat conduction equation:  

 69



0)(1
2

2

=+
∂
∂

+
∂
∂

κ
rQ

r
T

rr
T                (7-1) 

 
where )()( 0 rIrQ α≈ is the absorbed power density of the infrared pump with intensity I0(r), 
κ  is the heat conductivity of the material. (For KTP, KcmW // 13.0=κ )25 and α  is the 
absorption coefficient of the material. For the boundary conditions at the crystal surfaces, 
where , we will assume that the temperature,  is constant. We then can get the 
solution for Eq (7-1) as follows
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where is the temperature rise at a point ),(),(),( xrTxrTxrT b−=∆ brr <  and P and  are 
the infrared pump power and beam radius, respectively. E

pw
1 represents anexponential integral 

function. Fig. 7.2 shows the calculated temperature distribution ),( zrT∆ caused by the 
absorption (α = 10-4 cm-1) of the pump beam along with the probe beam profile. 0.9 W of 
pump power was used in the calculation. 
 

 
Fig. 7.2 The probe beam amplitude and the simulated temperature distribution in KTP. 
 
 
The probe beam passing through the crystal at the point acquires a transversal phase profile 
given by: 
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where dTdn  is the temperature dependence of the refractive index. 
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The spatial distribution of the signal voltage measured by the lock-in amplifier while 
scanning the aperture in the Fourier plane can be expressed as: 
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rPp  are the probe-beam power distributions in the Fourier plane with 

the infrared beam open and closed, respectively. The factors η , γ,R  are the responsivity  of 
the p-i-n detector (0.6 A/W), lock-in load resistance (100 MΩ), and the probe beam 
attenuation factor in the optical system (about 0.02), respectively. 
 
When only the infrared beam was used to induce the absorption, we detected a maximum 
absorption at the outer edge of the aperture while the modulation in the centre was very weak. 
This rather strange behaviour is due to the fact that the thermal lens is rather weak and the 
modulation in the centre is completely masked by the noise of the probe beam. To try to 
explain this, we have performed a simulation of the distribution of the probe beam in the 
Fourier plane considering the probe laser noise in the calculation. Assuming that the power 
distribution of the probe laser noise is equal to 
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where D is the dynamic diapason (40 dB) of the lock-in amplifier and  is the sum of the 
electrical noise of the detector and lock-in amplifier. Fig. 7.3 shows the calculated 
distribution of the SNR for several infrared absorption coefficients given in the figure, by 
using the experimentally measured values of 

NU

005.0=δ  (rms noise of the probe laser) and 
 µV. As can be seen by these results, the maximum of the lock-in signal should be 

observed on the wings of the distribution. 
15=NU

 

 
 

Fig. 7.3 The radial distribution of the signal-to-noise ratio in the Fourier plane for different infrared 
absorption coefficients,α . 
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In order to obtain absolute values of the absorption in KTP, we calibrated the set-up by using 
a 1 cm-long piece of BK7 optical glass (Schott glass BK7 517642) with well-known 
properties. For the known material parameters, the absorption coefficient for KTP can be 
calculated from: 
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where  and  are the maximum lock-in signals as measured in KTP and BK7, with 
respective lengths,  and , respectively. 

KTPS 7BKS

KTPL 7BKL KTPκ  and 7BKκ  are the thermal conductivity 
coefficients of KTP and BK7, respectively. The infrared pump-power was held constant 
throughout the measurements. From these measurements, we established that the sensitivity 
limit for the current set-up was about 10-5 cm-1, which was adequate for the KTP material 
used in this work. Higher sensitivity could, of course, be obtained by increasing the infrared 
pump power. 
 
7.3.2.3. Absorption features of KTP and PPKTP 
 
We have compared the absorption dynamics for KTP and PPKTP. To minimize the wafer 
variation effects and to obtain comparable results between KTP and PPKTP, both KTP and 
PPKTP were made on the same substrate. By translating the sample along the y-axis, we can 
easily switch the position of the beams from the KTP region to the PPKTP region. Fig. 7.4 
illustrates the arrangement for both KTP and PPKTP. 
 

 
 

Fig. 7.4 Illustration of how KTP and PPKTP are made on the same substrate. 
 
 
For PPKTP, the grating periods varied from 6 to 35 µm, which were neither producing QPM 
interaction for the pump-beam, nor for the colour-centre-induced green beam. Some of these 
samples had also been used in other unrelated experiments earlier and, thus, we annealed 
them for several hours at 200oC in air to remove any residual absorption remaining from the 
earlier treatment. The rest of the samples were as-poled. 
 
Starting with the near-infrared pump absorption only, i.e. without the 532 nm light 
illumination, the measured absorption coefficients were the same in KTP and in PPKTP 
(about 2×10-4 cm-1), showing that the linear material properties had not been modified by 
poling. This also indicated that the electric-field poling does not introduce additional 
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absorption centres related either to impurities or to colour centres formed by electrochromic 
damage.  
 
Secondly, the dynamics of the absorption coefficient in KTP and in PPKTP was recorded 
during and after illumination of the samples with the colour-centre-inducing 532 nm beam. 
The maximum peak intensity of this beam was 320 MW/cm2. The infrared absorption 
increased exponentially in both KTP and in PPKTP. Fig. 7.5a shows the absorption increase 
with a time constant of 1.3 s while illuminating samples. It is important to note that the 
induced absorption was consistently larger by 30 - 50% in the poled regions of the samples. 
 
After the 532 nm beam was blocked off, the GRIIRA relaxation traces were recorded for 
KTP and for PPKTP as shown in Fig. 7.5b. It can be seen that one of the specific features of 
PPKTP is that the fast relaxation is absent as compared with KTP. KTP displays a double-
exponential decay with a initially fast relaxation with a time constant of 20 s and a slower 
contribution with a time constant of 130 s, while the GRIIRA relaxation curve of PPKTP 
follows a single-exponential decay with a time constant of 180 s. 
 

   a       b 
 
Fig. 7.5. Temporal growth and decay of the GRIIRA signal in KTP and in PPKTP. (a):The GRIIRA 
grew exponentially in KTP and in PPKTP with a time constant of 1.3 s when the sample was 
illuminated with 320 MW/cm2. (b):The GRIIRA signal decay on the short time-scale for KTP and 
PPKTP after the 532 nm beam was blocked. 
 
 
To explain the difference between the dynamic absorption features of KTP and PPKTP, we 
need to investigate how the poling process could have contributed to the performance, 
primarily from a defect point of view. 
 
The poling procedure is associated with the spatial redistribution of the K+ ions in the lattice 
due to the vacancy-assisted ionic conductivity. One should expect an increase in the 
concentration of the native potassium-related defects like V(K+) and Ki

+. They will act as 
stabilizing defects for the O2-/O- hole trap and the Ti4+/Ti3+ electron trap, respectively. At 
least, the latter is reported to have optical transitions in the near infrared20. Therefore, there 
are more possibilities for colour centres to be formed in the poled materials than in the virgin 
material, which would explain the observed higher amplitude of GRIIRA.  
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The faster initial relaxation of the infrared absorption induced at higher peak powers of the 
532 nm beam in KTP, see Fig. 7.5b, would point to the appearance at higher green-light 
intensities of new and less stable carrier trapping centres, which therefore relax with a higher 
rate. One possible candidate here could be a Frenkel-defect pair, Ki

+ - V(K+), which is 
characterized by a low activation energy of only 1.4 eV, and might be created during the local 
heating of the lattice at higher green-light intensities20. Each ion in the Frenkel-defect pair 
can, in turn, stabilize the electron, or the hole trap, forming a new colour centre. Due to 
localization and the low activation energy of the Frenkel-defect pairs, the related colour 
centres are expected to decay at high rates. The absence of a correspondingly fast decay for 
PPKTP can be explained by a higher initial concentration of the slower-relaxing, “stable” 
trapping centres present in the poled materials. 
 
It was found that the GRIIRA signal decay rates increased strongly for temperature above 
85oC. Table 7.1 shows the GRIIRA decay rate at different temperatures. This rapid increase 
in the relaxation rate with temperature can be associated with a dissociation of the colour 
centre brought about by the increasing thermal population of the phonons of the TiO6 group 
at 270 cm-1 at temperatures above 80 ºC. This is also evidenced by the decreasing efficiency 
of the stimulated Raman scattering in KTP at these temperatures27. 
 

Temperature 
(oC) 

Relaxation time 
constant (min) 

85 31 
95 17 
115 9 

 
 
 
 
 
 
Table.7.1 The relaxation time constants as a function of the KTP temperature. 
 
 
Another striking feature is observed in the as-poled KTP. Fig. 7.6 shows a typical GRIIRA 
trace in as-poled PPKTP.  
 

 
 
Fig 7.6 The GRIIRA dynamics in an as-poled PPKTP sample. Arrows going up and down mark the 
moments when the 532 nm beam is opened and closed, respectively. 
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The infrared absorption shown here shows several characteristic overshoots: first, after 
switching on the 532 nm beam, the GRIIRA signal rapidly increased before it started 
decreasing. Then, secondly, after switching off the green light, the GRIIRA signal again first 
increased quickly and almost reached the maximum absorption value and, then, the familiar 
exponential relaxation set in again. The cycle could be repeated many times with the same 
qualitative GRIIRA behaviour. The effect was observed in all as-poled PPKTP samples. 
 
We tentatively attribute the special overshoot features to the presence of remnant stress in the 
as-poled PPKTP. The built-in piezoelectric field due to the stress could be compensated for in 
the PPKTP, and most probably, this is achieved by a net displacement of Ki

+ and V(K+). This 
displacement will have the same effect on the induced absorption as the ion displacement 
caused by the compensation of the depolarization field during the poling, i.e., by stabilizing 
electron and hole traps and, thus, increasing the concentration of the induced colour centres. 
Recharging those centres with the captured charge carriers should produce transient electric 
fields, which would induce a phase distortion of the probe beam via the electro-optic effect. 
 
An interesting observation was that, upon annealing the as-poled crystals (PPKTP) in air at a 
temperature of 200 ºC for one hour, the peculiar dynamic features showed in Fig. 7.6 were 
completely eliminated. The samples again displayed the conventional dynamics as seen in 
Fig. 7.5, but with a peak induced-absorption of about 50 % lower level than the peak 
observed in the as-poled samples. 
 
7.3.2.4. Measurement of small absorption from QPM SHG 
 
The GRIIRA set-up allows for simultaneous and sensitive absorption measurements to be 
performed in PPKTP with two separate wavelengths. It would be of particular interest to 
measure the absorption at the phasematching condition. To do that, we studied continuous 
wave blue light of 473 nm, generated by quasi-phasematched frequency doubling in a 17 mm 
long PPKTP sample with a domain periodicity of 6.09 µm. By measuring the signal of the 
thermal lens dependencies on the near-infrared pump power for the infrared wavelength 
being tuned to the phasematching, and then, away from it again, then, by subtracting and 
properly normalizing those dependencies as described in Section 7.3.2.2, we have obtained 
the dependence of the absorption coefficient on the near infrared power as shown in Fig. 7.7. 

 
Fig. 7.7 The growth of the absorption with the fundamental power in PPKTP used for quasi-
phasematched, second-harmonic generation at 473 nm. 
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The observed dependence, in fact, represents both the near-infrared absorption and the 
generated blue-light absorption in the same beam channel, therefore, the apparent dependence 
can be expressed as follows:  
 

IRKTPSHNIRIR PLP ηααα 5.0)( +≈               (7-7) 
 

where the subscripts NIR and SH designate the near-infrared and the second-harmonic, 
respectively, PIR is the infrared power, and η  is the second-harmonic generation efficiency in 
units of W-1cm-1. The linear growth of the absorption with the infrared power seen in Fig. 7.7 
arises from the absorption of the second-harmonic wave and this dependence can be used to 
estimate the small-signal absorption at the second-harmonic wavelength. With 900 mW of 
the near-infrared pump power, the PPKTP crystal generated 8.8 mW of second-harmonic 
power which gives a conversion efficiency of 21064.0 −×=η  W-1cm-1. From Eq (7-7), the 
small-signal absorption coefficient is found to be 2102.1 −×=SHα  cm-1 at 473 nm. 
 

7.4. Material breakdown  
 
In many cases, the nonlinear devices were pumped at high intensity in order to obtain high 
conversion efficiency. However, the risk of material breakdown increases with increasing the 
pump intensity, particularly for high-intensity, visible light generation. In general, the 
mechanism which will cause damage is dependent on the wavelength, the peak intensity, the 
pulse length and the thermal loading of the crystal. For high-energy, ns-long visible pulses, 
the absorbed energy is large enough to lead to an increasing thermal loading in the QPM 
structure, which can result in thermal gradients and phase-mismatch, as well as a thermal 
shock. For mode-locked, high-average power visible ps pulse trains, although the pulse 
energy may be relative low compared to the ns pulses, still, the thermal gradients can cause 
severe stress, and will eventually lead to catastrophic damage. 
 
The damage thresholds of PPKTP materials were measured during frequency doubling at the 
condition of phasematching, with the single-pass SHG set-up shown in Fig. 4.4, and by 
increasing the fundamental power very carefully. Several pump lasers, with different 
operating parameters, were used in our investigation. The highest fundamental peak intensity 
and the type of the damage observed in PPKTP are summarized in Table 7.2.  
 

Parameters of the fundamental beam  
Laser Wavelength 

(nm) 
Pulse length Repetition 

rate  

Fundamental  
Peak intensity 

(MW/cm2) 

Type of 
damage 

Nd:YAG 1064 5 ns Single pulse 800 None 
Nd:YAG 1064 5 ns 20 Hz 700 None 
Nd:YAG 1064 100 ps 100 MHz 31 Scattering 
Nd:YAG 1064 220 ns 1.2 kHz 71 Breakdown 
Nd: YLF28 1053 80 ns 5 kHz 52.5 Breakdown 
Nd: YLF28 1053 120 ns 8 kHz 29.9 Breakdown 
Nd: YLF28 1053 150 ns 10 kHz 24.5 Breakdown 
Nd: YLF28 1053 220 ns 15 kHz 16.4 Breakdown 

 
Table 7.2 The highest peak intensity and other relevant parameters used in the damage threshold 
measurements during frequency doubling at phasematching. 
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Fig. 7.8 shows the damage morphology at breakdown in a PPKTP crystal at phasematching 
during green-light generation with a fundamental intensity of 71 MW/cm2 using 220 ns 
pulses at 1064 nm29. The beam was impinging from the left and formed a filament. The 
damage propagates to the right, in the end, it creates a larger circular damage area probably 
due to a thermal shock.  
 

 
 
Fig. 7.8. Bulk damage on a flux-grown PPKTP crystal pumped by a Q-switched Nd:YAG laser with 
1.2 kHz repetition rate and a 220 ns pulse length. 
 
 
To determine the dependence of the damage threshold on the laser repetition rate for ns-long 
pulses, I have analysed the fundamental peak intensities of a Nd:YLF laser experiment where 
the damages occurred in KTP. Fig. 7.9 displays that the damage threshold decreases 
exponentially with the repetition rate. The full line is an exponential fit to the observation. 
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Fig. 7.9 The fundamental intensity for breaking down the material decreases exponentially with the 
repetition rate of the ns pump laser. The full line is a single exponential fit. 
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8. Description of included papers and the 
contribution by the candidate 

 
 

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

 
V. Pasiskevicius, S. Wang, J. A. Tellefsen, F. Laurell and H. Karlsson 
 
Frequency doubling of low and medium-power Nd:YAG lasers via the quasi-phasematching 
technique provides the possibility of obtaining compact, all-solid-state green laser sources. 
The purpose of this paper was to demonstrate high-efficiency, extra-cavity frequency 
doublers based on PPKTP, with different types of Nd:YAG lasers. In this paper, firstly, the 
QPM crystal fabrication technique was introduced. The periodicity of the grating was chosen 
so as to phasematch the second-harmonic generation employing the d33 nonlinear coefficient 
at a fundamental wavelength of 1064 nm. 1.34 W of average SH power was generated from 
2.2 W of mode-locked 100 ps pulses, while a conversion efficiency of 65 % was obtained in 
Q-switched operation for 220 ns pulses at a 1.2 kHz repetition rate. As a comparison, only 
38% was obtained using conventional birefringence, type-II phasematched KTP. The 
calculations showed that, at high fundamental intensity, the fundamental power depletion is 
not the only factor that saturates the conversion efficiency, but, also, a thermally-induced 
phase-mismatch plays an important role.  
 
Contribution by the candidate: I fabricated the PPKTP crystals, participated in designing 
and performing the experiment and in the calculation, discussion and writing of the paper. 
 
 

Paper II:  Ultraviolet generation by first-order frequency doubling in 
periodically poled KTiOPO4

 
S. Wang, V. Pasiskevicius, F. Laurell and H. Karlsson 
 
The purpose of this paper was to demonstrate the generation of UV light by frequency 
doubling in PPKTP. A 2.95 µm-period, first-order QPM grating was fabricated using 
standard lithography and electric-field poling techniques for frequency-doubling of 780 nm 
fundamental light, employing the largest nonlinear coefficient, d33. With 270 mW of CW 
incident fundamental power from a Ti:Sapphire laser, 450 µW of UV power was generated in 
a single-pass configuration. Frequency doubling of short pulses was also investigated in order 
to explore the applicability of PPKTP with femtosecond lasers. For more than six years, this 
was the finest-pitch grating fabricated in a 1 mm-thick ferroelectric crystal. 
 
Contribution by the candidate: I fabricated the PPKTP crystal, participated in designing 
and performing the experiment, in the calculations, discussions and writing of the paper. 
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Paper III: First-order type II quasi-phase-matched UV generation in 
periodically poled KTP 

 
S. Wang, V. Pasiskevicius, J. Hellström, F. Laurell and H. Karlsson 
 
One of the main hindrance for quasi-phasematched UV-radiation generation is the difficulty 
to fabricate first-order QPM gratings, due to the large material dispersion and the very short 
period thereby required. In this work, we investigated type-II quasi-phasematched second-
harmonic generation for the first time. We relied on the material PPKTP and used the d24 
nonlinear coefficient. By the use of a type-II interaction, instead of a type-I, a 3 times longer 
grating pitch could be used. 440 µW of UV-radiation was generated from 780 mW of 
fundamental power, corresponding to a normalized conversion efficiency of 0.09 %/W·cm.  
 
Contribution by the candidate: I fabricated the PPKTP samples, performed the experiment, 
and participated in the calculation, the discussion and writing of the paper. 
 
 

Paper IV: Three-dimensional characterization of the effective second-
order nonlinearity in periodically poled crystals 

 
S. J. Holmgren, V. Pasiskevicius, S. Wang and F. Laurell 
 
The effective nonlinearity of periodically-poled crystals can vary over the volume of the 
QPM structure due to material and poling nonuniformities. The purpose of this work was to 
demonstrate a novel technique to map the effective nonlinearity in 3D. It utilizes group-
velocity walk-off between femtosecond pulses at the fundamental frequency in a type-II SHG 
configuration to achieve three-dimensional resolution of the effective nonlinearity. The 
technique is especially useful for characterizing quasi-phasematched nonlinear crystals, 
having a sophisticated grating structure. 
 
Contribution by the candidate: I fabricated the PPKTP sample, participated in the 
experiment and the discussions related to the paper writing. 
 
 

Paper V: Dynamics of green light-induced infrared absorption in 
KTiOPO4 and periodically poled KTiOPO4

 
S. Wang, V. Pasiskevicius and F. Laurell 
 
For this work, we built a high-sensitivity, induced thermal-lens spectroscopic instrument with 
a common-path interferometer to investigate the green-light induced absorption dynamics in 
single-domain and periodically-poled KTiOPO4. The experimental results showed that the 
absorption by the induced colour centers is more severe in the poled material although the 
linear infrared absorption in both materials is the same. Initial relaxation of the induced 
absorption was also different in these materials indicating that the poled structures contain 
higher concentration of stoichiometric or interstitial defects. It is shown that an annealing step 
after poling can improve the quality of the crystal, in terms of a reduction of the amplitude of 
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the induced absorption, as well as the eliminating stress in the domain walls. The sensitivity 
of the technique is demonstrated by the measurement of the small-signal absorption in the 
blue spectral region arising during continuous wave quasi-phasematched second-harmonic 
generation in periodically poled KTP. 
 
Contribution by the candidate: I fabricated the PPKTP samples, performed the experiment, 
and participated in the discussion and the writing of the paper. 
 

Paper VI: Nucleation and growth of periodic domains during electric 
field poling in flux-grown KTiOPO4 observed by atomic force 
microscopy 

 
C. Canalias, S. Wang, V. Pasiskevicius  and F. Laurell 
 
In order to get a deeper understanding of the mechanisms of the domain nucleation and 
growth in flux-grown KTP during electric-field poling, we have studied the domain structure 
of PPKTP on both the polar and nonpolar faces utilizing AFM. Distinct characteristics of the 
poling behaviours, depending on the magnitude of the applied electric field, have been 
identified.  
 
Contribution by the candidate: I participated in the AFM measurements, as well as in 
discussion and the writing of the paper. 
 
 

Paper VII: High efficiency periodically poled Rb-doped KTiOPO4 using 
in-situ monitoring 

 
S. Wang, V. Pasiskevicius and F. Laurell 
 
Flux-grown KTP has a relatively high ionic conductivity and a substantial variability of the 
conductivity over the wafer, which significantly complicates electric-field periodic poling. In 
this work, we investigated flux-grown Rb-doped KTP (RKTP), which has almost 2 orders of 
magnitude lower ionic conductivity than undoped KTP crystals. This material proved to be a 
good candidate for periodic poling and high quality PPRKTP crystals for second-harmonic 
generation and optical parametric oscillation were demonstrated. The polarization was 
periodically switched at room-temperature with a coercive field of 3.4 kV, which is 50 % 
higher than for KTP. The dispersion and the effective nonlinearity of lightly-doped RKTP did 
not show any significant difference from non-doped KTP. We also demonstrated that in-situ, 
second-harmonic generation is a practical and useful monitoring method consistently 
allowing high quality periodically-poled crystals to be made.  
 
Contribution by the candidate: I fabricated the PRKTP samples, made the measurements 
and participated in the discussion and the writing of the paper. 
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9. Conclusions 
 
 
This work deals with the fabrication and the characterization of periodically-poled KTP and 
RKTP. In this context, there are several contributions to the field of nonlinear optical 
technology, namely: (1) The development of techniques for fabrication and evaluation of 
QPM structures have been carried out; (2) Careful investigations of the performance of 
second-harmonic generation frequency converters in the visible and the UV spectral ranges 
have been performed. Some of the potentials and the current limitations of these materials are 
revealed. For instance, by appropriate doping, like Rb for KTP, some of the limitations might 
be overcome; (3) Systematic investigations of the optical damages in KTP and PPKTP and 
their physical mechanisms related to high-intensity visible and UV light generation have been 
undertaken. The conclusions drawn from these studies are: 
 
Although the quality of KTP wafers in terms of ionic conductivity and domain structure still 
remains a technological issue, our results clearly demonstrate that highly-efficient frequency 
converters can be fabricated from commercially available KTP material by carefully 
choosing the processing strategies. Particularly, in-situ SHG is a reliable monitoring method 
for providing real-time information of the poling process over the whole crystal aperture, 
resulting in high yield of efficient samples with good homogeneity.  
 
Flux-grown RKTP is a good candidate for electric-field poling at room temperature as it has 
approximately two orders of magnitude lower ionic conductivity compared to undoped KTP. 
Furthermore, a light doping of KTP with Rb results in only a minor change of the material 
dispersion and the effective nonlinear coefficients in PPRKTP are approximately the same as 
for PPKTP. 
 
The characterization techniques we have developed, have allowed us to obtain information 
regarding the QPM homogeneity, the local periodicity and the local effective nonlinearity of 
the structures, which are the most important parameters for successful device applications of 
these engineered ferroelectrics. 
 
We have been able to fabricate very dense domain gratings in PPKTP (Λ < 3 µm) in 1 mm 
thick sample for first-order frequency doubling down to the UV region where the 
fundamental absorption edge of KTP is located. SHG efficiency as high as 74% has been 
obtained for green-light generation, which is probably the highest one for PPKTP at present. 
Type-II phasematching has been demonstrated in PPKTP with relaxed fabrication 
requirements for generation of blue/UV radiation by taking advantage of the lower dispersion 
for this polarization arrangement. Although the nonlinear coefficient in type-II interactions is 
lower than that in the corresponding type-I case, the higher grating reproducibility of the 
QPM structure and the broader wavelength acceptance bandwidth can often compensate for 
these shortcomings in many cases. Moreover, the type-II QPM process can be advantageous 
for nonlinear interactions with short pulses, where the lower effective nonlinearity is not as 
critically important as in CW case.  
 
High-sensitivity, thermal-lens spectroscopy proved to be a very useful technique for 
quantifying the infrared absorption present in our nonlinear optical materials brought about 
by excitation by intense green light. The saturated green-light-induced infrared absorption 
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was consistently larger in the periodically-poled crystals, which was attributed to an increase 
in the concentration of the native defects, hence, more possibilities for colour-center 
formation in the PP materials. Subsequent annealing process reduced the amplitude of the 
induced absorption and should be considered as a necessary post-poling processing step. 
 
High-intensity, visible-light generation, leading to the observed induced colour-center 
formation and associated absorption provides an increased thermal loading in the QPM 
structure material, resulting in unwanted temperature gradients and phase-mismatch. 
Moreover, the thermal load introduces stress, eventually producing catastrophic damage in 
the end. This thermally-induced damage mechanism is very important for ns high-energy, 
visible and UV laser pulses, as well as for high-repetition rate pulse trains down to at least 
100 ps.  
 
Future work along the lines in the present thesis should be focused on investigating the 
absorption dynamics of RKTP and PPRKTP as well as the influence of the doping rate on the 
electric-field poling. 
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