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Fabrication and characterization of waveguides on RbTiOPOy,
crystals for photonic applications

Jaume Cugat Mulet

Abstract

RbTIOPOy is a bifunctional nonlinear optical crystal. It can be doped with Yb*" ions up
to concentrations able to get laser emission around 1 pum, as well as to obtain Second
Harmonic Generation. These characteristics make it interesting for photonic
applications. In fact, this field of research is looking for a multifunctional material able

to be the base for optical chips.

The aim of this doctoral thesis is to investigate the possibilities of (Yb,Nb):RTP/RTP
(001) epitaxial layers as substrates for photonic applications. The thesis focuses on the
fabrication of epitaxies, planar and channel waveguides, as well as the consequent
characterization. Different methods have been used for channel waveguides fabrication,
in order to investigate the versatility of (Yb,Nb):RTP/RTP (001) in front of the common

used techniques in this field.

The manuscript is divided in four chapters. Chapter 1 describes an overview of the
nonlinear optical crystals and the use of them for waveguide applications, as well as an
introduction to the (Yb,Nb):RbTiOPO,4. Chapter 2 gives the relevant information about
the experimental techniques used in this work. Chapter 3 describes the fabrication of
epitaxies, planar and channel waveguides. Chapter 4 shows the results of
characterization of the waveguides obtained. Finally, the conclusions are presented with

the main results.

Keywords: Crystal growth, Yb®" rare earth, Rubidium Titanyl Phosphate, Planar
waveguides, Second Harmonic Generation, Waveguide laser, Channel waveguide, Rib

waveguide.
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Chapter 1

Introduction

1.1. Nonlinear optics

The nonlinear optical materials, among other applications, are used for frequency
conversion of light by Second Harmonic Generation. For that, this nonlinear optical
process will be overviewed in this section. Due to RbTiOPO,4 (RTP) is a nonlinear
optical crystal, and it has been used as a base of the present work, an extended
bibliographic study of nonlinear optical crystals, as well as, RTP is presented. In this
section, the state of the research about self frequency doubling materials is also
summarized. Finally, the research made in the field of doping crystals of the KTiOPO4

family, which includes RTP, with laser active ions is explained.

If an electromagnetic wave passes through a dielectric material produces a polarization
of the material, i.e., a distortion of the electron cloud around the atoms and molecules
and consequently a displacement of the valence electrons from their stationary orbits.

The polarization can be developed in terms of power series:
P=g, 7 E+e,(yE + yVE* +..) =P + P" 1.1

where ¢y is the permittivity of the vacuum, E is the electric field associated to the

2 3
@ X()

electromagnetic wave, and '~ and are the second and third order nonlinear optical

1
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Chapter 1: Introduction
susceptibilities and are tensors of third and fourth rank, respectively. P corresponds to

the linear part of the polarization and PN" to the nonlinear part.

In the ordinary reality, the strength of the electric field is relatively small, and the
induced polarization is proportional to the electric field, thus the material response can
be solely described by P“. However, if the light is intense enough, like a high power
laser, the relative displacement of the electron cloud from its nucleus is nonlinear with

the electric field, and P™" has to be taken into account [1].

According to the expression 1.1 the generated polarization for second order nonlinear
processes is given by P =g,y PE?, where ¥ is a 3x3x3 tensor [2]. However, due to
intrinsic permutation symmetries, as well as Kleinman’s symmetry, the X(z) tensor can be
remplaced by a 3x6 matrix [2], called nonlinear d matrix, where 2d,~1=)((2)ijk. This
simplifies further calculations and the polarization for second order processes, for

instance in the case of SHG process is given by [2]:

E (o)
E,a)2
Px(zw) dy dp dy d, ds dg E}’((a);z
P}(ZC‘) =2¢,|dy dy, dy dy dy dy ZEy(ZCU)Ez(a) b2
P.(2w) dy dy dy dy dys dy) g ()E. (w)
2E (w)E, ()

For most crystals, the d matrix can be simplified due to spatial symmetries of the
material, resulting that some elements take the same values as other elements and others
are zero. For example, in the KTP family of crystals, the d;; matrix is [1]:
000 0 dg,
d=| 000 d, 00 1.3
dy dy, dy; 0 0 0
For understanding the interaction of the electromagnetic waves in a nonlinear optical
material, a set of coupled wave equations should be derived. The natural beginnings are
the Maxwell’s equations and assuming that the interactions take place in a nonlinear

optical, dielectric material, the following equation can be obtained [3]:

0°E 0>PL  92pM
+ +
EEIREL e ot>

V2E = ¢, 1.4
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Chapter 1: Introduction

where po is the permeability of vacuum and gp the permittivity of vacuum. This
differential equation describes the relationship between the electric field in a nonlinear
optical material and the polarization, which acts as a source of electromagnetic waves at
new frequencies. We assume that the electric field consists of monochromatic fields and

hence write:

E= %Z [Izl;e_"w”” + c.c.] 1.5

m

where A, is the amplitude of the mth field and oy, the frequency of such a field. The
complex conjugate, c.c., is added, to obtain real values for the electric field and the

polarization.

Using the slowly varying envelope approximation (SVEA) [3], writing the field
amplitudes as A'(F)= A(z)e™, and introducing 1.5 to equation 1.4, we reach to the next

first-order differential equation:
2ik —e™ = - u,P""’ 1.6

where £ is the wave vector.

By solving this first-order differential equation [3], and taking into account the Second
Harmonic Generation process (see figure 1.1), where two identical photons from a
single pump beam adds their frequency and leads to a single photon with twice the

frequency (@, =@, = ® and @, =2w), we obtain the expression of the amplitude of

both fields:
dAZa) :l 2a) de/ijj)e_iAkZ
dz n, c -
2w
dA . @ . L7
@ — l—deﬁAzwAwe iikz
dz n,c

where Ak =k,, —2k,, doyis the effective value of d and the material is assumed to be

loss-less [3].
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W =W, +W
NLO crystal 3 1 2

Figure 1.1. Scheme of the SHG process.

This set of equations can be solved analytically taking into account that the pump is not
depleted, E(x) = E_(0).The intensities of both waves are:

(2]

1
I,=—¢.n,E’
2

_ 2
1, _Egocnszzw 1.8

By integrating the first equation of (1.7) over the crystal length L and taking into
account (1.5) and (1.8), the intensity of the wave generated by the SHG process is
obtained [3]:

2w

2u,0°d> L1’
— /uo eff w SiﬂCz (Aij

2
na)nZa)c

Here d.¢ can be obtained from the matrix 1.3, sinc(x) = , I 1s the pump intensity

sin(x)
X

at the frequency o, n, and ny, are the refractive indices for pumping and the second
harmonic signals, respectively. From this equation, we can see that the intensity of the
second harmonic generation decrease if the process is not phasematched, that is to say,
Ak # 0. However , if Ak =0 the intensity increase as a function of the crystal length

squared and the nonlinear coefficient squared.
1.2. Nonlinear optical crystals

Since the development of the laser, a drawback of most laser materials has been the
limited ability to generate radiation in a wide spectral region. For some purposes, an

energetic beam at a wavelength where no laser material operates would be needed.
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Although there are appropriate laser sources for other applications, however, the emitted
power is restricted by the thermal properties of the laser crystal. A solution to both
problems is given by nonlinear optics. Nonlinear optical crystals can, therefore, be
employed for the generation of beams at wavelength not available with conventional
laser materials and also to obtain high power radiation for some wavelengths where is

difficult to obtain by other means [4].

Nonlinear optical crystals have several applications in nonlinear optical devices: sum
frequency generation (SFG), difference frequency generation (DFG), optical
rectification (OR), or optical parametric oscillation (OPO). Finally, as has been
mentioned above, the most important process in terms of the scope of this thesis is the
Second Harmonic Generation (SHG), that is a particular case of SFG. For instance a
huge number of inorganic crystals have been used to achieve SHG of Nd*" solid state
lasers around 1 pm, such as KH,PO4 (KDP) [5], NH4sH,PO4 (ADP) [6], CsH,AsO4
(CDA) [7], B-BaB,04 (BBO) [8], LiB3Os (LBO) [9], KTiOPO4 (KTP)[10], KNbOs [11]
and LilO; [12].

Among all of these inorganic crystals, KTiOPO4 (KTP) possess very large nonlinearity
[13], and large angular and temperature bandwidths for SHG at a wavelength of 1.06
um, which makes it of special interest. Trough the time, KTP has been established as a
unique inorganic material because its exceptional properties for several nonlinear
optical applications [14,15]. Particularly KTP has been used as a frequency doubler of
lasers emitting in the IR spectral range [16,17], but this application can be extended as

well to RTP.

1.3. Self-frequency doubling crystals

Many nonlinear optical crystals can be used for Self Frequency Doubling (SFD) near to
1 um. The SFD process is produced in a nonlinear optical material able to be a host of
active ions and therefore emission and frequency doubling can be made in the same
crystal. For instance, the infrared laser emission of Yb*" and Nd”* as active ions can be
converted in visible light by using the second harmonic generation properties of the

host.

Initially, Nd** was the lanthanide active ion most used for self-frequency doubling
lasers operating at 1 um and producing green light. But nowadays there is an increasing

interest in replacing Nd** by Yb*". Doping of crystals with Yb*" as active ion has some

5
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advantages like no exited state absorption, no concentration quenching and no up-
conversion, all of them due to its simple level scheme which is constituted by the

ground level (2F7/2) and the excited one (2F5/2).

In 1969 the first SFD laser was obtained, it was a pulsed LiNbO3:Tm laser [18]. In the
continuous regime, the first SFD laser was discovered in 1986 and it was based on
Nd:MgO:LiNbOs3 [19]. From that moment, Nd:MgO:LiNbO; has been widely used for
SFD [20-22] among other crystals such as Nd:GdCaO(BOs3); [23-26] and
Nd:YCasO(BO3); [27,28] , using Nd** as active ion. Taking Yb’" as active element,
some SFD laser materials used until now are Yb:MgO:LiNbO; [29], Yb:CasGdO(BOs3);
[30,31] and Yb:YAI3;(BOs)s [32-36]. All the above references correspond to

Birefringent Phase Matching process, of great interest for the present study.

CW laser operation in Yb®" doped Yb:GdAL;(BO3)s [37], Yb:KGd(POs), [38] and
(Yb,Nb):RTP [39] have been recently achieved and these material are candidates for

self-frequency conversion lasers.

Rare earth-doped waveguides have already been used for SFD lasers. In fact, a SFD
waveguide laser was first fabricated and demonstrated using a Ti:Er:LiNbO3 waveguide
[40]. In the same year, a similar demonstration was made using a Nd:LiNbO;

waveguide [41].
1.4. RE** doped crystals of the KTiOPO, family

Due to the above mentioned properties of the crystals of the KTP family, KTP and its
isostructural crystals have been used for several nonlinear optical applications [42].
Great efforts have been made to dope KTP with RE*" (or Ln*") ions to obtain a SFD
laser in the visible spectral range. In the literature several techniques for crystal growth
of Ln-doped KTP are shown. One of them, which is used in this work is the Top Seeded
Solution Growth — Slow Cooling technique (TSSG-SC) [43-45]. The incorporation of
Ln’" ions into the KTP lattice using this technique has limitations. The concentrations of
RE’ in KTP crystals obtained by the TSSG-SC technique were as low as 5x10' —
6x10'® ions/cm’ [46-48], and are far from the threshold needed to obtain efficient
fluorescence. The Ln’" distribution coefficient in RTP is generally higher than in KTP
but not enough high to obtain efficient fluorescence. This can be solved by codoping

RTP with Ln*" and Nb™* [46].
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Other techniques have been used to introduce RE ** ions into KTP such as, electron

beam evaporation [47], ion implantation [48] and pulsed laser deposition [49].

Recently, in FICMA'’s laboratory, great results have been achieved in the enhancement
of RE* concentration in RbTi; xNbyOPOy4 single crystals grown by the TSSG-SC
technique. Concentrations up to ~ 2x10% and 0.65x10% ions/cm® were achieved for
Yb’" and Er’* doping, respectively [50,51]. Finally, X. Mateos et al. have obtained laser
emission at 1064 nm using a Yb:Nb:RTP crystal [39].

1.5. Integrated Optics (10’s)

The term “integrated photonics” refers to the fabrication and integration of several
photonic components on a common planar substrate. These components include beam
splitters, gratings, couplers, polarisers, interferometers, sources and detectors, among

others.

The science that studies the light is called optics. It describes and studies the generation,
as well as, the propagation of the light and its interaction with the matter. Optics is an
old science, but in the last century it has suffered a spectacular renaissance. The first
and more important development in modern optics, without any doubt, was the
invention of the laser by T.H. Maiman in 1960 [52]. The development of semiconductor
optical devices and the introduction of new fabrication techniques for obtaining optical
fibbers with very low propagation losses have been important. As a result of these new
developments and associated with other technologies, such as electronics, new

disciplines such as electro-optics, opto-electronics, etc. have been generated.

Due to the combination of electronics and optics, new devices, more complex than
lasers, semiconductor detectors, light modulators, etc have appeared. Then a new
scientific discipline has arise to explain these new devices, which are not completely
described for optics neither electronics. This scientific branch of applied physics is
called photonics. If electronics can be considered as the discipline that describes the

flow of electrons, the term of photonics deals with the control of photons.

We can consider integrated photonics to be constituted by the combining of waveguide
technology (guided optics) with other disciplines, such as acustooptics, electrooptics or

nonlinear optics among others, which is of great importance in this thesis.
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In integrated photonics, the basic optical elements for generation, focusing, splitting,
junction, etc. of light should be integrated in a single optical chip. Thus, the main goal
purposed by integrated photonics is therefore the miniaturization of optical systems.
This is possible thanks to the small wavelength of the light, which permits the

fabrication of circuits and compact photonic devices with sizes of the order of microns.

1.5.1. Optical Dielectric waveguides

As has been mentioned above, the basic element in integrated photonics technology is
the optical waveguide. Optical waveguides are structures that confine and guide optical
waves by total internal reflection at interfaces between dielectric materials. They are
classified into planar waveguides and channel waveguides. In the channel waveguides,
the light is confined in two dimensions, while in planar waveguides, the light
confinement takes place in only one dimension. Figure 1.2 shows a scheme of a planar

waveguide (Figure 1.2.a) and a channel waveguide (Figure 1.2.b).

a) - q

Figure 1.2. Schematic illustration of optical waveguides. a) Planar waveguide and b) channel waveguide

The main requirement for obtaining guided light inside a waveguide is that the
refractive index of the thin film must be larger than the refractive indices of the

substrate and cladding (see Figure 1.3).

As an example, in a hypothetical planar film of glass with refractive index n, surrounded
by air, the rays inside the film that propagates with an internal angle o grater than the
critical angle @, =sin'(1/n) will suffer total reflection at the interfaces, and will

remain trapped inside the film, that is to say, the film surrounded by air acts as an

optical waveguide.
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Taking into account the refractive index distribution, the waveguides can be classified

in step-index waveguides and graded index waveguides.

The step-index waveguides, either planar or channel waveguides, are formed by a
region of material with uniform refractive index, which is higher than the refractive
indices of the substrate and the cladding. On the other hand, in graded index waveguides
the refractive index is depth dependent. Obviously, the region where the light is
travelling, that is to say, the waveguide part, has higher refractive index than the
substrate and the cladding (usually air). Figure 1.3 shows schemes of these two kinds of

waveguides with their refractive index profiles.
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Figure 1.3. Scheme of refractive index distribution for the two main kinds of waveguides. a) Graded
index waveguide and b) step-index waveguide.

There are many techniques for the fabrication of planar and channel waveguides. These
techniques can be also ordered taking into account the kind of waveguide fabricated:
step index waveguides or graded index waveguides. So, the main known techniques
used to produce planar waveguides in step index regime are Liquid Phase Epitaxy
(LPE) [53], Pulsed Laser Deposition (PLD) [54], sputtering or deposition [55] and
Molecular Beam Epitaxy (MBE) [56]. On the other hand, the techniques used to
fabricate graded index waveguides are suitable for PWGs fabrication, as well as channel
waveguides. These techniques are proton-exchange [57], ion-exchange [58], metal-

diffusion [59] and ion-implantation [60].
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There is another important structure for integrated photonics: the rib waveguides. In
fact, rib waveguides consists of a stripe not completely etched on a surface which is a

PWG, as is shown in Figure 1.4

Cladding {n-)

Planar waveguide (n,)

Substrate (n,)

b)
Ny > ng,n;

Cladding (ns)

ribwaveguide (n,)

Substrate (n,)

Figure 1.4. Scheme of a) planar waveguide and b) rib waveguide.

The rib structure confines the light in two dimensions like a channel waveguide, but has

the advantage that can be obtained easily from a PWG fabricated previously.

The principal surface structuring techniques to produce rib waveguides are: Reactive

Ion Etching (RIE) [61], ion milling [62] and laser ablation [63].
1.5.2. Waveguide lasers

Among the active components for optical chips, such as optical amplifiers, laser
oscillators and frequency converters, one of the most important is the waveguide laser.
Up to now the most common procedure to obtain laser action from a waveguide is to
use active impurities such as rare earths embedded in the waveguide structure. This
procedure has been used in this work. The first demonstration in this field was a planar

waveguide laser and was reported in 1961 [64].

10
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Waveguide lasers have several advantages in front of bulk lasers [65]. The main of them
is that they have lower thresholds and there is the possibility of combining the
waveguide laser as a photon source and other devices obtaining integrated photonic

chips.
1.5.3. Nonlinear optical materials for SHG waveguides

In the late eighties and in the nineties, there was a strong need for implementation of
waveguides in optoelectronics. In fact, compact short-wavelength coherent light sources
were needed for developing high-density optical disk memory systems. As blue diode
lasers were not available, then, waveguides SHG devices combined with near-infrared
semiconductor lasers were considered as the best approach. Therefore, waveguides SHG
devices with phase matching by periodic structures, for instance quasi-phase matching
(QPM), were extensively studied. Thus, nonlinear optical waveguides have gained a lot
of interest from the earliest research in integrated optics. The first experiment was
demonstrated in 1970, and consisted in a ZnS thin-film waveguide on a ZnO substrate,
used to produce SHG of a pulsed Nd:YAG laser light with Cerenkov-radiation type
phase matching. Then, a lot of materials were proved for SHG using several phase
matching schemes. Materials, such as amorphous thin films [66], ferroelectric crystals
[67], III-V semiconductors [68], organic crystals [69], and poled polymers [70] were
used for SHG radiation.

Most of the research related with nonlinear optical waveguides has been made on
inorganic ferroelectric crystals such as LiNbOj;, and LiTaOs;. Other ferroelectric
crystals, not so much extensively studied, are KTiOPO4 and KNbO;. Table 1.1 shows
the main ferroelectric crystals studied for SHG waveguides. Details of the fabrication

technique, waveguide type and phase matching process are summarized in the table.

RTP is demonstrated to be a nonlinear optical material suitable for SHG waveguides for

the first time to our knowledge.

11
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Table 1.1. Ferroelectric crystals studied for SHG waveguides.

. . Pumpin
. Waveguide Waveguide Phase png
waveguide W . wavelength references
fabrication type matching
(nm)
e . Temperature
Ti-diffusion channel . 1060 [71]
tuning
LiNbO, Ti-diffusion planar Mode d?spers%on 1080 [72]
ptoton-exchange planar Mode dispersion - [73]
proton-exchange channel Cerenkov 840 [74,75]
Ti-diffusion planar QPM several [76-82]
MgO:LiNbO; Ti-diffusion Planar Mode dispersion - [83]
Mg:LiNbO3 Proton-exchange planar Cerenkov 1060 [84]
. Annealed proton-
LiTaO; several QPM ~ 800 [85-90]
exchange
He-implantation lanar Birefringence 868
KNbO; . p ' p g [91]
lon-implantation channel Cerenkov ~ 800 [92]
Rb-exchange Segmented balanced 1060 [93]
Ion-exchange planar birrefringence ~800-1100 [94]
KTiOPO4 Rb,Ba-exchange segmented balanced 760-960 [95]
He-implantation planar birefringence 1070 [96]
Ion-exchange channel Periodic grating ~ 800 [97]
Sc:KTiOPO, Ion-exchange segmented balanced - [98]

1.6. (Yb, Nb):RbTiOPO,/ RbTiOPO, (001) waveguides as a

promising material for 10’s

Active materials such as ferroelectric materials can be used to produce modulators and

switches based on the classic electro-optic effect.

The integration of passive and active optical devices, in a multicomponent circuit is

known as an integrated optic circuit (I10C).

Integrated optic devices interface efficiently with optical fibres, and can reduce the cost
in complex circuits by eliminating the need for separate, individual packaging of each
circuit element. They also offer smaller size and weight, lower power consumption,
improved reliability, and often larger electrical modulation bandwidth compared to their

bulk-optic counterparts.

In this work we present (Yb, Nb):RTP/RTP (001) as a promising material for integrated
photonics applications, as well as a platform for IOC. It is clear that an ideal material for

IOC must be as multifunctional as possible.

12



UNIVERSITAT ROVIRA I VIRGILI
FABRICATION AND CHARACTERIZATION OF WAVEGUIDES ON RBTIOPO4 CRYSTALS FOR PHOTONIC APPLICATIONS
Jaume Cugat Mulet

Diposit Legal: T.1024-2013

Chapter 1: Introduction
As it has been mentioned previously, RbTiOPOy is a nonlinear optical crystal that can
be used for frequency doubling of the radiation emitted by Nd and Yb lasers, which is
close to 1 um [99]. This crystal is specially useful for non-critical type II Second
harmonic generation (SHG) for fundamental radiation near to 1 um. Moreover, RTP can
be doped with active ions with the possibility to obtain a self-frequency doubling (SFD)
material, which would be useful for compact and efficient laser sources in the visible
range. Its large linear electro-optical coefficients and low dielectric constants give
chances for various electro-optical applications, such as modulators and Q switches

[58].

In addition, recently electric-field poling of RTP at room temperature was demonstrated
[100]. Initial studies indicate that the effective nonlinearity in periodic poling of RTP
crystals (PPRTP) is comparable to that of periodic poling of KTP (PPKTP) crystals.
Moreover, flux-grown RTP crystals present a much lower ionic conductivity than flux-
grown KTP crystals, which contributes to do the RTP electric-field poling and

monitoring procedures easier and more predictable than in KTP crystals.

It is well known that LiNbOs is a promising material for integrated photonics due to its
excellent properties [101], but it has a disadvantage in front of KTP, its higher damage
threshold [102]. RTP could be an interesting alternative for phase-matched interactions,
because its damage threshold is ~ 2 times larger than the one of KTP [103,104], while it

has similar nonlinear optical coefficients [105].

KTP could be a possible candidate to host RE*™ active ions arising as a promising self-
frequency doubling (SFD) material. But, unfortunately the RE** distribution coefficients
obtained were very low (typically about 107) [45]. RTP has higher Yb>" distribution
coefficient than KTP but it is still too low for laser operation. On the other hand, the co-
doping of RTP with Yb®" and Nb”" increase the concentration of Yb*" in the crystal
enough to obtain laser radiation [39]. Recently, laser operation has been demonstrated in

a (Yb, Nb):RTP bulk crystal [39].

The Yb*" has a clear absorption band between 800 and 1000 nm which is associated to
the 2F7/2 — 2F5/2 transition. The absorption is characterized by three main peaks centred
at 902, 955 and 972 nm for the three polarizations [106]. Otherwise, the corresponding

emission spectra at low temperature, which extends from 955 to 1095 nm, show four

13
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main lines, corresponding to transitions from the lowest excited sublevel 2F5/2 (0”) to the

four ground state sublevels %Fs55 (3) *Fsn(2) *Fs(1) and *Fs2(0) [107].

If we take into account the possibility of doping RTP with Yb*", which is a laser active
ion, as well as, the fact that RTP could double the Yb*" laser emission, and also the
other characteristics mentioned above, RTP becomes a very interesting and promising
material for integrated photonics applications. In fact, for all of this is interesting to
check the possibilities of (Yb, Nb):RTP to fabricate waveguides. The epitaxial layers
that we propose in this work, are grown in @ — b plane, or in (001) plane (perpendicular
to ¢ crystallographic direction). This is due to the birefringence characteristics of the
RTP crystals. In fact, the (001) plane contains the non-critical phase matching (PM)
type II SHG directions for the range of 985 to 1118 nm, and the Yb®" laser emission at

1064 nm is in this range.
1.7. Doctoral thesis aims

As it has been mentioned in the above section, (Yb, Nb):RTP is a potential material for

I0’s. So, the objective of this thesis can be decomposed in smaller objectives:

P Investigate the best growth conditions and composition, for the fabrication of
epitaxial layers of (Yb,Nb):RTP/RTP (001), (Ba,Yb,Nb):RTP/RTP (001),
(Yb,Nb):RTP/K:RTP (001) and (Ba,Yb,Nb):RTP/K:RTP (001) by LPE with good
optical quality.

» Investigate the best conditions (mainly composition) in order to obtain high
refractive index contrast between the substrate and the epitaxial layer, suitable for

fabricating planar waveguides.

» Fabrication of rib waveguides on the planar ones obtained previously by

femtosecond laser ablation, Ar™ ion milling and reactive ion etching techniques.
» Fabrication of planar and channel waveguides by Cs" diffusion.

» Demonstration of type II SHG inside the planar and channel waveguides

obtained.

In fact, taking into account all of the above smaller objectives, a complete objective
arise: study and investigation of RTP as a multifunctional material for integrated

photonics

14
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The structure of this manuscript is the following: in chapter 1 there is an introduction
with a bibliographical study of the previous research related to the materials used in this
PhD thesis. The experimental techniques used in this work are described in chapter 2.
The techniques used to grow the crystals and films, Top Seeded Solution Growth and
Liquid Phase Epitaxy respectively, are detailed. Microstructuring techniques of the
planar waveguides are also explained, since they are an important part of the work. In
the same chapter 2, a set of techniques for characterizing the samples are explained,
such as microscopy techniques, X-Ray diffraction, Electron Probe Micro Analysis, etc.
Finally, there is an explanation of the set up used to prove experimentally that the
waveguides obtained successfully work. Finally, the method used to determine the

optical losses in the waveguides is also explained.

The main chapter of this thesis is the third one (chapter 3), which corresponds to the
waveguide fabrication chapter. Mostly, it explains the results of (Yb, Nb):RTP films
grown over RTP substrates, the rib fabrication over the planar waveguides obtained, as

well as, the channel waveguides obtained by Cs" ion exchange on RTP substrate.

After that, chapter 4 is related to the characterization of the waveguides obtained. In this
chapter, the propagation modes in the waveguides, the SHG process, some laser results

etc. of the planar and channel waveguides are studied.

Finally, the conclusions give an overview of the main results obtained and the

accomplishment of the objectives described above.
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Chapter 2

Experimental
Techniques

2.1. Crystal growth and processing of materials

This work studies doped RTP waveguides grown on RTP substrates. RTP melts
incongruently below its melting point at a temperature of 1343 K [108]. Consequently,
we grow these crystals from high temperature solutions (HTS), using self-flux and WOs3
solutions. The technique we used to obtain single crystals is top seeded solution growth
(TSSG) and epitaxial films of doped RTP on substrates of the same family are also
grown from HTS. Finally, the same solutions are also used to obtain small crystals by
spontaneous nucleation on a Pt wire. In fact, these small crystals are analyzed using
electron probe microanalysis to determine the dopant concentration. The powder
obtained from these crystals is also used for X-ray diffraction to calculate the unit cell

parameters of the crystals.

2.1.1. Top seeded solution growth

In this study, single crystals are grown from high temperature solutions using the top

seeded solution growth-slow cooling (TSSG-SC) technique [109].
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The set up used in this work for RTP single-crystal growth is basically a vertical tubular
furnace connected to a temperature control unit consisting of a temperature controller
and a thyristor (see figure 2.1). The axial thermal gradient of the furnace and solution
was determined before the crystal growth began so that the crucible with the solution
could be placed inside the furnace in a position with a suitable thermal gradient. So, the
solution surface should be colder than the bottom of the solution. This can be ensured
and the suitable thermal gradient obtained by adjusting the position of the crucible in

the right thermal zone of the furnace.

The experimental procedure followed in this work for bulk single-crystal growth by
TSSG is the consequence of previous work carried out by the Physics and
Crystallography of Materials and Nanomaterials laboratory, FiICMA-FiCNA, in
Tarragona [106,107].

The first step in bulk single-crystal growth is to prepare and homogenize the solution.
Then, the saturation temperature of the solution is determined. At the beginning of this
process a sharp seed is slowly introduced into the furnace and the temperature of the
solution is maintained slightly above the expected Ts. The seed must be maintained
above the solution surface for at least 1 h to obtain a seed temperature close to that of
the solution surface. Then it is placed in contact with the surface of the solution. The
growth or dissolution rates of the seed are measured at several temperatures close to
saturation (T;) to determine the T, at which neither growth nor dissolution of the seed is
observed. With the growth equipment used, these measurements are made at an
accuracy of up to 10 um with a micrometer fixed to the mechanical structure of the
furnace that allows the rod to travel vertically and which supports the crystal seed (see

figure 2.1).

Once the saturation temperature has been determined, the seed is pulled for a few um
without losing contact with the solution surface. The seed is pulled to minimize the
probability of defects at the beginning of crystal growth. Then, the supersaturation of
the solution, which is the driving force behind the crystal growth, is induced by slowly
decreasing the temperature of the solution. In our case, typical cooling rates of 0.1 K/h
up to 5 K below T, and 0.05 K/h up to 30 K below T are applied. The first rate is
applied not only to prevent contact being lost between the seed and the solution but also

to create a faster supersaturation in the first stage of the crystal growth. The second rate
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is slower to prevent fast crystal growth and consequently an increase in the probability

that inclusions will form in the crystals.

The final part is the extraction process, which begins when the cooling ramp has
finished, and the crystal has the desired size. The crystal is slowly pulled from the
solution at a rate of 1 mm every 5 minutes until it is no longer in contact with the

solution. After this, a typical cooling ramp of 25 K/h is applied until room temperature.

micrometer

Ratatary mator S 4

thermocouple
thyristor

temperature
controller

.
.
.
.
5 Pt crucible
.
.
.
.

isolators

—

Figure 2.1. Schematic view of the set up furnace used for RTP crystal growth

2.1.2. Liquid phase epitaxy

An epitaxial layer is a crystalline film grown on a substrate. There are three principal
methods for obtaining epitaxial layers on substrates: vapor phase epitaxy (VPE), solid
phase epitaxy (SPE) and liquid phase epitaxy (LPE), which is the technique used here.
The LPE method consists of growing an epitaxy from a liquid phase on a polished
substrate or a natural face. The film usually has the same crystalline properties as the
substrate, except in those cases in which the grown film and the substrate are from
different crystalline families but, in this case, the substrate/layer mismatch is usually

large enough and the probability that defects will appear at the interface is higher.
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The epitaxy growth procedure by LPE is similar to crystal growth by TSSG. But for
growth to be homogeneous throughout the dipped substrate, a practically zero thermal
gradient is needed. So, the furnace used for LPE has better isolation than the one used in
TSSG experiments. The saturation temperature, and the growth and dissolution rate at
temperatures slightly below and above the saturation temperature must be determined.
Then a polished substrate is slowly introduced into the furnace, to prevent cracks due to
thermal stress. This substrate is dipped several mm into the solution and maintained at 1

K above the T for 5 minutes so that the external part of the surface dissolves slightly.

The epitaxial growth starts by supersaturating the solution. Taking into account the
growth rates at T slightly below the T, measured previously, this supersaturation is
generated inside the solution by decreasing the temperature a few degrees (from 2 to 7

K) below the T. The growth time usually ranges from 1 to 6 hours.

Before the substrate is introduced into the furnace, it is cleaned carefully. The cleaning
process consists of dipping and rotating the substrate in three different liquids for five
minutes: the first one is a solution of HNOs/H,O with 2 ratio in volume, followed by

distilled water and, finally, ethanol.

2.1.3. Sample cutting and polishing

Once the single crystals have been obtained, they must be cut into plates so that they
can be used as substrates. The top of the crystals is not flat and polished. In fact, the
stairs of growth are present and inclusions and defects are usually at the interface
between seed and crystal. So, before cutting, the crystal must be fixed to a sample
holder with wax so that the top can be polished. This is done using by a Logitech PM5
polishing machine. First, the top of the crystal is lapped with alumina powder of 9 pm,

and then polished smooth with 1 um alumina powder.

Once the tops of the crystals, which are perpendicular to the seed, have been planed and
polished, they are cut into plates perpendicular to the ¢ crystallographic direction using

a Minitom Struers diamond disk saw. The disk is 0.12 mm thick.

The last step is to polish the plates to obtain substrates suitable for epitaxial growth.
They are polished down to a high optical quality, and the rms of the surface is below 50
nm. The polishing process is done first with alumina powders of 9 um, 3 um, 1 pm and
0.3 pm in diameter and finally with a polishing suspension SF1 from the Logitech
company.
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Before the planar waveguides (PWGs) of (Yb,Nb):RTP obtained by LPE are optically
characterised, the epitaxial layer that has grown on one of the substrate faces is removed
and the epitaxial layer on the other face is carefully polished down to the suitable
thickness. In all cases the PWGs are rectangles with sides parallel to the a and b

crystallographic directions.

After both end-faces of interest have been identified, they are carefully polished to laser
quality by sandwiching the sample between two flint glass blocks at the substrate and
epitaxial layer sides in order to minimize the edge bend effect. Taking into account the
hardness of KTP (~ 5 Mohs), flint glass was used for end-face polishing because it is as

hard as KTP (~ 5.5 Mohs).

2.1.4. Microstructuring of epitaxial layers and substrates

The (Yb,Nb):RTP planar waveguides obtained are microstructured by three different
techniques: fs-laser ablation, Ar' ion milling and reactive ion etching. A fourth

technique called Cs™ ion-exchange was used for microstructuring the RTP substrates.

2.14.1.  fs-laser ablation

The first technique used to fabricate rib waveguides on the (Yb,Nb):RTP planar
waveguides used here is fs-laser ablation. The fabrication was done in collaboration
with the Instituto de Optica in the Centro Superior de Investigaciones Cientificas

(Madrid), with Dr. A. Ruiz de la Cruz and Prof. J. Solis.

The set up that we use to fabricate the channels is shown in figure 2.2. We use a pulsed
fs-laser amplification system (Tsunami and Spitfire from Spectra-Physics), working at a

repetition rate 1IKHz and a pulse duration of 7, = 120 fs. The output pulse energy is E =

1 mJ and the central wavelength A = 799 nm. We also use a spatial light modulator
(SLM, Hamamatsu X8267) to control the beam wavefront before focusing on the
surface of the sample. This allows us to design the intensity profile of the focused beam.
An image relaying system with magnification M=0.4 (f1=50 cm and f2=20 cm)
transfers the beam at the SLM surface to the back-focal position of the focusing
microscope objective (Mitutoyo M Plan Apo NIR 20X NA=0.4). The sample is placed

on a 3-axis motorized stage, which moves at a speed of v=100 pm/s.
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Figure 2.2. Scheme of fs-laser ablation

To improve the quality of the micromachined channels, we use the approximation
scanning method [110]. It consists of performing several irradiation scans, each one
slightly displaced from the previous one in the direction perpendicular to the channels.
This produces steeper channel walls than when a single irradiation scan is used. It also
helps to minimize the redeposition of debris in the walls of the channel and reduce the

surface roughness.

Our approach uses an SLM to multiplex the irradiation beam at the material surface,
creating seven spots. The spots are arranged diagonally, such that each spot rewrites the
channel written by the previous one, but with a slight lateral displacement just us the
approximation scanning does. Thus, a multiplexed beam requires only a single scan to
inscribe a channel in the sample, whereas a non-multiplexed beam requires several
scans. In order to multiplex the beam, the wavefront of the irradiation beam is modified
by the SLM, so that at the focal point on the surface of the sample we obtain a
predesigned intensity distribution. For this purpose, a phasemap must be created. This is
done using a weighted Gerchberg-Saxton algorithm, which helps to equalize the peak

intensities of the multiplexed spots in the designed intensity distribution [110].

2.1.42. Ar'ion milling technique

The second technique used to fabricate surface rib waveguides on (Yb,Nb):RTP planar
waveguides is Ar' ion milling. The ribs are transferred to the (Yb,Nb):RTP planar
waveguides by standard photolithography and Ar’ ion milling. The fabrication is
performed in the clean room at the Optoelectronics Research Centre in the University of
Southampton in collaboration with the PhD. student A. Choudhary, Prof. J.S.
Wilkinson and Prof. D.P. Shepherd.
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The procedure used to structure the surface planar waveguides has several steps: a)
inclusion of the sample in resin to prevent the edge bead effect during the deposition of
the photoresist (PR), b) deposition of the PR in two stages by spin coating, ¢) mask
pattern transfer to the PR by standard UV photolithography and finally d) rib pattern
transfer from the PR to the sample by Ar™ ion milling.

a) During the spin coating process the film thickness at the edges of the
substrates increases considerably. The difference in coating thickness between the edge
and the center of the substrate is known as the edge bead effect. In our case this effect
was due to the relatively small area of the planar waveguides (~ 7 x 10 mm?). We
overcome this effect by surrounding the surface of the sample with a transparent resin.
A commercial Unipond Power Epoxy resin of two components is used. This resin was
chosen because it is heat resistant up to 150 K, which is necessary for the soft and hard
bakes after the spin coating process. At the beginning of the procedure the two
components of the resin are mixed on a glass slide (slide 1), which also serves as a
sample holder for the spin coating process. The planar waveguide is stuck with tape on
a second glass slide (slide 2) and then the sample is sandwiched by the set (slide 1 +
resin + sample + tape + slide 2). In order to ensure that the resin around the substrate is
flat, additional pressure is applied by placing an iron block on top of the sandwich.
After 6 hours, the resin is completely cured and (slide 2 + tape) can be removed leaving

the substrate stuck to slide 1 and surrounded by the resin.

b) A Rohm & Haas S1828 photoresist is deposited over the sample by spin
coating. This process is performed in two stages in order to obtain ~ 8 um of resist
thickness. Figures 2.3 and 2.4 show the steps of both stages. Once the first PR layer has
been deposited, the sample is softbaked at 363 K for 30 minutes. After the softbake, the
second stage is carried out. Then, a second softbake is performed at 363 K for 50

minutes.

¢) In this step the sample is carefully aligned with the channels of the dark field mask.
This is done by taking into account the direction along which the channels would be
made. The dark field mask that we use had channels with widths ranging from 1 um to

10 um, at an interval of 0.2 ym and with 100 xm spacing between each waveguide.
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Figure 2.3. First stage of the spin coating process
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Figure 2.4. Second stage of the spin coating process

d) Finally, the channel pattern is transferred to a planar waveguide using an Ar"
ion milling in an Oxford Plasma Technology Ionfab 300 plus system. This system uses
an accelerated beam of Ar ions at 500 V and a beam current of 100 mA. The sample
was mounted on a cooled plate (288.5 K) held at 45°, and which rotated at 5 rpm for the
duration of the etching (typically 6 h).

2.1.4.3. Reactive ion etching
In the semiconductor industry, reactive ion etching is commonly used for etching

materials. It is a combination of chemical and physical etching. The masked substrate to

be etched is placed on a plate located inside a vacuum chamber filled with the chemical
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reactants. An RF field is applied between the plate which acts as electrode and the
chamber (which acts as the ground) and this results in the formation of a plasma. This
creates an electrical field in the chamber and the substrate becomes negatively charged.
The positive ions in the plasma are attracted towards the substrate and they collide with
it, dissociate bonds and thus etch the material (see figure 2.5). This has been used to
fabricate waveguides in Ti:sapphire [111] and Yb:KYW [112]. The advantages of RIE
over physical processes like ion beam milling are that it is more selective and gives

nearly perpendicular side walls.

Inductively-coupled plasma reactive ion etching (ICP-RIE) has been widely used to
fabricate waveguides in sapphire. This has the advantage of having a separate RF
generator for creating the plasma which results in a high plasma density. The walls
obtained using this technique are smooth and vertical and it is possible to obtain deeper

channels than when other methods are used [113-116].

E-beam deposition of Cr mask resist spin
resist
Cr layer
—
RTP substrate

resist removal Cr etching l photolithography
- -

RIE chamber l reactive ion etching Cr mask removal
— —

+ 4+ + + + + +

Figure 2.5. Reactive ion etching scheme

In this study, the RIE experiments are carried out in the Optoelectronics Research
Centre in the University of Southampton in collaboration with the PhD. Student A.
Choudhary, Prof. J.S. Wilkinson and Prof. D.P. Shepherd. The equipment used is an
OPT Plasmalab 80 plus RIE system (Oxford Instruments) with an RF frequency of
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13.56 MHz. The layer deposited on the RTP substrate in the e-beam deposition step
(figure 2.5) is Cr. In the resist spin step we use a S1813 positive resist. The hard-masked
RTP substrates are then etched in an RIE chamber with SF¢ and Ar gases where the

pattern of the Cr is transferred onto the RTP substrate.

2.1.44. Cs'ion-exchange

In this study the RTP substrate is microstructured by Cs" ion exchange with a Ti mask
on the substrate surface. Cs:RTP channel waveguides are fabricated by Cs" diffusion
into RTP substrates from CsNO3; melt (687 K). In general, the structuring process can
be summarized in the following procedure: a) dark field mask fabrication by laser
photolithography, b) transfer of the channel pattern to the (Ti-film)-substrate system,

and finally d) the Cs" ion exchange process.

The RTP substrates used in this study are plates 1.5 mm thick perpendicular to the ¢

direction and with a surface area of at least 1 cm”.

a) The dark field mask is fabricated on a glass (50 x 50 x 2 mm") by the etching
technique. The glass is carefully cleaned in an ultrasonic bath with acetone and
isopropanol, and is finally washed with distilled water. After cleaning, 100 nm of Ti is
RE-sputtered at 200 W on the glass. Then a layer (~ 1 pm) of photoresist AZ 1505
from the Microchemicals company is spin coated on the (Ti-fim)-glass system, and a
soft bake (hot plate for 1 min) is applied. The designed pattern is transferred to the resist
layer by exposure to UV light using a Heidelberg Instruments DWL 66 fs laser for
lithography. After the exposed part has been developed, an etching solution is used to
transfer the channel pattern designed to the Ti film. This solution is a mixture of H,O,

and NH4OH with a molar proportion of 2:1.

b) A metal channel pattern must be on the substrate if selective ion diffusion is
to come about. This metal film must remain attached to the surface of the substrate
during the diffusion process, because otherwise the channels obtained will be of low

quality. In our case the Ti-film complies with this condition.

The Ti-film pattern on the RTP plate is transferred by conventional photolithography.
The procedure is the same as for dark field mask fabrication, except the UV exposure
step, which is performed using the dark field mask fabricated. That is: 1) sputtering of a
Ti-film on the polished substrate, 2) spin coating of resist on the (Ti-film)-system, 3)

conventional photolithography using the dark field mask fabricated for transferring the
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channel pattern from the mask to the resist-(Ti-film)-substrate system, and finally 4)

transfer of the channel pattern from the resist to the (Ti-film)-substrate system.

In step 2, the resist-(Ti-film)-substrate system is stuck with tape on the glass mask to
obtain a sandwich formed by a mask-resist-(Ti-mask)-substrate system. Then in step 3,

the system is exposed to UV for 0.8 seconds using an MG 1410 mask aligner.

c¢) Cs" ion exchange is carried out in a CsNOs3 melt at 698 K. A Pt crucible is
filled with 25 g of CsNO3 and maintained at 698 K for 1 h. Then the sample with the Ti
mask is submerged 6 mm below the melt surface. The substrate is maintained in the

melt for the desired time (usually 2 h) with a rotation of 40 rpm.

2.2. Characterization techniques

2.2.1. Electron probe micro analysis (EPMA)

In this study, electron probe microanalysis (EPMA) is used to determine the chemical
composition of the crystals and the dopant concentrations in these crystals. The
equipment used is a Cameca SX-50 microprobe analyzer available at the Servei de

Recursos Cientifico-Técnics of the University of Barcelona.

Electron probe microanalysis is a nondestructive technique which uses a focused
electron beam to produce characteristic X-rays from the samples. The electron beam
generated has an intensity in the range 30-100 nA, depending on the concentration of
the element to be determined. The acceleration voltage applied is 20 kV. A wavelength-
dispersive spectrometer (WDS) is used to detect and characterize the X-rays produced
by the samples. The spectrometer crystals used are: lithium fluoride 200 (LIF) (2d =
4.028 A), pentaerythritol 002 (PET) (2d = 8.742 A), thallium acid phthalate 1011 (TAP)
(2d = 25.75 A), and PC1 (W/Si multilayered with 2d = 60 A). The wavelengths covered
by these spectrometer crystals range from 1 to 24 A.

2.2.2. X-Ray diffraction
X-rays have been a driving force for crystallography. Thanks to X-rays, atomic

positions, and the distance between adjacent lattice planes in crystals can be measured

and crystalline structures determined.

The first scientist to observe X-ray diffraction in a crystal was W.L. Bragg. The

scattered radiation from the crystals showed that they act as individual atoms
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periodically aligned on planes. That is to say, these planes act as reflecting mirrors and
the waves reflected by these lattice planes interfere constructively only if

A=2d,,sin@, where 1 is the wavelength of the radiation used, duy is the spacing

distance between two consecutive lattice planes, and 0 is the incident angle of the X-ray

beam [117]. This equation is known as Bragg’s Law.

In this study the X-ray powder diffraction method has been used. X-ray powder
diffraction is a non-destructive tool for identifying crystalline phases and analyzing
mixtures. A set of patterns compiled by the Joint Committee for Powder Diffraction
Standards (JCPDS) is compared with the patterns we recorded. The FULLPROF
program [118,119], which is based on the Rietveld method, makes it possible to obtain

precise cell-parameters.

The X-ray diffraction patterns discussed here are obtained with an Siemens EM-
10110BU model D5000 X-ray diffractometer by using the %, line of copper available at
the Servei de Recursos Cientifics i Tecnics of the Universitat Rovira i Virgili. This
equipment works with the Bragg-Bretano parafocusing geometry and 6 - 6
configuration. To obtain the pattern of reflections from all the possible planes of the

sample, the 6 angle of the X-ray source and the detector is varied.

2.2.3. Determination of refractive indices and dark mode spectra using

a prism-film coupler

In 1970 P.K. Tien and Ulrich [120] made an important contribution to the understanding
of the guiding properties of thin films: the theory behind the light-wave coupler. This
coupler makes it possible to measure thin film parameters such as refractive indices,
film thickness and propagation modes of the light waves accurately, simply and quickly.
The equipment used in this study is a Prism-Film Coupler with a laser source, a rotator
stage table and a prism. A PC acquires the information from the detector, displays and

analyzes the mode patterns and, after some calculations, gives the results.

A pneumatically-operated coupling head brings the plate of refractive index 7, and a
prism of refractive index 7,z into close contact The roughness of both surfaces (prism

and sample) produces an air gap that is typically less than 100 — 200 nm.

This gap is crossed by the evanescent waves produced by a laser beam directed onto the

prism base and which is totally reflected. Then the rotary table starts to rotate the
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coupling head and the detector records the intensity reflected at the base of the prism.
When the angle of incidence @ is less than the critical angle 6., the detector records an

abrupt drop in intensity (see figure 2.6) and the refractive index of the bulk can be

. .. g n
determined by 6, =sin™ —2%
prism
laser
light detector
signal
. intensity
i akgapi
A
n, i :
bulk bulk
coupling
head

Figure 2.6. Experimental arrangement of prism-sample coupler and drop in the detector intensity. Picture

reproduced from the user’s manual provided by Metricon.

When a planar waveguide is coupled on the prism instead of a bulk plate, the dark mode
spectrum can be obtained. As can be seen in figure 2.7, the outcoupled light is imaged
on a screen, showing dark lines. The guided modes are excited when the phase velocity
of the light wave in the prism matches that of a guided mode in the waveguide:

(2 )=, in)p,

where A is the free-space wavelength and f,, is the propagation constant of a particular

mode of order m in the film.
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Figure 2.7. Experimental arrangement of the prism-film coupler and dark mode spectrum. Picture

reproduced from the user’s manual provided by Metricon.
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2.24. Microscopy techniques

Reflection optical microscopy is the first technique that we use to get an immediate
view of the epitaxies, before and after polishing. The confocal microscope is also
widely used to provide profiles of the as-grown epitaxial layers after polishing and a
preview of the morphology of the epitaxy surface. In some cases, a more accurate view
of the morphologies on the as-grown surfaces is obtained by Atomic Force Microscopy
(AFM). The microstructures machined on the surface of the planar waveguides, as well,
as the polished end-faces with rib shapes are visualized with Environmental Scanning

Electron Microscopy (ESEM) and confocal microscopy.

2.2.4.1.  Reflection and transmission optical microscopy

Reflection optical microscopy is based on the simultaneous normal incidence of visible
light on the sample surface and normal visualization through the objective. The
reflected unobscured image, which is highly illuminated, is provided by a specific
configuration of the incident and reflected light paths. The high contrast enhances the
observation of details on the sample surface. Also important for saving time is that this
technique requires no sample preparation. In this study we use an Olympus BH-2
microscope. The same microscope makes transmission possible; in this case the lamp is
below the sample holder. This holder has a hole that allows light to pass through the

sample. The images obtained, then, are by transmission instead of reflection.

2.2.4.2.  Environmental scanning electron microscopy (ESEM)

Environmental scanning electron microscopy (ESEM) is one of the most commonly
used techniques in several research fields today, mainly because it can focus on a wide
range of specimen surfaces as a result of its large depth of field. It can also be used to
observe fine details, because of its high resolution. The electron beam usually consists
of a tungsten or LaBg filament. However, a field emission gun (FEG) is becoming
increasingly necessary to obtain high-resolution images of nanostructures. The
accelerating voltage is usually between 1 and 30 kV and lower voltages increase the
brightness. This technique can provide magnifications between 20 and 300,000. The
surface of the sample is scanned with an electron beam with a fine focal spot size,
obtained by condenser lenses. This spot size determines the resolution of the image,

which is obtained by scanning. Several types of signals are produced when the focused
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electron beam impinges on the sample surface and they can be used to create an ESEM
image. In comparison with SEM, ESEM has some advantages. ESEM, unlike SEM, has
the advantage that samples do not need to be covered with a conducting media such as
gold to make observations. Thus, non-conductive samples can be directly observed,

without any coating.

An ESEM contains gas at low pressure in the sample chamber. Here the primary
electrons travel across the gas phase and interact with the surface of the sample, which
releases secondary electrons that interact with the phase gas to produce additional
secondary electrons. The primary electrons interact with the gas molecules to produce
ions and additional electrons. Thus, the phase gas functions as an amplifier of the

electron signal from the sample.

In this study, a FEI QUANTA 600 environmental scanning electron microscope from
the Serveis de Recursos Cientifics 1 Tecnics of the Universitat Rovira i Virgili is used to

obtain images.
2.2.4.3.  Confocal imaging profilometry

Confocal microscopy uses a LED beam to provide the excitation light, usually in the
blue region (A = 470 nm). Unlike fluorescence microscopy, it illuminates only one point
of the sample: the focal point of the lens. Thus, the detector receives fluorescence from
only one point of the sample. Conventional fluorescence microscopy illuminates the
entire sample and produces considerable background haze. Logically, in confocal
microscopy only one point of the sample is observed at a time. The detector is attached
to a computer, which builds up the image, pixel by pixel, by scanning the volume of the
sample layer by layer. To restrict the illumination, a pinhole is added to the point where
the focal point of the objective lens of the microscope forms the image. The pinhole is
conjugated to the focal point of the lens, and is thus a confocal pinhole. In this study a
Sensofar PLu 2300 optical imaging profiler was used. Figure 2.8 gives a schematic view

of the confocal microscopy technique.
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Figure 2.8. Confocal microscopy scheme
2.2.4.4. u- Raman microscopy

The structure of a material can be obtained from Raman scattering, which gives
information about the vibrational energy levels of the molecules. In addition, Raman
scattering is non-contact and non-destructive. By merging Raman scattering and
infrared absorption, we can describe the characterization of the vibrational, rotational,
and other low-frequency modes of the molecules, such as the lattice vibrations of

crystals.

Because the energies of the incident and scattered photons are different, Raman
scattering is an inelastic scattering of monochromatic light that shifts the energy of the
scattered photons down or up for the Stokes and anti-Stokes lines, respectively. This
shift is related to the vibrational energy spacing in the ground electronic state of the
molecules, since the positions of the Stokes and anti-Stokes lines are a direct
measurement of the vibrational energy of the molecule. Only molecules that are at the
first vibrational level of the excited state lead to anti-Stokes lines, and at room
temperature very few molecules are at this level. The most intense Stokes line is

measured in Raman scattering.

By combining Raman scattering and a conventional optical microscope, Raman

microstructural investigations can be carried out on the micrometer scale.

The experimental set up used consists of a Renishaw Invia spectrometer with excitation
in the visible range by a cw argon laser (A = 514 nm). Behind a monochromator, the
light is detected by a two dimensional CCD camera. A pre-monochromator eliminates

the plasma discharge lines of the argon laser. A high resolution microscope (Leica) is
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used to locate the laser spot in the sample. In this study, the laser power incident on the
sample is about 3.9 mW. We chose a backward scattering scheme to increase the signal-
to-noise ratio. This equipment is available at the Servei de Recursos Cientifico-Tecnics

of the Universitat Rovira i Virgili.

2.2.5. Waveguide set up

The most important part of characterizing a waveguide is the optical study. In this
paper, a waveguide set up (see figure 2.9) is used to study the properties of the light
traveling through the waveguides. In general, the set up consists of three precision 3-
axis mobile stages. One of them holds a tilt stage with the waveguide. The other two
hold the input and output microscope objectives. The input microscope objective was
used to couple the laser sources to the waveguide (NA = 0.28, focal length = 20 mm,
working distance = 33.5 mm). The output signal from the waveguide is outcoupled with
a 50x microscope objective lens (NA = 0.42, focal length = 4 mm, working distance =
17 mm). In all the experiments, the wavelength is measured with a laser spectrum
analyzer (Wavescan, APE instruments, Berlin) at a spectral resolution of 0.1 nm. The
powers are measured with an Ophir power meter (measurement range from 60 uW to 3

W) with an accuracy of 1 uW.

The near field patterns of the waveguides are recorded with a CCD camera using the set
up mentioned above. In this study the laser sources used are a 632 nm He-Ne laser and a

Ti:Shappire laser (~ 700 — 1000 nm).

In this study, the second harmonic generation (SHG) experiments are performed using a
waveguide set up, but in this case the OPO laser is used as a source. In order to
accomplish type II SHG, a half-plate is placed before the input microscope objective.
By applying this polarizer we can excite both polarization modes — TE and TM —

simultaneously.
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Figure 2.9. Waveguide set up and CCD camera
2.2.6. Determination of the optical losses in waveguides

In this study, the optical losses are measured by two different methods, depending on
whether the type of waveguide investigated is planar, rib or channel. These optical
losses are measured by coupling a 632 nm radiation from a He-Ne laser and a 972 nm
radiation from a Ti:sapphire laser inside the waveguides. The end-coupling process is

performed using the waveguide set up described above.

2.2.6.1.  Planar waveguides

In planar waveguides, the scattered light from the waveguide is collected in different
positions [121], and recorded in the chip of a CCD camera. This device can measure the

distribution of the scattered light along the propagation direction.

If we assume that the intensity /;.(z) of the scattered light detected is proportional to the
intensity /(z) of the light that is traveling through the waveguide (/(z) = S - L(z)),and
this proportionality factor (S) is independent of the distance along the waveguide z, we
can consider an attenuation factor a. This factor gives us information about the quality
of the waveguide confinement. This coefficient can be determined by fitting the

measured intensities to the expression /(z)=1(0)-exp(az), where /(0) is the intensity

at the waveguide entrance, z is the distance along the waveguide, o is the attenuation

coefficient and /(z) is the intensity along the waveguide.
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2.2.6.2.  Rib and channel waveguides

In this kind of waveguide, optical losses are measured by the single pass transmission
method. This method has been chosen because the shape of the surface rib waveguides
disturbs the scattered light emitted by the rib or channels. This means that the intensity
recorded with the CCD camera will not really be that of the guided light scattered. The
method compares the outcoupled power (P,,;) with the incident power (P;,) measured
before coupling the light in the waveguide. So the total waveguide losses, L7 (dB), can
be determined by L, = —1010gi. Note that some corrections must be made to P,,,
and P;,. In fact, power losses are subtracted due to the reflectance of both waveguide
faces. In fact, power losses are subtracted due to the reflectance of both waveguide
faces. In particular, for (Yb,Nb): RTP crystals the reflectance of both faces is around 9
%. The launch efficiency must also be taken into account. The launch efficiency is the
% of light that does not go within the rib and channel waveguides due to the mismatch
between the focus of the microscope objective and the area of the channel or rib.
Finally, the transmittance losses of the output microscope objective are also taken into

account.

35



UNIVERSITAT ROVIRA I VIRGILI

FABRICATION AND CHARACTERIZATION OF WAVEGUIDES ON RBTIOPO4 CRYSTALS FOR PHOTONIC APPLICATIONS
Jaume Cugat Mulet

Diposit Legal: T.1024-2013 . .
Chapter 2: Experimental Techniques

36



UNIVERSITAT ROVIRA I VIRGILI

FABRICATION AND C
Jaume Cugat Mulet
Diposit Legal: T.

HARACTERIZATION OF WAVEGUIDES ON RBTIOPO4 CRYSTALS FOR PHOTONIC APPLICATIONS

1024-2013

Chapter 3

Waveguide fabrication
on RbTiOPO, (001)

The RbTiOPO4 (RTP) crystals crystallize in the orthorhombic system with Pna2; space
group, and cell parameters a = 12.974(2) A, b = 6.494(3) A, and ¢ = 10.564(6) A [122].
The atoms in RbTiOPOy are in general positions and for each different atom exists two
non-equivalent positions. The RbTiOPO, structure (as for KTP’s structural family)
consists of a extended helical network of distorted TiOg octahedra linked by slightly
distorted PO, tetrahedra, and a mobile framework of Rb atoms [122].

In the literature, we found that the morphology of the crystals of the KTP family was
first studied by Voronkova and Yanovskii [123] and Pavlova et al. [124]. The RTP
crystal habit is made up of {100}, {201}, {20-1}, {011}, {O1-1} and {110} forms, see
figure 3.1.

RTP crystals grew with the same forms as KTP crystals. However, in the case of RTP
crystals, the {201} and {011} forms develop sharp morphologies, whereas the
morphologies developed by {011} and {110} forms are less sharp.
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Figure 3.1. Morphologies of RTP single crystals.

The RbTiOPOy crystals melt incogruently [125]. So, crystals cannot be grown from the

melt. Instead, a high-temperature solution is used to grow RTP in this work.

RTP crystal seeds were used in the growth experiments, with the ¢ crystallographic

direction normal to the surface of the solution.

In this chapter we summarize how the planar, rib and channel waveguides were
fabricated. The growth of single crystals of RbTiOP4 (RTP) and K:RbTiOPO,4 (K:RTP)
to be cut for substrates is explained in the first part of the chapter. Then, the fabrication
of planar waveguides (PWGs) of (Yb,Nb):RTP and (Ba,Yb,Nb):RTP on RTP and
K:RTP substrates is described. Finally, the microstructuring processes of the PWGs
obtained, and the channel and planar waveguide fabrication by Cs ion exchange on

RTP substrates are explained.

3.1. Bulk single crystal growth for substrates

3.1.1. RbTiOPO4 bulk single crystals

RbTiOPO4 (RTP) single crystals were grown to be cut into plates for substrates. These
crystals were grown from fluxes containing WO; by the top-seeded solution growth
technique and slow-cooling of the solution (TSSG-SC). The solution composition was
Rb,0 - P,0s - TiO; - WO; = 44.24 — 18.96 — 16.8 — 20 (mol %). This composition was
chosen on the basis of the primary crystallization region of RTP in the Rb,O-P,0s-
T10,-WOj3 system with 20 mol % of WO5[126].

The addition of WO; to the solution is interesting because it decreases the solution

viscosity, as has been proved in solutions used to grow crystals of the same family
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[127]. It was decided that the solution should contain 20 mol % of WO3 because the
crystallization region of RTP in solutions with 30 mol % of WOs; is already rather
narrow [126] and this increases the probability of losing the RTP phase by decreasing
the temperature during crystal growth, which makes it more likely that a neighbouring
phase will be obtained. Figure 3.2 shows the RTP primary crystallization region in the
Rb,0-P,05-Ti0,-WO; system with 20 mol % WO; and the point inside this
crystallization region represents the solution composition used for crystal growth. As
can be seen, the point is chosen close to the lower boundary of the RTP primary
crystallization region, since the solution viscosity increases when the P,Os

concentration increases.

Rbz0 : TiO: : P20

30:0:70
03 A 07 -———— BODD°C
----- 850 °C
—=- 900°C
0.4 PEOE
0.3
0.2
|
09 0.1
0 0.1 0.2 03 0.4 0.3 0.0
Rba( : TiOs : POy Rb.Q ; TIO; : P05
80 :0:10 T|O,2_"'.' J0:60: 10

Figure 3.2. Primary crystallization region and saturation temperature isotherms of RTP in the Rb,O—

P,05-TiO,—WOj; system with 20 mol % WOs;. The composition used in this work is marked (red point)

The solution was prepared by mixing the desired amounts of Rb,CO3;, NH4H,POy4, TiO,
and WOs;, used as initial reagents. In these experiments, a cylindrical Pt crucible of 125
cm’, filled with about 170 g of solution was used. The axial thermal gradient in the
solution was 1.5 K-cm™ for the first centimeter and 0.8 K-cm™ for the next 1.5 cm. The

bottom was hotter than the surface of the solution. The radial gradient was 1.8 K-cm™,
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and the crucible wall was hotter than the centre of the solution surface. The solution
temperature was kept at about 75 K above the expected saturation temperature (Ts) for
about 5 h to homogenize the solution. Subsequently, the saturation temperature was
accurately determined by repeated seeding. The supersaturation of the solution, needed
for crystal growth, was obtained by slowly decreasing the temperature of the solution at
a rate of 0.1 K/h for several K. The velocity of rotation was constant in all the
experiments and fixed at 64 rpm. The crystals obtained were generally colorless,
transparent and free of inclusions and cracks. As can be seen in Table 3.1 different
conditions were used. For instance, a cooling interval of 20 K without pulling produced
crystals with dimensions in the ranges 14.0-14.9, 15.1-26.0 and 11.1-15.9 mm along a,
b and c directions, respectively and weights in the range 5.71-7.99 g. On the other hand,

b
I a
/ \
(201)
(011) (011)
(201)
X P,

Figure 3.3: RTP bulk crystal and morphological scheme with the indices of the faces obtained

an experiment with a cooling interval of 30 K and total pulling of 6.5 mm (pulling rate 1
mm/day), produced a crystal with dimensions 19.2 x 21.1 x 21.9 (¢ X b x ¢) mm’ and a
weight of 13.94 g. As an example, figure 3.3 shows an image of a crystal obtained in
this work and a scheme of its morphology. To obtain substrates, the crystals were cut in
plates perpendicular to the ¢ crystallographic direction and polished to optical quality so
that the roughness of the surfaces was lower than 10 nm and curvature 8-20 m. In fact,
all the PWGs fabricated in this study were grown on the (001) plane, since this plane is
suitable for obtaining type Il SHG phase matching for a wide range of wavelengths and
makes it possible to obtain type II SHG for the Yb>" emission. The dimensions of the
plates obtained were in the range 4.2-10.3, 12.0-19.3 and 1.5 mm along the a, b and ¢

crystallographic directions, respectively.
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Table 3.1. Growth conditions, dimensions and weight of some crystals grown for substrates

Crystal
Experiment Cooling Total pulling Crystal
dimensions
number interval (K) (mm) weight (g)

axbxc¢ (mm)

1 20 0 14.0x26.0x11.1 7.99

2 20 0 14.9x15.1x15.9 5.71

3 27 4 17.3x18.7x20.4 9.37

4 28 5.5 17.9x20.0x21.5 12.32

5 30 6.5 19.2x21.1x21.9 13.94

3.1.2. K doped RbTiOPOybulk crystals

In an attempt to obtain planar waveguides that guide the light in at least two
polarizations, and taking into account that the KTP refractive indices [58] are lower than
those of RTP (reported in papers I and II), Rb; (K TiOPO, single crystals were grown

for substrates.

Before the bulk single crystals were grown, small crystals were grown to be analyzed by
X-ray powder diffraction and EPMA. The solution composition used was (Rb,O+K,0)—
P,05-Ti0>-WO;3 = 43.90-23.60-22.50-10.00 (mol %), with 1, 5 and 10 mol % of Rb,O
substituted by K,O.

Among other solutions, this solution composition was selected because it contains WOs3,
which decreases the viscosity of the solution and makes the crystal growth process
easier. We have chosen a solution composition located at the centre of the primary
crystallization region of RTP in a system containing 10 mol% WOs;, because when
Rb,0 is substituted by K,O, the boundaries of the K:RTP crystallization region can be
slightly different to the boundaries of the RTP crystallization region. To maintain the
RTP orthorhombic phase during the crystal growth, a solution composition should be

used that is quite a distance from the boundaries.

The small crystals were obtained from 40 g of solution, contained in a 25 cm”® platinum
crucible. After the solution had been homogenized, its temperature decreased by 10 K
every 30 min until small single crystals had appeared on a Pt rod immersed in the

solution. Once the crystals had appeared on the Pt rod, the solution temperature was
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maintained constant for 24 h so that the crystals could grow. Then the crystals were

removed from the solution for analysis.

The composition of these crystals was measured by EPMA. From these results we
calculated the coefficient of distribution of K’ in the RTP phase for each K’
Ak 1+l

{[K+]/([K+]+[Rb+])}solut[on

are the K" and Rb" concentration in atomic % respectively

substitution, according to Ky , where [K'] and [Rb']

Table 3.2 shows the stoichiometric composition of the crystals obtained and the
distribution coefficient of K in RTP for 5 and 10 mol % of Rb,O substituted by K,O in
the solution. These values show that with 10 mol % substitution of Rb,O by KO in the
solution, the distribution coefficient is near to 1, while for lower substitutions the

distribution coefficient is lower.

Table 3.2. Composition of the crystals grown at different K substitution

Sample [K»0]/(|]K20]+[Rb,0]) . Distibution
Crystal composition
(mol %) in the solution coefficient of K
K:RTP 5 5 Rb(),975K(),()25TiOPO4 0.5
K:RTP 10 10 Rb().9()1K().()99Ti OPO4 0.99

These small crystals were used to calculate the unit cell parameters for different levels
of substitution of Rb by K in the crystals. Table 3.3 summarizes these results and shows
that the unit cell volume gradually decreases, which is logical since the K* ionic radius

is smaller than that of Rb".

Table 3.3. Unit cell parameters of Rb; (K, TiOPO,

[K;O0]/(|JK>O]+[Rb,0O]) volume
Sample a(Ad) b (A) c(A) ,
(mol %) in the solution ( A )
RTP 0 12.9650 6.5007 10.5576 889.81
K:RTP 1 1 12.9608 6.5002 10.5577 889.46
K:RTP 5 5 12.9573 6.4975 10.5554 888.66
K:RTP 10 10 12.9501 6.4885 10.5619 887.48
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The lattice mismatches between the (Yb,Nb):RTP epitaxial layer to be grown and the
K:RTP substrate were calculated from the unit cell parameters that had in turn been
calculated using the X-ray power diffraction results reported in table 4 of paper 1. The

formula used to calculate the epitaxial layer / substrate lattice mismatch was:

Sy =100X (S, layer) =S ., (substrate))/ S, (substrate) , where Sp(layer) and

S(nk(substrate) are the areas obtained from the (hkl) periodicity vectors of the layer and
the substrate, respectively. Table 3.4 reports the lattice mismatches calculated for the

(001) face.

Table 3.4. Lattice mismatch between the (Yb,Nb):RTP layers and the K:RTP substrates

Epitaxial layer/substrate lattice
Epitaxial layer/substrate

mismatch (001)
RbTig.975Yb.014Nbg 011 OPO4/Rby 991K 990 TIOPO,4 0.612
RbTi9.971 Ybgo.015Nbg0140PO4/ Rbyg 901K 999 TIOPO, 0.743

Despite this high lattice mismatch, the epitaxial layers were grown as is described in

section 3.2.1.3.

Bulk single crystals of K:RTP were grown from a solution with the same basic
composition that was used to obtain small crystals, but a [K,O]/([K,O]+[Rb,O]) ratio of
10 mol % was used. For these growth experiments, a 25 cm® Pt crucible was filled with
80 g of solution. The axial thermal gradient in the solution was 1.4 K/cm. After
accurately determining the saturation temperature of the solution, a cooling rate of 0.1
K/h was applied for 20 K. Throughout the experiments, the crystal was rotated at 64
rpm. Table 3.4 summarizes the experiments carried out and the dimensions and weight

of the crystals obtained.

Table 3.5. Dimensions and weight of the K:RTP crystals

Experiment Crystal dimensions
3 Crystal weight (g)
number axbxc (mm’)
1 9.0x109x 7.6 1.37
2 79x13.5x10.4 1.51
3 9.1x14.2x10.7 2.21
4 10.3x 14.2x9.7 2.09
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These crystals were free of inclusions and cracks, which makes them useful for
producing substrates for epitaxial growth experiments. As an example, figure 3.4 shows

an as-grown crystal just after it has been removed from the furnace.

Figure 3.4. As-grown K:RTP crystal

3.2. Fabrication of planar waveguides (PWGs) by LPE

As has been explained in the introduction, waveguides are the basic element of
integrated photonics. There are several possible geometries for waveguides, but planar
guides are logically the easiest to fabricate. So, in this section, the fabrication of two
types of PWGs will be described: the first is (Yb,Nb):RTP/RTP step index PWGs
grown by LPE, and the second is gradient index PWGs fabricated by Cs" ion exchange.

The objective of this section was to obtain RTP waveguides doped with Nb°* and Yb**
on RTP substrates (see Papers I, II and III). The first stage was to grow (Yb,Nb):RTP
(001) layers on RTP substrates to obtain PWGs. As will be shown in the
characterization chapter, these waveguides can only support TM modes. Because type 11
SHG can only be obtained if TM and TE modes are excited simultaneously, other
strategies were applied to increase the refractive index contrast (An) in x or y direction
(in TE polarization). These strategies maintained the LPE method to fabricate PWGs.
Thus, layers of (Yb,Nb):RTP codoped with Ba®" were grown on RTP substrates since
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the Ba®" ion increases [128]. A second way of increasing An in TE polarization was to
obtain (Yb, Nb):RTP and (Ba, Yb, Nb):RTP epitaxial layers on RTP doped with K
substrates. This strategy was applied because the refractive indices of are lower than

those of RTP, which makes the (Yb,Nb):RTP/K:RTP system able to guide the light.

3.2.1. (Yb,Nb):RbTiOPO4 PWGs on RbTiOPO4 (001) substrates

If epitaxial layers are to be used as planar waveguides, they need to be transparent and
free of defects; but they also need other characteristics. The refractive index contrast
must be high (with Njayer > Ngubstrate), SO that the light confinement is strong. In addition,
if the Yb*" concentration in the PWGs is high enough for lasing experiments, this would
be of great importance, because the Yb>" emission could be frequency doubled in the
same crystal (self-doubling process). Hereby, (Yb,Nb):RTP/RTP epitaxial layers were
grown using several basic solution compositions and also several TiO, substitutions for
Nb,Os and Yb,0s, as is reported in Papers I and 1I, in order to obtain epitaxial layers
with both characteristics. Table 3.6 shows the different ratios of oxides that we used in

this section.

Table 3.6. Basic solution compositions for (Yb,Nb):RTP epitaxial growth on RTP substrates

Rb,0 P,0s TiO; + Nb,Os + Yb,03 WO;
1 40.80 27.20 32.0 0.00
2 43.90 23.60 22.50 10.00
3 43.82 22.58 13.60 20.00

Composition 1 in table 3.6 was chosen because ref [42] showed that with this
composition the critical Yb,O3; concentration in the solution which allows the RTP
phase to crystallise and the distribution coefficient of Yb*" in RTP are higher than when
solutions with lower TiO, concentrations and higher P,Os/Rb,O ratios are used. In
addition, this solution does not contain foreign ions such as W®', which can become
impurities in the grown layer and can limit some uses. Composition 2 contains WOs,
although in a low proportion (10 mol %) and, as has been mentioned above, helps to
decrease the viscosity of the solution and improve the growth conditions. This

composition has been chosen near the centre of the RTP crystallization region in
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solutions containing 10 mol % of WOs3 [126], because the dopant elements can displace
the boundaries of the crystallization region, as was reported by J.J. Carvajal et al [126].
Composition 3 contains higher WOj3 concentration, which enables defect-free crystals to
grow faster and very few W® impurities are incorporated. A (Yb, Nb):RTP single
crystal grown using this composition has been used to demonstrate Yb*" laser operation

[39].

Table 3.7. Conditions of epitaxial growth. Solution composition, size of the substrates, AT = Ts - Tg (Ts=

saturation temperature, Tg = growth temperature) and growth time.

Substrate

Solution composition
Eperiment b O—P,0-TiO SI{)b 0,-Nb,0 dimensions AT=Te= Growth
— —TiO,— — — .
number 2 205 2 203 205 Te (K) time (h)
WO; (mol%) axb xc (mm)
1 40.8-27.2-30.08-1.92-0-0 6.7%x169 x1.0 2 3
2 40.8-27.2-30.08-1.92-0-0 6.5x12.0x1.0 2 6
0.30-1-
3 40.8-27.2-30.08-1.92-0-0 6.9%x193x1.0
2.30-4-15
4 40.8-27.2-30.4-0.64-0.96-0 42 x185x%x1.0 2 16
5 40.8-27.2-29.76-1.92-0.32-0 6.5x18.5x1.0 2 5
6 40.8-27.2-29.76-1.92-0.32-0 9.6 x13.6x1.0 2 5
7 40.8-27.2-29.44-1.92-0.64-0 10.3 x 182 x 1.0 2 6
8 40.8-27.2-29.44-1.92-0.64-0 6.2 x16.1 x1.0 2 6
9 43.9-23.6-20.70-1.35-0.45-10 10.24 x 18.14 x 1.0 9 7
10 43.9-23.6-20.70-1.35-0.45-10 10.15 x 12.58 x 1.0 10 6
11 43.82-22.58-12.92-0.27-0.41-20 8.6x16.2x1.0 7 3

Table 3.7 summarizes several experiments performed using these three basic solution
compositions. The levels of TiO, substitution for Yb,Os and Nb,Os in the solution,
ranged from 2 to 6 mol % for Yb,0O3 and from 0 to 3 mol % for Nb,Os. The sizes of the
planar substrates for epitaxial growth experiments are also shown in the same table.
They range from 4.2 to 10.3 mm in the a direction, from 12.0 to 19.3 mm in the b
direction and were 1.0 mm in all cases in the ¢ direction. The same table also shows

AT=T,-T, (Ts= saturation temperature, T,= growth temperature), which is related to the
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supersaturation of the solution. In general, AT was 2 K, except in the experiments with
WOs3 solutions, where AT ranged from 7 to 10 K. Finally, the growth time in each
experiment ranged from 3 to 7 h, except in experiment number 3, in which growth times
varied from 30 minutes to 16 h so that the correlation between layer and growth time

could be studied.

Table 3.8 shows the composition of the epitaxial layers obtained from solutions with
different concentrations of Yb,O3; and Nb,Os. The distribution coefficients of these
doping ions in RTP are also shown. The epitaxial layer with the highest Yb®"
concentration has a stoichiometric composition of RbTig.955Yb.016Nbo.0260PO4, which
corresponds to 6 mol % TiO; substituted by Yb,O3 and 2 mol % of TiO, substituted by
Nb,Os in the solution. The PWGs obtained from this solution were used for

microstructuration.

Table 3.8. Composition of the epitaxial layers grown from different solution composition and distribution

coefficients of the doping ions.

15,0, ; 000 o -
EXp.  [7i0,]+[Y5,0,1+[Nb,0,]1  [TiO,]1+[Yb,0,1+[Nb,0,] priayer
(mol%) (mol%) Ky
num, stoichiometry
1 6 0 RbTig.995Ybg00sOPO4 0.04 -
6 6 1 RbTij.975Ybg014Nbg1;OPO,  0.125  0.590
8 6 2 RbTij.97; Ybg15sNbg014OPO,  0.135  0.378
9 6 2 RbTi()A&)ngbOAOl6Nb0A0260PO4 0.140 0.658
11 2 3 RbTi0A983Yb0A004Nb0A013OPO4 0.106 0.226

The lattice mismatch between the substrate and the epitaxial layer is related to the stress
in the substrate/epitaxy interface. This value can be obtained from the unit cell
parameters of the substrate and the layer, according to the expression given above.
Table 3.9 shows the unit cell parameters of several crystals with different levels of Ti*"
substituted by Yb’" and Nb>" and table 3.10 summarizes the calculated lattice
mismatches in the (001) plane, which are lower than those we obtained for other

materials [129].
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Exp. num.  Stoichiometric formula a(A) b (A) c(A)
Substrate RbTiOPO, 12.9650(5) 6.5007(3) 10.5576(4)
1 RbTig.005Ybo.0sOPO,4 12.9664(6) 6.5012(3) 10.5611(5)
6 RbTig975Yb 01sNboo jOPO;  12.9831(8) 6.5116(4) 10.5711(6)
8 RbTige71Yboo1sNbooisOPO;  12.9933(2) 6.5150(6) 10.5852(8)

Table 3.10. Lattice mismatch between RbTi,4.,Nb,YbyOPO, and RTP (001) substrate. The unit cell

parameters of the substrate used in these calculations correspond to RTP grown from a solution

containing 20% WOs.
Epitaxial layer Substrate/epilazf(()e(t)'ll)attice mismatch
RbTip.995Ybg.00sOPO4 0.05
RbTig.975Yb0.014Nbg 011OPO4 0.342
RbTi0.971Ybo.015Nbg 014OPO4 0.473

We observed the as-grown epitaxial layers obtained with a confocal microscope to study
the growth morphologies. The film thickness and the profiles of the epitaxial samples
were also obtained with the confocal microscope. As an example, figure 3.5 shows a
profile of an as-grown epitaxial layer before polishing. As can be seen in this figure, on
the um scale, the film is smooth and almost plane. Studying these profiles, we noticed

that the surfaces of the epilayers grown from self-flux solutions were generally

smoother than those grown from WO; —containing solutions.
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Figure 3.5. As-grown epitaxial layer profile
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The surface morphologies of the as-grown epitaxial layers were studied carefully with
the confocal microscope. In some cases, a sequence of parallel macrosteps, which may
be related to some screw dislocation, appeared, mostly in the WOs-containing solutions
(see figure 3.6). This may be due to a higher growth rate in WOj3-containing solutions as

a consequence of the higher supersaturation of the solutions and lower viscosity.

Figure 3.6. 3D image of a sequence of parallel macrosteps located on an as-grown epitaxial layer

The homogeneity of the Nb>* and Yb*" doping elements through the epitaxy was
studied. A polished 10 pm (Yb,Nb):RTP epilayer on a RTP substrate was analysed by
EPMA. The results are summarized in figure 3.7, which shows the Yb®" and Nb>*
concentrations in the epitaxial layer. As can be seen, the concentrations of the doping

ions were homogeneous throughout the epitaxy.

Figure 3.7. (Yb,Nb):RTP/RTP (001) epitaxial layer with the concentration of Yb*" and Nb°" distributed

on the sample

49



UNIVERSITAT ROVIRA I VIRGILI
FABRICATION AND CHARACTERIZATION OF WAVEGUIDES ON RBTIOPO4 CRYSTALS FOR PHOTONIC APPLICATIONS
Jaume Cugat Mulet

Diposit Legal: T.1024-2013

Chapter 3: Waveguide fabrication on RbTiOPO,4 (001)

Finally, after the complete process of crystal growth and surface characterization, the
epilayers were polished so that the PWGs could be fabricated. As will be discussed in
the chapter on PWG characterization, the epitaxial layers were polished to 5 or 10 um
depending on the case, since PWGs of these thicknesses support several modes in TM
polarization. Moreover, as the simulation reveals, the PWGs with these dimensions are

suitable for microstructuring.

3.2.2. (Ba,Yb, Nb):RbTiOPO4 PWGs on RbTiOPO4 (001) substrates

As has been mentioned above and will be demonstrated in Chapter 4, the planar
waveguides obtained using TiO, substitutions by Nb,Os and Yb,Os, (basically the
epitaxial layers discussed in the 3.2.1 section), guide the light only in TM polarization.
In order to obtain type II SHG in waveguide regime, light needs to be guided in TM and
TE polarizations. For this reason we decided to dope the RTP epitaxial layers with Ba*"

as well as Yb’" and Nb°", since the Ba®" ions increase the refractive indices [128].

In order to know if RTP was successfully doped with Ba*" ions, we measured the
concentration of the doping ions in RTP by EPMA, using small crystals grown from

different solution compositions.

We grew small crystals with solution compositions of (Rb,O+Ba0)-P,0s-TiO,-
W03=43.9-23.6-22.5-10 (mol %), in which the BaO/(Rb,O+BaO) ratios were 2, 4, 6, 8

and 10 mol %. In all cases the Ba:RTP orthorhombic phase was maintained.

Table 3.11. Stoichiometric composition of RTP doped with several concentrations of Ba®" and

distribution coefficient of Ba?" in RTP

1320] (mol %)  Stoichiometri iti Distributi fficient
0
[Ba0]+ [RbZO] oicniometric composmon 1stripution coeiiicien
2 Rbo_gngao.oogTiOPO4 0.89
8 Rb().990Ba0.010TiOPO4 0.24
10 Rb().989Ba0.01 1TiOPO4 0.21

Table 3.11 shows the stoichiometric concentration of Ba®" in RTP for compositions
containing 2, 8 and 10 mol % of BaO substituting Rb,0 in solution. These values show

that after 2 mol % of BaO substitution, the distribution coefficient decreases
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considerably and the crystal composition hardly changes. For this reason we grew

epitaxial layers from solutions with 2 mol % of Rb,O substituted by BaO.

We also carried out X-Ray diffraction measurements to calculate the unit cell
parameters of Ba:RTP. Since the concentration of Ba>" in RTP was almost the same in
all the substitutions studied (see table 3.11), we performed the X-Ray diffraction
measurements using the crystals obtained from a solution with 2 mol % of Rb,O
substituted by BaO and the unit cell parameters obtained were: a = 12.9587 A, b =
6.4998 A and ¢ = 10.5557 A.

Taking into account that 2 mol % substitution of Rb,O by BaO in the solution gives a
Ba®" distribution coefficient in RTP of almost 1, and that increasing the BaO
concentration in the solution hardly changes the crystal composition (see table 3.11), we
used this fixed BaO concentration to study the variation of the crystallization region of
RTP when part of the TiO; is substituted by Nb,Os and Yb,0Os. For this study we chose
a basic solution with a composition of Rb,O — BaO - P,Os - (TiO; + Nb,Os + Yb,O3) —
WO;3=43.02 -0.88 —23.6 —22.5 — 10 (mol%).

: - non orthorhombic phase
4 | ] n ]
C)LD 3 ] [ |
-Dl'\l
Z
orthorhombic phase
2 4 ]
14 [ ] [ *
I ! I ! I ! I ! I ! I
0 2 4 6 8 10 12

[Yb,O,]

Figure 3.8. Variation of the crystallization region of Ba:RTP with the substitution of TiO, by Nb,Os and
Yb,0;, taking a basic solution with a molar composition of Rb,O — BaO - P,Os - (TiO, + Nb,Os + Yb,03)
—WO0O;=43.02-0.88 —23.6 —22.5 — 10 (mol%)

As figure 3.8 shows, substituting TiO; by Yb,Os3 in the solution maintains the Ba:RTP

orthorhombic phase as the primary crystallization until a substitution of 10 mol %,
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while substituting TiO, by Nb,Os maintains the Ba:RTP phase until a substitution of 4

mol %.

The substitution used to grow the epitaxial layers was 2 mol % of TiO, substituted by
Nb,Os and 6 mol % of TiO, substituted by Yb,Os3 in solution, since this combination
provides good results in terms of lattice mismatch and distribution coefficients (see

Paper I).

Figure 3.9. As-grown (Ba,Yb,Nb):RTP/RTP (001) epitaxial layer, grown from a solution with
composition Rb,O — BaO - P,0s - TiO; - Nb,Os - Yb,05 — WO; =43.02 — 0.88 — 23.6 — 20.7 — 0.45 —
1.35 - 10 (mol %)

As can be seen in figure 3.9 and figure 1 in paper V, the epitaxial layers obtained were
transparent and free of both inclusions and cracks. After growth and morphological
characterization, they were polished to 10 or 5 um, depending on the case, in order to

obtain PWGs.

3.2.3. (Yb,Nb):RbTiOPO, and (Ba,Yb,Nb):RbTiOPQ4 PWGs on
K:RbTiOPO, (001) substrates

We used a third strategy to obtain planar waveguides suitable for guiding the light in TE
and TM polarizations. It consisted of growing Yb’" and Nb>" doped RTP epitaxial
layers on RTP doped with K' substrates. The crystal growth characteristics of the
K:RTP crystals to be used for substrates have been described in section 3.1.2.

The epilayers grown on K" doped RTP substrates were obtained from two different
solution compositions, both containing 10 mol % of WO;. The composition of the first

solution was: Rb,O - BaO - P,Os - TiO; — Nb,Os — Yb,O3 - WO3 =43.02 — 0.88 — 23.60
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—20.7 — 0.45 — 1.35 - 10 (mol %). The second solution did not contain BaO and its
composition was: szO - P205 - TiOQ— Nb205 — Yb203 - WO3 =43.90-23.60-20.7 -
0.45 —1.35 - 10 (mol %).

The thickness and transparency of the epitaxial layers grown using both solution
compositions on K:RTP substrates were similar to those obtained using RTP substrates.
However, in a more detailed view, some straight cracks parallel to the b crystallographic

direction appeared in all the epitaxies grown.

4° t?; :
(] [y e - b’ X 2 s eadon ]
5. y ‘ E
3 : s ‘hfl o . 1‘” e
"~ As-grownsurface Polished surface AR AR I

Figure 3.10. Image of the cracks that appeared on the epilayer surface and the same cracks after polishing

the epitaxy to a thickness of 10 um

Figure 3.10 shows the defects in the epitaxial layers grown on K doped RTP substrates.
As can be seen in the figure, the defects run throughout the epitaxies disabling them as a

base for microstructuration.

3.3. Fabrication of rib waveguides

The aim of integrated photonics (IP) is to fabricate useful devices based on transference
of light in the micro world. Integrated photonics uses guided light as a signal and
information transfer. As integrated electronics have Cu cables that confine the electrons,

IP has rib and channel waveguides to confine the light in two dimensions.

This section presents the results obtained for the fabrication of surface rib waveguides,
and describes the procedures used in the fabrication. In this study three techniques have
been used to fabricate rib waveguides on (Yb,Nb):RTP/RTP planar waveguides: fs-laser

ablation, Ar’ ion milling and reactive ion etching (RIE).
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3.3.1. Rib waveguides by fs-laser ablation

One of the techniques used to fabricate rib waveguides on (Yb,Nb):RTP/RTP planar
waveguides is fs-laser ablation. The technique and procedure used to obtain these ribs
have been described in detail in section 2.1.4.1. The PWGs used as a basis for
fabricating rib waveguides were (Yb,Nb):RTP/RTP epitaxial layers grown by LPE (see
section 3.2.1). The epitaxial layers were polished to a thickness of 10 pm before the rib

waveguides were made.

As has been explained in section 2.1.4.1, a spatial light modulator was used to obtain
seven spots arranged diagonally. For this purpose, a phase map was designed. The

multiplexed beam and the phase map can be seen in figure 1 of paper VL.

The rib waveguides were micromachined on the 10 pm-thick PWGs by fs-laser ablation
by making two consecutive grooves, with a separation between them of less than 20

pm.

An initial simulation was carried out to obtain information about the waveguide
confinement in relation to the rib dimensions and refractive indices. For rib waveguides
that were 8 um deep and 6 to 18 um wide, the confinement values were higher than
99% in all cases. The rib depth was set at 8 um, since this value resulted in a good

balance in terms of rib wall roughness between fs-laser energy and the spot designed.

Several ribs of different widths were fs-laser micromachined on the PWG surfaces. All
the grooves were ablated using the fs-laser parameters described in the experimental

techniques chapter.

The main results of the rib waveguides fabricated by the fs-laser ablation technique are
reported in paper VI. The end-faces of the sample (PWG and ribs) were polished to
show the real shape of the ribs. These were trapezoidal in shape (see figure 2 in paper
VI). In fact, the bases of the ribs fabricated were 4 um wider than their tops. Figure 3.11
shows an ESEM image of the top of the rib waveguides fabricated by fs-laser ablation.
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Figure 3.11. ESEM image of rib waveguides fabricated on a (Yb,Nb):RTP/RTP epilayer by fs-laser

ablation
3.3.2. Rib waveguides by Ar" ion milling

Surface rib waveguides. In this case, we performed some computer simulations to
determine a suitable width and depth for the rib waveguides. The PWGs used to obtain
surface rib waveguides were 5 um thick. So, rib waveguides 3 pm deep were simulated
on hypothetical (Yb,Nb):RTP/RTP planar waveguides. The refractive indices used in
the simulation were measured at 972 nm, since this was the pumping wavelength used
to excite the Yb>" in (Yb,Nb):RTP and obtain laser radiation. These values are shown in

Table 1 of paper VIL

3um

Confinement: 40.1 % Confinement: 83.3 % Confinement: 92.9 %

Figure 3.12. Simulation of rib waveguides with different widths
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As can be seen in figure 3.12, several rib waveguides were simulated. The depth of the
ribs was 3 um and they were rectangular in shape. The remaining planar waveguide was
2 pm deep. We changed the width of the rib in each simulation in order to obtain a good
balance between the confinement and the width of the rib. As can be seen in figure 3.12
the rib that is 3 pm wide has the lowest confinement. On the other hand, the ribs that are
5 and 10 um wide have qualitatively higher confinement (83.3 % and 92.9 %,
respectively). These results show that the rib waveguides can be manufactured on

(Yb,Nb):RTP/RTP planar waveguides with high confinements.

The PWGs used to fabricate surface ribs were obtained by LPE, as is explained in
sections 3.2.1 - 3.2.3. The composition of the solution used to obtain the epitaxial layers
was RbO - P,0s - TiO; - Yb,03 - Nb,Os — WO3=43.9 - 23.6 - 20.7 - 1.35 - 0.45 - 10
(mol %). This solution composition has the highest Yb>" atomic concentration of all the
solutions used in this study to growth epitaxies (see composition 9 in table 3.8). After
the growth of the epitaxial layers, they were polished to a thickness of 5 pm with high
optical quality.

In this study, the Ar" ion milling technique was applied to make rib waveguides on RTP
substrates, for the first time to our knowledge. A 4 um-thick positive resist (PR) film
was spun on an RTP substrate. This procedure is described in chapter 2. The masked
sample was held at 45° and rotated at 5 rpm during the process. The substrate, with the
PR film pattern, was exposed to an Ar' ion beam (accelerated at 500 V with a beam
current of 100 mA) for different etching times. In this way, the etch rate could be
determined. After these experiments, the etch rate of the resist was estimated to be ~
1.17 ym/h and that of the RTP ~ 1.15 um/h. Therefore, for a 3 um-thick resist layer it
would be possible to etch almost ~ 3 um into the RTP substrate.

The ribs obtained were 2.9 um deep (see figure 2 in paper VII) and ranged from 3 to 10
um wide, which is logical taking into account the dimensions of the dark-light mask

used (see section 2.1.4.4). Finally, they were 9 mm long.
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Figure 3.13. General and detailed view of the rib waveguides by ESEM

Figure 3.13 shows the good quality of the channels, the apparent low roughness of the
milled surface and the symmetry of the groves. The inset in figure 4 in paper VII shows
a cross section of the rib, and it is easy to see the trapezoidal shape. In all cases, these

ribs were 4 um longer at the base than at the top.

Buried rib waveguides. To our knowledge, this study has shown for the first time that
it is possible to obtain high quality thin layers of (Yb,Nb):RTP grown by LPE on
structured RTP.

The substrates were microstructured by Ar  ion milling (see section 2.1.4.2). The
nominal width of the groove patterns fabricated on the substrates ranged from 8.6 to
10.0 um, and the etch depth was 5.1 um. Figure 3.14 shows a top view of the channels
fabricated on an RTP substrate. The inset in the same figure shows a 3D image of two

channels.

Figure 3.14. Top view of the channels fabricated on a RTP substrate and a 3D image of two channels
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A (Yb,Nb):RTP film was grown by LPE over the microstructured surface, filling the
grooves and producing buried ribs. The composition of the solution used to grow the
epitaxial film was the same as the composition used to grow the surface rib waveguides
on a RTP substrate microstructured by Ar' ion milling (basic composition 2 in table
3.6). The layer obtained had an average thickness of ~ 40 um. This film was polished to
a thickness of 6 um to obtain buried rib waveguides. Finally, a RTP cladding was grown
over the planar waveguide by LPE. The composition used to grow the cladding was
Rb,0 - P05 - TiO; - WO3 =44.24 — 18.96 — 16.8 — 20 (mol %), the same as was used to

grow the bulk single crystals for substrates.

Figure 3.15 shows a cross section of the ribs after end-face polishing. The ribs, epitaxial

film and cladding were free of inclusions and cracks on the um scale.

RTP cladding

(Yb.Nb):RTP layer

<

8

(Yb,Nb):RTP buried rib

RTP substrate

Figure 3.15. Cross section of buried rib waveguides
3.3.3. Rib waveguides by RIE

The planar waveguides used to produce ribs by RIE were fabricated from epitaxial films
grown by LPE, as in the previous sections. The composition of the solution used to
grow the epitaxial layers was Rb,O - P,Os - TiO; - YbyO3 - Nb,Os - WO3 = 43.90 -
23.60 - 20.70 - 1.35 - 0.45 - 10 (mol %), the same as was used to grow the films for rib
fabrication by ion milling and fs-laser ablation (composition number 2 in table 3.6 with

6 mol% and 2 mol% of Ti0O, substituted by Yb,Os3 and Nb,Os in solution, respectively).

A preliminary study of the rib waveguides obtained by RIE on RTP substrates was

made by varying the power, gas pressure and gas ratio (see paper VIII). The procedure
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used was to vary one of these three parameters while the other two parameters remained

fixed.

The starting parameters were an RF power of 250 W, a pressure of 50 mTorr, a gas flow
rate of 20 sccm and a gas ratio of SF4:Ar = 90:10. This study shows the effect of these
parameters on the etch rate and roughness of the rib waveguide for an etch time of 40
min in all the experiments. Figure 2 of paper VIII shows the result of this study. In
summary, the etch rate increases linearly as the power increases and the roughness also
increases with the power. The balance between surface roughness and etch rate was
good for a power of 250 W. Then, by maintaining the RF power at 250 W and the gas
ratio at SFe:Ar = 90:10 and varying the pressure, it was found that the etch rate
decreases with the pressure. A pressure of 50 mTorr gives an etch rate of 8 nm/min and
a surface roughness of 1.6 nm. Finally, with a fixed RF power of 250 W and a pressure
of 50 mTorr, a study was made of the dependence of the etch rate and roughness on the
gas ratio (SFg¢:Ar). Results were best for a gas ratio (SF¢:Ar) in the range 50:50 to 70:30,

where the etch rate is about 8 nm/min and the surface roughness is less than 1 nm.

(Yb,Nb):RTP/RTP PWGs were microstructured by RIE in two steps: first, the film was
etched for 135 minutes by RIE, with a power of 250 W, a gas pressure of 40 mTorr and
a gas flow rate of 10 sccm for both SF¢ and Ar. After end-polishing and cleaning, the
sample was plasma-ashed in an RIE chamber for 20 minutes with an RIE power of 200
W, a pressure of 50 mTorr and an O, flow rate of 10 sccm, which removed any organic

impurities present on the substrate.

Figures 3 and 4 of paper VIII show SEM and topographic images of the rib waveguides

obtained.

3.4. Channel and planar waveguides by Cs’ ion exchange

As has been mentioned in the introduction, RTP has many properties that make it
interesting for integrated optics. It has high nonlinear optical coefficients, a high
damage threshold, and high electro-optical coefficients. It is also a suitable candidate as
self frequency doubling (SFD) material, since it can be doped with Yb>" active ions to
levels high enough for laser emission [127]. Moreover, periodic poling of RTP has
recently been demonstrated by applying a high voltage electric field [100]. Because of
all these properties, and those mentioned in the introduction, RTP is an interesting and

promising material as a base for integrated optics.
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It is interesting to demonstrate that planar waveguides can be created and channel

waveguides fabricated by Cs” ion exchange.

In an initial stage, we tested the possibilities of Cs" ion exchange on RTP to produce
PWGs. RTP substrates with areas around 0.7 x 0.7 cm” were used for Cs” ion exchange
experiments. Diffusions were performed in a CsNO3; melt (for the complete procedure
applied in these experiments, see section 2.1.4). Depending on the experiment, the Cs"
ion exchange took 1, 2, 3 or 5 h. In total, 15 experiments were carried out in which all
the experimental conditions were kept the same except the diffusion time. In general,
the experiments with a Cs" diffusion of 2, 3 and 5 h, generally produced multimodal
PWGs. On the other hand, experiments with a diffusion of 1 h mainly produced single-
mode PWGs, although some experiments produced no modes at all. For a diffusion time
of 3 h or more, the surface of the PWGs generally present some etching region produced

by the CsNOjs solution at 698 K.

In the experiments with long diffusion times (more than 3 h), the Cs’ exchange has a
stagnation effect. This may be due to the formation of a Cs™ diffusion barrier in the
substrate when diffusion times are long enough [130]. Thus, we observed an increase in
the propagation modes in the waveguide from the beginning of the Cs’ diffusion to a
diffusion time of about 3 h. After that, the number of propagation modes remained

constant or even decreased for samples with diffusion times of 5 h or longer.

All the experiments carried out with a diffusion time of 2 h produced multimodal
waveguides, and the samples were free of etching. For this reason, the 2 h diffusion
experiments were best at producing PWGs and channel waveguides. These multimodal

waveguides were free of etching and avoided the scattering losses.

An RTP substrate of 15 x 15 x 2 mm’ (a x b x ¢ crystallographic directions) was
polished so that it could be used in the Cs’ ion exchange process. As can be inferred
from these dimensions, the diffusion took place in the ¢ crystallographic direction. The
procedure is described in section 2.1.4. Figure 3.16 shows the Ti dark field mask
fabricated directly on the RTP substrate before the Cs’ ion exchange process. Figure 1
in paper IX shows a more general view of this mask on the substrate. The widths of the
channels obtained ranged from 6 to 11 pm with an error of 0.2 um. The channels were

fabricated parallel to the b crystallographic direction.
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Figure 3.16. Ti dark field mask on a RTP substrate

To obtain samples for characterization, the diffusion was carried out for 2 h using the
procedure explained in section 2.1.4.4. The end faces were polished to high optical
quality so that the waveguides could be characterised. A transmission image of the
channels (see figure 2 in paper IX) shows that the diffusion takes around 20 um and is
straight parallel to the ¢ crystallographic direction. The dark mode spectra measured

from the face without the Ti mask, were used to extrapolate the index profile. In fact,

the four TE guided modes fit an exponential function of the form n(x)=n_, +Ane ™' .

subs

With a maximum index at the surface of An =0.038 and a depth of d = 1.80 um.
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Waveguide

Characterization

Waveguides must be characterized to know their guiding properties. For instance, a
PWG will be determined by its thickness, the refractive indices of the film and the
substrate, and the quality of the substrate-layer interface. The number of guiding modes
supported by a planar waveguide can be calculated using the layer thickness and the
refractive index contrast between the layer and the substrate. In channel waveguides, in
addition to the contrast of refractive indices between the layer and the substrate, the
geometry and channel dimensions are very important. The loss of the light traveling
through the waveguide and the near field pattern give information about the guiding
process in the waveguide. In fact, the near field pattern of a waveguide provides

experimental proof of the ability of the waveguide to guide.

Thus, in this study, the refractive indices of the substrates and the epitaxial layers have
been carefully determined, so that the number of modes supported by the planar
waveguides as a function of the thickness can be calculated. The losses in the channel
waveguides have been estimated and the near field patterns have been recorded for both,

planar and channel waveguides. The second harmonic generation (SHG) process inside
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the nonlinear optical (NLO) waveguides has been checked and green light has been

obtained from fundamental infrared radiation coupled to the waveguides.

4.1. Basic theoretical concepts of planar waveguides

Planar waveguides are structures that confine light to only one dimension. However, the
most common geometry used in integrated photonics is the channel waveguide. In this
kind of waveguide light is confined to two dimensions, which allows it to be propagated
only along the third one. Obviously, in channel waveguides propagation losses are

lower than in planar ones, due to the additional dimension for confinement.

In order to understand the propagation of light inside a waveguide, we need to subject it
to mathematical treatment. We pay particular attention to planar waveguides because
this treatment is easier than in channel waveguides, and gives a theoretical overview of

waveguide behavior.

For simplicity, in this part, a ray optics treatment of planar waveguides, not a wave
optics treatment, will be presented. This provides us with the main concepts of a planar
waveguide. Subsequently a more extensive and detailed wave treatment will be

presented using electromagnetic theory.

A step index planar waveguide consists of a layer of thickness d and refractive index
Niayer ON a substrate with a lower refractive index ny,. The cladding, which is the
external boundary, also has a lower refractive index, n.,4, than the layer. In summary,

Niayer > sub and nlayer> Nclad-

Since the refractive index of the layer is higher than that of the surroundings, if the
reflection angle, 0, is higher than the critical angles (in the two interfaces), the light is

confined in the waveguide by total internal reflections.

ncmdmng

n\ayer

n

substrate

Figure 4.1. Scheme of a ray travelling through the waveguide
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We can calculate the critical angles in the layer-substrate and layer-cladding interfaces,

critsub critclad —

. 4| n .4 n . .
6. ., =sin I(L"’] and 6 =sin l(ﬂ] , from which, for larger incident angles
nlayer nlayer

in these interfaces (0 > Ot sub and 0 > Oyt c1aq) a total reflection is produced. In this case,
the ray of light propagates in a zig-zag pathway through the layer, as can be seen in

figure 4.1

cladding

layer

substrate /

(a)

(c)

Figure 4.2. Types of mode in a waveguide: (a) radiation mode, (b) substrate mode, and (c) guided mode

If we consider that njyer > ngp > Nead , the critical angle at the layer-substrate
interface, (Ot sub), 18 larger than the critical angle at the layer-cladding interface (O
clad)s Ocrit sup > Oerit clad @and we can distinguish three cases [101], depending on the

incident angle of the light:

a) 0 <Ot clad < Ocrit sub- In this case the light is not confined and travels through the three

regions: substrate, layer and cladding (figure 4.2.a).

b) Ocrit clad < 0 < B¢ sub- In this case a total reflection at the layer-cladding interface is
produced, but the incident angle at the layer-substrate interface is lower than the critical

angle and the light penetrates the substrate (figure 4.2.b).

€) 0 > Ot sub > Ocrit clag- In this case, total internal reflection of the rays is produced at

the two interfaces and the light is confined to the layer (figure 4.2.c). This is the most
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interesting case for this thesis, because it is a guided mode which propagates through

the waveguide.

In addition to the ray treatment presented, we will now move on to introduce the
electromagnetic theory of light, applied to a planar waveguide, which is essential for
understanding waveguides. From Maxwell’s equations we will obtain the wave
equations that govern the behavior of light in planar waveguides for TE and TM

propagation modes.

In the study of the propagation of light in a waveguide, we can distinguish two types of

propagation modes:
a) TE modes, in which the electric field associated with the mode is transversal.
b) TM modes, in which the electric field is parallel to the propagation plane.

In the first case (figure 4.3), the TE mode, the electric field vector has only component
E,,, perpendicular to the incident plane (x-z plane), so £, = E. = 0.

cladding

waveguide

substrate
Figure 4.3. TE propagation mode in a planar waveguide

Using Maxwell’s equations, and assuming that the light is propagating through a
dielectric, non-magnetic and linear material, we can reach the following wave equation

[101]:

d 5y2(x)+[k2n2(x)—,32]Ey(x)=0 4.1
X

where k is the wavenumber and f is the propagation constant of the modes.

66



UNIVERSITAT ROVIRA I VIRGILI

FABRICATION AND C
Jaume Cugat Mulet
Diposit Legal: T.

HARACTERIZATION OF WAVEGUIDES ON RBTIOPO4 CRYSTALS FOR PHOTONIC APPLICATIONS

Hozdme0Ls Chapter 4: Waveguide Characterization
In the second case, the TM mode, the electric field vector has only component in the
incident plane. Thus, the magnetic field is perpendicular to this plane, as is indicated in

figure 4.4:

y
cladding
==
H
K
Z
waveguide X . E
substrate
Figure 4.4. TM propagation mode in a planar waveguide
In this case the wave equation is:
d*H (x)
2.2 2
S e (- H, (=0 42

General solution of the waveguide equation for step-index planar waveguides. We
will now study the solution of the wave equation for TE polarization. For TM
polarization the solution is basically the same, except that the boundary conditions are
different. We will examine the mathematical treatment for TE polarization, and for TM

polarization will give only the solution with its interpretation.

Starting from wave equation 4.1, characterized by its constant 5, we postulate a solution

for the E, (x) component in the form:
— iy;x —iy;x
E,(x)=A4,e”" +Be 4.3

where E; (x) is the y-component of the electric field in the jth region, which can be the
substrate, the layer and the cladding. The parameters 4; and B; are two complex
constants, which will be calculated after imposing the appropriate boundary conditions.

Expression (4.3) satisfies equation (4.1) assuming that:

= -5 a4
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where y; is different for each region, characterized by its refractive index n; (ngup, Riayer

and nclad) .

To discuss the solution in a particular region, we introduce the effective refractive index
ne, which represents the refractive index of the mode propagating along the z-axis. This

parameter is related to the S of the mode through the formula:

B=kny 45

The general solution of equation (4.1) given by expression (4.3) can be written in terms

of neyand the refractive indices of different regions, #;.

In summary, we can say that if the propagation constant S < k n; (or nyy < n;) then the
parameter y; is a real number. Introducing this parameter y; into the general solution 4.3,

we obtain a sinusoidal function.

On the other hand, if the propagation constant satisfies that f > k n; (or ney > n)), then
parameter y; is a pure imaginary number, and the general solution 4.3 is an exponential

function.

In order to find the guided modes for TE polarization we should take into account each
region separately in the step-index planar waveguide. Each one of the three different
regions (that is to say, substrate, layer and cladding) has its own refractive index, 7,

Niayer ANA Rejaading, TeSpectively (figure 4.5).

X
cladding, n, 4

layer, ny; .,

-d

substrate, n,,,

>N, ,=N

n\ayer sub clad
Figure 4.5. Scheme of the distribution of the different regions in a waveguide

The propagation constant f associated with a particular mode must fulfil the condition:

kn,<pB<k Mayer 4.6
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that is

nsub < ne[}’ < nlayer 47

Taking into account the wave equation 4.1 for each of the three regions, we obtain:

d’E,/dx* =y ,E, =0 4.8
d’E,/dx’ -k, E, =0 4.9
d’E,/dx* =y, E, =0 4.10

where the three parameters 7,,,,, K,,,, and 7, are given by:

yczlad = ﬁz _kznczlad 411
Kioyer =K 1y = B 4.12
}/Iiyer = ﬁz _kznszub 413

We can obtain the electric field in the cladding, layer and substrate by solving the

differential equations 4.8-4.10:

Ae 7 cladding
E,(x)=4Be ™" +Ce ™" layer 4.14
De”* substrate

Assuming the boundary condition that E, and dE,/dx must be continuous at the layer-
cladding and layer-substrate interfaces, a set of four equations with five unknown
parameters (A, B, C, D and B) are obtained. Thus, the final solution will depend on one

of these parameters, in our case, the A parameter.

Using the set of equations to find a general solution, the following equation is obtained:

7clad + 7/sub

Klaver Klaver
tan(x,,,.d) = - - 4.15
1 _ }/clad 7/sub
Klayer Klayer

This expression can be regarded as the dispersion relation for the asymmetric step-

index planar waveguide, and is a transcendental equation that contains the parameters
that define the waveguide structure ( iciag, Miayer , Hsup) and the thickness of layer d, the

working wavelength A and the propagation constant f of the guided mode. From this
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expression one can calculate numerically the propagation constant f. So, according to

the tangent function:
tan(,,,,d)= tan(x,,,.d + mx) m=0,1,2,... 4.16

This means that, depending on the integer number m, there are several solutions for

propagation constant 5. This number is called mode order.

Now, after propagation constant f has been calculated, the electric field in the three

regions can be completely determined:

Ae ™t cladding

E,(x)= A[cos(l(,aye,x) o sin(l(,aye,x)J layer 4.17

layer

A cos(l(,ayerd)+Msin(1(,ayerd) e substrate
layer

The meaning of the above expression is easy to understand; the electric field decreases

exponentially in the cladding and in the substrate, while its dependence is sinusoidal in

the layer. This result was expected for the behaviour of a confined mode.

Figure 4.6 shows the graph of the mathematical expression 4.17 for m order 0, 1 and 2.

It corresponds to the electric profiles of the first confined modes, supported by a planar

waveguide.
Xll
cladding, Ny,
0
Iayerlnmym
-d
substrate, n,,,

nlayer # Nsub * Nejad

Figure 4.6. TE modes in an asymmetric step-index planar waveguide
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4.2. Characterization of the planar waveguides

One important objective of this thesis is to demonstrate the possibility of fabricating
channel waveguides on Yb*" doped RTP. So, one of the ways to make these channels in
a material is to microstructure previously fabricated PWGs on this material. In this
procedure, PWGs need to be fabricated if channel waveguides are to be obtained
subsequently. As has been mentioned in the chapter on fabrication, several strategies
were used to obtain Yb*" doped RTP planar waveguides, and their characterization will

be presented in the following sections.
4.2.1. (Yb,Nb):RbTiOPO4 on RbTiOPQO,4 (001) substrates

In this study, RTP doped with Yb®>" and Nb>" planar waveguides of 5 and 10 pm in
thickness have been fabricated on RTP substrates. The fabrication procedure of these
PWGs has been extensively described in section 3.2.1.

As was mentioned in the chapter on fabrication, different substitutions of TiO, for
Yb,0; and Nb,Os have been used. With these substitutions we obtained PWGs with
different compositions of Ti*", Yb’" and Nb>* in the RbTij.,Yb,Nb,OPO,
stoichiometry. This means that each film has different refractive indices and the PWGs
obtained have different guiding properties. The stoichiometric composition of the layers
has been presented in table 3.8 of chapter 3. Table 4.1 shows the refractive indices of
the epitaxial layers and the substrates for each principal optical direction in several

PWGs.

Table 4.1. Refractive indices of the layer and substrate in experiments 4, 6, 8,9 and 11 of table 3.7.

Stoichiometric composition of

Exp. No. ny ny n,
layer/substrate ’
RbT10.995 Ybg.00sOPO4 1.7864 1.7981 1.8863
4
RbTiOPO, 1.7892 1.8010 1.8882
RbTig.975YDg014NDbg 01;OPO,4 1.7886 1.8019 1.8935
6
RbTiOPO, 1.7894 1.8013 1.8889
8 RbT10.971YDg.015NDbg 0140PO4 1.7872 1.8018 1.8956
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RbTiOPO, 1.7895 1.8015 1.8898
RbTig 958 Yb0.016Nb0,0260PO4 1.7863 1.8016 1.8967

9
RbTiOPO, 1.7893 1.8015 1.8897
RbT1g 983 Ybg 004Nbg 130PO4 1.7885 1.8016 1.8944

11
RbTiOPO, 1.7894 1.8013 1.8884

As an example, Figure 4.7 shows the dark mode spectra for different polarizations of a
PWG fabricated in this study. These measurements were recorded at a wavelength of
632.8 nm. The epitaxy used was RbTi9s8Ybg016Nbg.0260PO4/RbTiOPO, which
corresponds to experiment 9 in table 3.7. The PWGs fabricated using RTP doped with
Nb>* and Yb*" show guided modes in TM polarization only. In fact, the refractive
indices of the film were higher than the ones of the substrate only in E//b and E//c
polarizations. For E//a, the refractive index of the film was lower than the refractive
index of the substrate, which means that E//a polarized light can not be guided through
the waveguide. Guidance was not possible either in the E//b polarization because of the
small contrast of refractive indices, which were one order of magnitude lower than in

the case of E//c polarization.

The fact that these PWGs could not guide the light in TE polarization makes them
unable to produce guided green light by Type II SHG because, as was explained in the
introduction, this nonlinear optical process requires both polarizations, TE and TM,

simultaneously.

The near field patterns at 632.8 and 972 nm of all the PWGs fabricated were recorded
with a CCD camera. To prove that they could guide the light, papers I and II show some
examples of these near field patterns. In fact, all the PWGs were multimodal in TM
polarization, and in some cases we were able to separately excite some high order
modes. For instance, paper I presents the modes with order m = 0, 1, 2, 3 and 4 at a
wavelength of 632.8 nm. On the other hand, as an example, figure 4.8 shows the near
field pattern of the TM modes of order 1 and 3 at a wavelength of 972 nm. The PWG
used to produce the images shown in figure 4.8 corresponds to experiment 9 in table

3.7.
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Figure 4.7. Dark mode spectra at 632.8 nm for each polarization

Because of the importance of green light in this study, we checked the guiding
possibilities at 532 nm of the PWG fabricated in experiment § of table 3.7 and described

in Paper 1. Figure 4.9 shows the near field pattern of the modes obtained at of 532 nm.

H

1

™,

—
Ilg

Figure 4.8. Near field pattern of modes TM, and TMj; at 972 nm

Figure 4.9. Near field pattern of TM,,, TM, and TM, modes at 532 nm
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4.2.2. (Ba, Yb, Nb):RbTiOPO4 on RbTiOPO4 (001) substrates

Unlike the PWGs discussed in the section above, the epitaxial layers grown with Ba*",
and Nb** and Yb*" as doping elements, produce PWGs with guided modes in TE and
TM polarizations. In this case, only one growth composition was used, BaO-Rb,0-
P,05-Ti0,-Nb,0s-Yb,05=0.88-43.02-23.61-20.70-0.45-1.35-10.00 (mol %), which was
suitable for obtaining PWGs that could guide the light in two polarizations.

Figure 4.10 shows the number of propagation modes which depend on the epitaxial
layer thickness, calculated using the refractive indices shown in table 4.2. As can be
seen in this figure, a 10 pm thickness waveguide can support two propagation modes for

E//b polarization.

1 ElibTE
-
25
20

15 -

thickness (v

0

"

T T T T T T T | T
1,5010 18042 18044 18016 1,8018  1,3020

Sfective refractive indsx, n_

Figure 4.10. Propagation modes as a function of the layer thickness in (Ba,Yb,Nb):RbTiOPO,/RbTiOPO,
(001) PWG in TE (E//b) polarization

Table 4.2 shows the refractive indices of the epitaxial layer for several wavelengths and
different polarizations, as well as the refractive indices of the RTP substrate at 632.8
nm. These results are also shown in paper IV. This table confirms that the refractive
indices of the epitaxial layer are higher than those of the substrate for E//b and E//c

polarizations.
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Table 4.2. Refractive indices of the (Ba, Yb, Nb):RbTiOPO, on RbTiOPO, (001) substrates

Refractive indices of the layer

Wavelength [nm] Ny ny n,
532.0 1.805 1.822 1.921
632.8 1.788 1.802 1.896
770.0 1.776 1.787 1.875
780.4 1.775 1.788 1.873
790.0 1.774 1.786 1.873
820.4 1.772 1.786 1.869
840.9 1.771 1.785 1.867
971.0 1.766 1.779 1.861
980.6 1.765 1.777 1.862
989.2 1.765 1.776 1.861
1526.5 1.755 1.767 1.845

Refractive indices of the substrate

Wavelength [nm] Ny ny n,

632.8 1.789 1.801 1.888

With the values shown in table 4.2 we calculated the Sellmeier coefficients by fitting

the chromatic dispersion curves to the equation:

B. D.
n()=A + L i 4.18

5] %)

The values of the coefficients are shown in table 4.3. The phase-matching curve for type

IT SHG in (Ba,Yb,Nb):RTP/RTP (001) was also calculated. Both results are reported in

paper IV.
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Table 4.3. Sellmeier coefficients obtained by fitting the chromatic dispersion curves to the equation 4.18.

A B C(nm) D E(nm) P q

Ny 23718  0.6979  0.2494 1.2900 13.0012  2.0012 1.9412
ny 2.4081 0.7112  0.2481 0.8041 10.5332  2.0091 1.8981

n, 2.3412 1.0592  0.2521 0.6771 10.1721  2.0112 1.8001

The dark mode spectra give information about the number of guided modes and also
their effective refractive indices. Figure 4.11 presents the real dark mode spectra for
each polarization in a PWG of (Ba,Yb,Nb):RTP/RTP with a thickness of 10 pm. As can
be concluded from these graphs and from the film and substrate refractive indices, the
(Ba,Yb,Nb):RTP/RTP PWG could not support any mode for E//a polarization. But,
unlike the (Yb,Nb):RTP/RTP PWG, it does support guided modes in E//b polarization.
Figure 4.11 shows the propagation modes in (Ba,Yb,Nb):RTP/RTP PWG , that is to say
the dark mode spectra, for these polarizations that enable these PWGs for producing
radiation by type II SHG. As can be seen in figure 4.11, in the particular case of E//b,
there are two propagation modes. Notice that in E//b polarization (TE) spectrum, show
one hollow being two propagation modes. This is due to the resolution of the prism

coupler equipment.
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Figure 4.11. Dark mode spectra for different polarizations in (Ba,Yb,Nb):RbTiOPO,/RbTiOPQO, (001) at
a wavelength of 632.8 nm

As has been mentioned above, to frequency double of the fundamental radiation in a
planar waveguide (PWG) by type II SHG is necessary that radiation in TM and TE
polarizations could be guided through the waveguide. In (Ba,Yb,Nb)RTP/RTP planar
waveguides this condition is accomplished and thus, type II SHG could be obtained in
these waveguides.

Figure 4.12 shows, for the first time to our knowledge, type Il SHG planar waveguide
conversion in (Ba,Yb,Nb):RTP/RTP with fundamental radiation of 1125 nm and green
light generation of 562.5 nm.
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Figure 4.12. Near field pattern of type Il SHG

4.3. Characterization of rib and channel waveguides

As has been mentioned previously, an important objective of this thesis was to obtain
channel waveguides in Yb*" doped RTP. This was accomplished by microstructuring
the PWGs that had been obtained previously. The sections below present the optical
characterization of the channel waveguides obtained by fs-laser ablation, Ar’ ion

milling, reactive ion etching and Cs' ion exchange.

4.3.1. (Yb, Nb):RbTiOPO, rib waveguides by fs-laser ablation

The optical characterization of the rib waveguides obtained by fs-laser ablation gives us
experimental information about the quality of the ribs so that we can know whether this

fabrication technique can be applied to RTP crystals.

After manufacturing the rib waveguides, and before optical characterization, the end
faces of the samples which were perpendicular to the rib waveguides were polished and
studied morphologically. The confocal images (see figure 4.13) reveal a good shape in
terms of visual roughness. Moreover, the internal groove wall, which corresponds to the
rib wall, is less rough than the external groove. The laser spot used in the fabrication of
the ribs was designed taking this into account, since is better for the internal groove wall
to be less rough than the external one. The slope of the rib walls is tg o =1/4 (where a is
the angle between the vertical and the rib wall), so the ribs were trapezoidal in shape.

The rms of the rib walls, estimated from the confocal images, is < 500 nm.

Computer simulations were carried out using the real trapezoidal shape of the ribs. The
simulations reveal high theoretical confinement, with confinement factors higher than
90 % in all the cases simulated using different widths and wavelengths of 632.8 and 972

nm.
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Figure 4.13. Cross section view of a rib 6 pm-width at the top and 10 um at the bottom. The inset shows

the same region imaged with the confocal microscope

Figure 4.14 shows a top view of the ability of the channel to guide the light at a
wavelength of 632.8 nm. On the other hand, figure 4.15 shows the near field pattern of
the propagation modes at 632.8 nm and 972 nm in a channel fabricated of 13 um top
width fabricated by fs-laser ablation. In both cases, the near field patterns are formed
mainly by the fundamental (TMg) mode and give the experimental proof of the ability
of these ribs to guide the light. Once the fundamental mode had been excited, a power
meter was used to measure the power before the input microscope objective and after
the output microscope objective. Then, performing the corrections mentioned in the
experimental techniques section, the upper limit of the losses was estimated to be 4.4

dB/cm.

Figure 4.14. Top view of a rib waveguide during the guiding process at 632.8 nm
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TM o

Figure 4.15. CCD picture of the near field pattern of the propagation modes at 632.8 and 972 nm

pn-Raman measurements were used to identify micro scale modifications in the
boundaries of the rib waveguides. A set of 64 consecutive Raman spectra were recorded
on the surface of the sample at 1 um step intervals. Figure 4.16 shows two spectra, one
taken in the ablated region and the other in the unablated region. As can be observed in
this figure, all the peaks that appear in the ablated region, also appear in the spectra
measured in the non-ablated region. This indicates that femtosecond irradiation does not

induce amorphisation in (Yb,Nb):RTP.
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Figure 4.16. Raman spectra of the ablated and unablated RTP zones. Inset: scheme of channel with the

points at which Raman spectra were taken marked

We observe significant differences in intensity in two specific peaks, located at ~ 692

cm” and ~ 760 cm™. While the peak located at ~ 692 cm™ considerably increases its

80



UNIVERSITAT ROVIRA I VIRGILI
FABRICATION AND CHARACTERIZATION OF WAVEGUIDES ON RBTIOPO4 CRYSTALS FOR PHOTONIC APPLICATIONS
Jaume Cugat Mulet

Diposit Legal: T.1024-2013

Chapter 4: Waveguide Characterization
intensity in the ablated zone, the intensity of the peak at ~ 760 cm™ considerably
decreases in the same zone. One explanation for this may be that, basically, the Raman

spectra recorded correspond to those of RTP in a z(yyg polarization configuration. The

~760 cm™ signal corresponds to the v, vibration mode of the TiOg octahedron, which is

the most intense peak for the z(yyjz polarization in unablated RTP. The ~ 692 cm’

peak is also related to the v, vibration mode of the TiOg¢ octahedron in the same
polarized configuration, but its intensity is considerably lower than the one at ~ 760 cm”
"also in unablated RTP. This peak may also be related to the v; and v; vibration modes

of the TiOs octahedron in the x(yz)X, y(xx)y and y(zz)y polarization configurations,

where this peak is the most intense of these spectra.

From the peak differences mentioned above, we can conclude that the differences in
intensity between the ablated and unablated spectra may be due to some orientation
changes in the crystal structure in the areas in the proximity of the ablated region, which
leads to a mixture of the Raman spectra corresponding to different scattering

geometries.

As was expected, the rib waveguides fabricated by fs-laser ablation were used to obtain
type II SHG guided green light. Figure 5 in paper VI shows the near field pattern at
568.5 nm produced inside the rib waveguide by exciting the modes at 1137 nm. The
modes excited to produce green light, correspond to channel waveguides parallel to the

a crystallographic direction.

4.3.2. (Yb,Nb):RbTiOPO, rib waveguides by Ar" ion milling

The optical characterization explained above was applied to characterize the rib
waveguides fabricated by Ar" ion milling. This etching technique produces ribs that are
much better in terms of roughness and guided light losses than the ribs obtained by fs-
laser ablation. As can be seen in the ESEM images, it is evident that the rib walls
obtained by Ar’ ion milling are not merely as rough as the ribs obtained by fs-laser
ablation (see figure 4.17 and 4.18). The roughness of the rib is crucial, since the
irregularity of the waveguide boundaries introduce dispersion centers that increase the

transmittance losses.
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Figure 4.17. General view of two rib waveguides by ESEM

WD HV det ¢ mod e—1 01 1111
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Figure 4.18. Detailed view of the 6 pm nominal width rib waveguide by ESEM

The near field pattern of the modes guided through the rib was recorded with a CCD
camera at 972 nm. Figure 5 in paper VII shows the near field pattern of the guided
modes in a rib fabricated on a planar waveguide of 5 um in width. The rib had a top
width of 10 um, a base of 14 um and a height of 3 um, over a remaining (Yb,Nb):RTP
epitaxial layer of 2 um high. This figure also shows an inset that has the same pattern
but which uses a filter to avoid saturation and provide information about the gaussianity

and the asymmetry of the mode.

As an example, Figure 4.19 shows the near field patterns of the guided modes at 972 nm

in ribs with a top width of 10 and 3 um, as can be seen in the figure. In the case of the
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rib with a width of 3 um, part of the energy goes through the PWG. This is in agreement
with the simulations carried out using the real parameters of the ribs. In fact, the

confinement factor of the rib with a top width of 10 um was 93.1 %, while for the rib
with a top width of 3 um this factor was 88.5 %, which is still too high.

Rib with a top width of 10 pm Rib with a top width of 3 pm

Figure 4.19. Near field pattern of the guided modes in ribs with a top width of 10 um (left) and 3 pm
(right)

The estimated losses were 3 dB/cm. Thus, the Ar” ion milling ribs confine and guide the
light better than the ribs fabricated by fs-laser ablation. This is logical taking into
account the roughness of the top and the walls of the ribs. In fact, this roughness was
one order of magnitude higher in the fs-laser ablation ribs than in the ribs fabricated by

Ar' ion milling.

Figure 4.20 shows the green light obtained in the rib waveguides by type II SHG. The
pumping wavelength was at 1140 nm, while the green light recorded by the CCD
camera was at 570 nm. As is explained in paper VII, we proved that the green light
comes exclusively from the waveguide. To check this we focused the OPO beam in the
substrate (that is to say, out of the waveguide) and we obtained a maximum power of
type I SHG conversion for an input radiation of 1137 nm. Note that the maximum
efficiency in type Il SHG process in the rib was for a fundamental radiation of 1140 nm,
different than in the substrate, which is logical taking into account the different

refractive indices of the rib and the substrate.
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Figure 4.20. Near field pattern of 570 nm green light from Type IT SHG of 1140 nm IR light.

4.3.3. (Yb, Nb):RbTiOPO, rib waveguides by RIE

A non-contact profiler (Zescope by Zemetrics) was used to measure the etch depth of
rib waveguides, which turned out to be 1.4 um, and the etch rate was 10 nm/min. On the
other hand, the roughness measured after etching was 8 nm. This value contrasts with
the roughness of the surface before etching which was 3 nm. This unexpected value in
relation with the results presented above may be due to the longer etch time, as well as
the re-deposition of the mask on the un-etched regions. As can be seen in figure 3 in
paper VIII for a rib waveguide with a top width of 9.8 um, the bottom width was 11.2

pm.

Optical characterization was performed at the Optoelectronics Research Centre of the
University of Southampton. The guided modes were excited using a fiber-coupled
single-mode laser diode from Oclaro with a maximum power of 750 mW and a grating
stabilized wavelength of 974 nm. The polarization was controlled by a A/2 plate. The
set-up used in order to align the beam with the rib was similar to that presented in
section 2.3. In this case, the input microscope objective was a 16x objective that gave a

measured waist radius of 3.2 um.

Figure 5 in paper VIII shows the near field mode profile for the RIE etched waveguide

at a wavelength of 974 nm.

The transmission losses were estimated using a similar procedure as in the case of the
ribs fabricated by fs-laser ablation and Ar” ion milling and the value was lower than 4
dB/cm for E//¢ polarization (TM). In this case, in the loss calculations we assumed a

launch efficiency value of 50%. The simulated and measured near field patterns of the
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guided mode through the rib waveguide in TM polarization are shown in figure 5 in

paper VIIL

4.3.4. Planar and channel waveguides by Cs" ion exchange on

RbTiOPO4

Planar waveguides. As has been explained in the section on the fabrication of PWGs by
Cs' ion exchange, PWGs with high light confinement were obtained by Cs ion

exchange for diffusion times of 2 h.

A sample of RTP with a surface area of 5 x 5 mm” was used to produce a PWG by Cs”
ion exchange for 2 h that was used for optical characterization. After diffusion, the four
side faces of the sample were polished to obtain the near field pattern for each

polarization. Figure 4.21 shows these results at a wavelength of 632.8 nm.

Figure 4.21. Near field pattern of a Cs” ion exchange PWG for different polarizations and order modes

m =0and 1
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The same sample was used to obtain type II SHG for both perpendicular propagations;
along the a and b crystallographic directions. Figures 4.22 and 4.23 show the near field

patterns of type II SHG produced for propagation along a and b directions, respectively.

propagation along the a direction

563 nm

Figure 4.22. Near field pattern of type II SHG conversion of a fundamental radiation of 1126 nm along

the a direction.

propagation along the b direction

512.5nm

Figure 4.23. Near field pattern of type II SHG conversion of a fundamental radiation of 1025 nm along

the b direction.

All these characterizations prove that planar waveguides can be fabricated by Cs” ion

exchange in RTP.

Channel waveguides. In this case the characterization was carried out using the same
procedure as for the channels obtained by fs-laser ablation and Ar' ion milling. So, the

near field pattern of the modes was recorded for several channel waveguides. Figure
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4.24 shows a top view image of the guided light at a wavelength of 632.8 nm. The

channel shown in this figure has a width of 11 pm.

Figure 4.24. Top view of the guided light through the channel waveguide with a top width of 11 pm at
632.8 nm.

In these channels we were able to excite the fundamental mode and other modes
separately. As an example, Figure 4.25 presents the near field pattern of the propagation
modes with order TMgo, TMy; and TM;; at a wavelength of 972 nm.

Figure 4.25. CCD images of the dark mode spectra at 972 nm. The exited modes are TMgyy, TMy;, TMy;.

In this case, and following the same procedure used up to now, we evaluated the
transmittance losses by single-pass transmission measurements. The losses presented

for these channels at a wavelength of 972 nm had an upper limit of 3.8 dB/cm.

The Type II SHG process was obtained by exciting the TE and TM channel modes
simultaneously. In this case the green light obtained had a wavelength of 566.5 nm,
coming from a fundamental wavelength of 1133 nm. To achieve this, a half-plate was
placed in front of the input microscope objective. The SHG was produced in several
channel waveguides, as can be seen in figure 4.26. This figure shows the SHG produced

in two different channels that were 6 um and 11 pm wide.
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Figure 4.26. Near field patterns at 566.5 nm produced by type II SHG inside channel waveguides

4.4. Preliminary studies of continuous wave (Yb, Nb):RbTiOPO,/

RbTiOPO, (001) planar waveguide laser

The absorption of Yb®" in the Nb:RTP matrix have been reported by J.J. Carvajal in
2003 [131]. From the three expected peaks, corresponding to the splitting of *Fs,
multiplet, the peaks at 903 and 972 nm were the strongest and the peak at 955 nm was
the lowest in all the three polarizations. On the other hand, the emission was also
reported [131]. In this case the wavelengths of emission from the excited 2F5/2 to the
four sublevels of the ground state ’F.), were 972, 1025, 1051 and 1071 nm. In this Ph D
thesis, the emission spectra of the Yb*" were measured in a waveguide, as is reported in

paper II.

A planar waveguide fabricated during this study was used to obtain continuous wave
laser operation. These experiments were undertaken at the Optoelectronics Research

Center of Southampton University (see related publication Rp1).

A planar waveguide 11 pm thick was fabricated from an epitaxial film of Yb*>" and Nb**
doped RTP on an RTP substrate. The epitaxial layer was grown using the composition:
Rb,0-P,05-TiO2-Yb,03-Nb,Os = 40.8-27.2-29.44-1.92-0.64 (mol %). The
concentration of Yb®" ions in the film was 2x10°°cm™. This value is higher than the
concentration presented previously in the bulk crystal used for lasing [39]. The guiding
characteristics of the PWGs with this composition were studied in the previous section
and showed good confinement. Nevertheless these PWG properties were checked
before the lasing experiments at a wavelength of 1 pm. The refractive index contrast
measured at this wavelength is 0.006 and the waveguide supports three modes in TM

polarization (E//c).
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The pumping radiation for lasing was supplied by a Ti:sapphire laser operating at 900
nm, which corresponds to the absorption peak of Yb in (Yb, Nb):RTP for polarization
parallel to the ¢ crystallographic direction (E//c). Thin dielectric mirrors were attached
to the polished end faces of the PWG to form the laser cavity, and an HR/HR cavity was
obtained. An incident power of 510 mW (absorbed power of 276 mW) was used. An
optical chopper was used to chop the pump source and photodiode to monitor the
characteristic rise and decay of the fluorescence intensity. The laser operation was
proved by a fast and very strong increase in intensity, when the pump power was
increased. This strong increase in intensity indicated that the laser threshold had been
reached. A threshold absorbed power of 276 mW was observed. Notice that the
maximum capability of the Ti:sapphire used (510 mW) corresponds to the threshold of
the waveguide laser and therefore measurements of the slope efficiency of the laser
were not possible. The calculated gain for total inversion was 0.69 cm™ whereas the

measured loss was about 0.16 cm™, hence the condition of gain>loss is just satisfied.

These experiments are currently ongoing in an attempt to determine the slope efficiency

and other laser parameters.
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Conclusions

Looking back to the objectives of this study, we conclude that they have largely been
accomplished. The main aim was to investigate the possibilities of Yb:RTP waveguides
on RTP substrates for photonic applications. Starting from RTP bulk single crystal
growth to obtain substrates, we grew (Yb, Nb):RTP/RTP epitaxial layers. These layers
were used to fabricate PWGs, which were then characterized. Finally, some of the
planar waveguides were microstructured to produce channel waveguides.

RTP bulk single crystals were successfully obtained by the TSSG-SC technique and
they were used as a source of planar substrates. The crystals obtained were free of
cracks and optical defects, and colorless.

The (Yb,Nb):RTP (001) epitaxial layers grown on RTP substrates by LPE were, in
general, free of cracks and defects, which is critical for PWG fabrication. The
stoichiometric composition of the epitaxial layer with the highest Yb®" concentration
was RbTip9s55Ybo016Nbg 0260OPO4. This means an Yb** concentration of ~1 x 10%° cm™ ,
which is one order of magnitude above the threshold postulated for lasing. The PWGs
obtained from these epitaxial layers, with the corresponding solution composition, give
a high refractive index contrast in the ¢ crystallographic direction. In fact, the PWGs
obtained were multimodal in TM polarization. On the other hand, the contrast of
refractive indices in the b crystallographic direction was positive but not enough for
guiding. In the a direction, the contrast was negative, which is not suitable for guiding
either.

In an attempt to guide the light in more than one polarization, we grew (Ba,Yb,Nb):RTP
(001) epitaxial layers on RTP substrates by LPE. They were generally free of cracks and
defects. Despite the low Yb’" concentration, the PWGs obtained from these epitaxial
layers guided the light in two polarizations. In fact, the PWGs were multimodal in TM
polarization and had a few guided modes in TE, polarization. In terms of obtaining
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Type 11 Second Harmonic Generation, it was a success. So, we were able to use these
PGWs to obtain green SHG radiation with a wavelength of 562 nm.

In addition, the fabrication of PWGs by Cs' ion exchange shows that waveguides can be
obtained in all the polarizations. In fact, we were able to obtain Type Il SHG along the a
and b polarizations using the PWGs fabricated by this technique. These processes gave
radiations of 563 nm along the a crystallographic direction and 512.5 nm along the b
crystallographic direction.

The Integrated Optics is based on achieving a dominance of the light, such as
electronics control the electrons. So, the main characteristic of a potential integrated
photonics material is that channel waveguides must be able to be fabricated on it. So,
we fabricated channel waveguides on (Yb,Nb):RTP/RTP PWGs using the most
important techniques present in the literature. We successfully used fs-laser ablation,
Ar" jon milling and reactive ion etching (RIE). Channel waveguides were also
fabricated on RTP (001) substrates by Cs" ion exchange. All the channels obtained in
this study have dimensions of around 10 pm in width.

The ribs obtained by fs-laser ablation were trapezoidal in shape and their walls were
rougher than those obtained by Ar  ion milling and RIE. However, optical
characterization reveals good quality light guidance. Green guided light of 568.5 nm
from type II SHG was obtained from a source of 1137 nm. On the other hand, the ribs
fabricated by Ar' ion milling and RIE were also trapezoidal, but they were more top-hat
shaped than those obtained by fs-laser ablation. The characterization of the rib
waveguides fabricated by Ar' ion milling and RIE reveals lower losses than those
obtained by fs-laser ablation. Considering that the former are not nearly as rough as the
latter, this is quite logical. The type II SHG process was tried out in Ar” ion milling ribs
at 1140 nm and green light with a wavelength of 570 nm was obtained.

The channels obtained by Cs” ion exchange in RTP were graded index waveguides not
the step index waveguides obtained by LPE (fs-laser ablation, Ar™ ion milling and RIE
channel waveguides). But the characterization of the Cs’ ion exchange waveguides
reveals a very strong step index in the horizontal direction. This may be why the losses
of these channel waveguides were of the same order as those obtained in the
waveguides fabricated by Ar" ion milling and RIE. In this case, the characterization of
type II SHG shows that 1025 nm radiation is converted into guided green light of 512.5
nm.

Finally, preliminary experiments were carried out into laser emission in
(Yb,Nb):RTP/RTP channel waveguides fabricated by Ar’ ion milling. Laser operation
was demonstrated by a strong increase in the light intensity with a pumping source of
900 nm. The laser threshold was 276 mW of absorbed power.
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Crystal growth and characterization of RbTi;_,_,Yb,.Nb,OPO/RbTiOPO,4
(001) non-linear optical epitaxial layerst
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In this paper we report the growth of RbTi;_,_,Yb.Nb ,OPO,/RbTiOPO, epitaxial layers by the
liquid phase epitaxy method and discuss their structural and optical characterization. The layers
were grown on (001) oriented substrates because this plane contains the phase-matching direction
for Yb** type-II second-harmonic generation. In RbTig 97, Ybg.015Nbg 014OPO4/RbTIOPO, epitaxial
layers we obtained enough contrast of refractive indices (An. = 0.007 at 632.8 nm) to guide the light
in TM polarization. The maximum Yb** concentration obtained in these layers was 1.43 x 10%
atoms per cm?®, which may be suitable for laser action. The lattice mismatch between the epitaxial
layers and the substrates was low enough to obtain high quality epitaxial layers. Confinement of the
light at 532 and 632.8 nm was demonstrated and there was good agreement between theoretical

calculations, dark-mode spectra and modes of propagation.

1. Introduction

RbTiOPO,4 (RTP) belongs to the KTiOPO,4 (KTP) family of
non-linear optical crystals. At room temperature, the crystal
symmetry of RTP is orthorhombic and belongs to the non-
centrosymmetric space group Pna2,, with lattice parameters a =
12.974(2) A, b = 6.494(3) A and ¢ = 10.564(6) A.! RTP crystals
are positive biaxial crystals, with n, < n, < n. (n, < n, <n.) and
point symmetry mm?2. Because of their non-centrosymmetry and
non-linearity, they can be used for frequency doubling of lasers
that emit in the IR spectral range.> In the non-linear optical
process, the (001) plane is especially interesting because it
contains the Yb** type-II phase-matching direction and the
ferroelectric vector is parallel to the [001] direction. This enables
domains that are useful for Quasi Phase Matching (QPM)
processes to be obtained. Moreover, RTP can be doped with
active ions to obtain self-frequency doubling (SFD) materials,
which are useful for compact and efficient laser sources in the
visible range. Moreover, all these properties can be converged in
waveguides for integrated photonics. A waveguide structure to
confine the interacting optical waves enables compact and effi-
cient devices to be constructed.® Thin-film optical waveguides
also offer interesting possibilities for non-linear optics since the

Fisica i Cristal-lografia de Materials i Nanomaterials (FiCMA-FiCNA),
Universitat Rovira i Virgili (URV), Campus Sescelades, ClMarcel-li
Domingo sln E-43007, Tarragona, Spain. E-mail: magdalena.aguilo@
urv.cat

T Electronic supplementary information (ESI) available: Experimental
details of single crystal growth for substrates. See DOI:
10.1039/c0ce00647¢

intrinsic confinement of the electromagnetic field in at least one
dimension to distances of the order of the radiation wavelength
leads to high power densities.*

Ytterbium is interesting because of its emission at a wave-
length of around 1 pm and its simple energy level scheme con-
sisting of only two energy levels: the ground state *F7, and the
excited state *Fs5»,. The Yb®" ion has several advantages,
including its broad absorption and emission bandwidth, low
quantum defect and long lifetime. It also has no absorption
losses at the second-harmonic generation (SHG) frequency,
which makes it particularly relevant for SFD.3

In an earlier study we investigated the RE** doping of
KTP.* The RE* distribution coefficients obtained were very
low (typically about 10~). RTP has a higher Yb** distribution
coefficient than KTP but it is still too low for laser operation.
It has recently been shown that the distribution coefficient of
Yb* in RTP can be increased by co-doping with Nb** (ref. 5)
and lasing in RTP co-doped with Nb** and Yb** has been
demonstrated.” Growing Yb,Nb:RTP single crystals with high
optical quality presents several difficulties, mainly associated
with the low growth rate, the crystal morphology (plate shape)
and the tendency for cracks to appear.® To increase the optical
absorption of Yb** in RTP by increasing the optical path, and
guiding the light, we grew epitaxial composites of Yb:RTP/
RTP (001) by the Liquid Phase Epitaxy (LPE) method.
However, due to the low Yb** distribution coefficients in
RTP, the refractive indices contrast between the epilayers and
the substrate was too low for optical waveguiding. To increase
the distribution coefficient of Yb** in RTP and increase the
optical absorption in the crystals and the contrast of refractive

This journal is © The Royal Society of Chemistry 2011
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indices for guiding the light, we grew Yb:Nb:RTP/RTP epitaxial
films.

Here we describe the crystal growth characteristics of bulk
crystals for substrates and report suitable conditions for
obtaining Yb:RTP/RTP and Yb:Nb:RTP/RTP epitaxial layers.
We characterize the epitaxial layers by measuring the refractive
indices, ion concentration, lattice parameters, efc. Finally, we
study the light-guiding properties at 632.8 and 532 nm.

2. [Experimental section
2.1. Liquid-Phase Epitaxial (LPE) growth

Liquid-phase epitaxy experiments were carried out in a special
vertical furnace built with better isolation and a larger tubular
core than the furnace used for bulk single crystal growth. We
obtained a wide zone of uniform temperature so that the
temperature gradient in the solution was practically zero. The
crucible used was cylindrical, 30 mm in diameter and 40 mm in
height, and filled with about 80 g of solution. The reagents used
were the same as in the growth of substrates (Rb,CO5 (99%),
NH4H,PO4 (99%), TiO; (99.9%) and WO3 (99.9%)), and Yb,0O3
(99.9%) and Nb,Os5 (99.9%) were used for substitution. To obtain
a highly confined light waveguide, we used several solution
compositions in order to obtain a suitable contrast of refractive
indices. Mainly we used three different oxide relations between
Rb,0-P,05—(TiO; + Nb,Os + Yb,03)-WO3. In experiments 1-8
in Table 2, we used solutions with composition Rb,O-P,0s5—
(TiO; — NbyOs5 + Yby03)-WO; = 40.80-27.20-32.00-0.00
(mol%) and different levels of substitution of TiO, by Yb,0O3 and
Nb,Os, taking into account the results of varying the crystalli-
zation region of RTP by substituting TiO, with Nb,Os and
Yb,0;3.° To reduce the viscosity of the growth solution, as in the
solution used to obtain the substrates, we used WO;-containing
solutions. In experiments 9 and 10, we used solutions with
10 mol% of WOs;. In this case, we did a trade-off between the
presence of W in the layer and solution viscosity because
incorporating W into the crystals could hinder future applica-
tions. Taking into account the crystallization region of RTP in
solutions containing 10 mol% WO3, we chose a solution
composition located in the central zone of the RTP crystalliza-
tion region. The composition used was Rb,O-P,Os—(TiO, +
Nb,Os + Yb,03)-WO3 = 43.90-23.6-22.50-10.00 (mol%). In
experiment 11, we used a solution containing 20 mol% WOs, with
Composition Rb207P2057(Ti02 + NbZOS + Yb203)7WO3 =
43.82-22.58-13.60-20.00 (mol%), which has already been used
by our group to successfully grow single crystals.’® After
homogenization of the solution, its saturation temperature was
accurately determined with a (001)-oriented RTP seed. We also
studied the kinetics of the growth/dissolution processes because
this is important in deciding the experimental conditions for
growing the LPE single-crystal layers. In all experiments we used
the same type of substrate, (001) plates with polished faces to
grow layers along the (001) plane. The plate substrates were
prepared by cutting 1.5 mm thick slices from single crystals with
a diamond saw and polishing the slices with alumina powder.
The (001) or a—b plane is interesting because it contains the type-
II non-critical phase matching direction for the ytterbium laser
emission wavelength range (from 985 to 1118 nm). The

substrates were cut with the edges parallel to the a and b crys-
tallographic directions. Before they were placed in the furnace,
the substrates were carefully and consecutively cleaned in the
following solutions: 1:1 HNO;: H,O (in volume), distilled
water, acetone and ethanol (5 minutes in each case). They were
then slowly introduced into the furnace to prevent thermal
stresses and held above the surface of the solution for about 1 h
to achieve thermal equilibrium with the solution. The substrates
were then dipped into the solution and kept at a temperature 1 K
above the saturation temperature for 5 minutes to dissolve the
outer part of the crystal. To begin epitaxial growth, the
temperature of the solution was then decreased to 2-10 K below
the saturation temperature and growth was allowed to progress
for several hours.

Finally, the crystal was removed from the solution and kept
a few millimetres above the surface of the solution while the
furnace was cooled to room temperature at 15 K h™' to avoid
thermal stresses between the substrate and the epitaxial layer that
could lead to cracks. The epitaxial layers were observed using an
optical microscope, a Sensofar PLp 2300 interferometric micro-
scope, and finally an atomic force microscope (AFM). With these
devices we observed the morphologies of the epitaxial layers. We
also profiled the layers, obtaining the thickness along several
directions of the epitaxial layer.

To study how the thickness of the layer changes as a function
of the growth time (velocity of growth), in experiment 3 the
substrate was initially dipped 10 mm into the solution and then
pulled out in steps of 2 mm for known time intervals. In the final
step, the substrate was completely removed from the solution.

The chemical composition of the RbTi;_,_, Yb,Nb,OPO,
single crystals and that of the epitaxial layers obtained by LPE
were determined by electron probe microanalysis (EPMA) in
a Cameca SX-50 microprobe analyzer. The electron beam was
generated with an intensity of 15 nA and an accelerating voltage
of 20 KV. The X-rays produced by the samples were detected and
characterized by a wavelength-dispersive spectrometer (WDS).
The X-ray pattern of the sample was compared with that of
standard samples containing known concentrations of the
elements to be analyzed. RbTiOPO,4 was used as a standard for
determining Rb, Ti and P. Nb metal was used to determine the
Nb concentration and YbF; was used for Yb measurements. All
samples were prepared in the same way: first, a small piece of
crystal was placed in a cylindrical container, where a polyester
resin was added with a catalyst. After the resin had solidified, the
surface containing the crystal was polished with a 1 um diamond
powder.

2.2. X-Ray powder diffraction

To measure the unit cell parameters, small single crystals of
Yb:Nb:RTP were grown on a Pt wire immersed in the solution.
The saturation temperature was determined by decreasing the
solution temperature at intervals of 10 K every 30 minutes until
the crystals appeared. The temperature of the solution was then
maintained for several hours to grow the crystals. The lattice
parameters of these crystals with different compositions were
determined at room temperature by X-ray powder diffraction
(XRD). The data were collected with a Siemens D5000 X-ray
powder diffractometer with the Bragg—Brentano parafocusing
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geometry and a -6 configuration. Cu K, radiation was used in
these experiments and the 26 range was from 10 to 70°, with
a step scan (ss) of 0.02° and a scan time (st) of 16 s. The crystal
cell parameters were calculated from the diffraction data using
the FULLPROF program'' and the Rietveld method."” These
results were used to calculate the lattice mismatch between the
epitaxial layer and the substrate, which is of great interest for
optimizing the quality of the epilayer/substrate interface.

2.3. Planar waveguide fabrication and characterization
techniques

We used the epitaxies grown in the previous steps to fabricate
planar waveguides. The first step in the fabrication was to
remove the epilayer grown on one of the faces of the substrate.
The remaining epilayer was then polished with alumina powder
to obtain a 50 um thick highly transparent layer to be used for
measuring the refractive indices. We were then able to calculate
the number of propagation modes as a function of the thickness
of the epitaxy. After polishing the sample, we measured the
refractive indices of the epitaxy and substrate using the total
internal-reflecting-angle law, coupling the light by a prism using
a Metricon prism coupler.

Visualization of the propagation modes in the epitaxial layer
requires calculation of the proper thickness to obtain a small
number of modes. Using the refractive indices, we applied the
equation of dispersion for a wave propagating along the guide:'?

Zacd( :

n-— ngff) 1/2: mm + ¢na + ¢n57

where m is the mode number, d is the thickness of the epilayer, A
is the wavelength of the light in vacuum and n, and n, are the air
and substrate refractive indices, respectively, while n is the
refractive index of the guiding layer. In our case, n = n_, neg is the
effective refractive index of the propagation mode in the epilayer,

and
2 /2 2
n\” (g —n;
¢n, = arctg — 3 s
’ n; e = My

where j = a, s and

| —

__ 40 for TE polarization
p= {1 for TM polarization*

We were then able to determine the number of allowed modes
for a given thickness of the epitaxial layer.

After checking the calculations, the samples were polished
until the thickness required to obtain a few propagation modes.
The prism coupler system was used to record the dark-mode
spectrum at 632.8 nm using a He-Ne laser beam as the light
source with TM polarization. The same experiments were carried
out using a 532 nm laser beam to record the dark-mode spectrum
with TM polarization. Finally, we used a CCD camera to visu-
alize the different guided modes that the waveguide can support
by coupling the light of the He—Ne laser emitting at 632.8 nm and
the frequency doubled Nd:YAG laser emitting at 532 nm at the
input and output ends of the waveguide with microscope objec-
tives (40x and 60x, respectively).

3. Results and discussion

3.1. Single-crystal growth for substrates and liquid phase
epitaxial (LPE) growth

RTP crystals, to be cut for substrates, were grown in a tubular
furnace as described in the Experimental section. Table 1 shows
the crystal growth conditions, dimensions and weights of several
single crystals that were cut for substrates. The crystals obtained
were generally colorless, transparent and free of inclusions and
cracks. Their dimensions were 14.0-9.2, 15.1-26.0 and 11.1-
21.9 mm in the a, b and ¢ crystallographic directions, respec-
tively, and their weights ranged from 5.71 g to 13.94 g. In several
experiments we pulled the crystals (see Table 1) to obtain a larger
dimension along the ¢ crystallographic direction in the single
crystals. From each single crystal we were therefore able to cut
more substrates. Moreover, as observed in Table 1, by pulling the
crystal, the average growth velocity increases. The crystals were
then cut in plates of dimensions 4.2-10.3, 12-19.3 and 1 mm
along the a, b and c crystallographic directions, respectively, to
be used for substrates. All the substrates were cut perpendicular
to the ¢ crystallographic direction or (001) face to obtain the a—
b plane. This plane is interesting because it contains the non-
critical phase matching (PM) type-II SHG direction. Moreover,
the a—b plane is perpendicular to the ferroelectric vectors of the
domains, which makes it possible to produce a periodic inversion
of them and realize Quasi Phase Matching. The plates were
polished to optical quality to obtain surfaces with 50-80 nm of
roughness and 8-20 m of curvature, otherwise the defects could
propagate from the interface to the epitaxial film. Fig. 1 shows
a photograph of an as-grown crystal to be cut for substrates.

Table 1 Growth conditions, dimensions and weight of some crystals
grown for substrates

Cooling Total Crystal Crystal
Experiment interval/ pulling/  dimensions weight/
number K mm a x b x ¢/mm g
1 20 0 14.0 x 26.0 x 11.1 7.99
2 20 0 14.9 x 15.1 x 15.9 5.71
3 27 4 17.3 x 18.7 x 20.4 9.37
4 28 5.5 179 x 20.0 x 21.5  12.32
5 30 6.5 192 x 21.1 x 21.9  13.94

Fig.1 Photograph of an as-grown single crystal, to be cut for substrates.

This journal is © The Royal Society of Chemistry 2011
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Table 2 Conditions of epitaxial growth. Solution composition, size of the substrates, AT = T, — T, (T = saturation temperature, 7, = growth

temperature) and growth time

Solution composition Rb,O-P,05—

Experiment number TiO,-Yb,03-Nb,O5-WO3/mol%

Substrate dimensions @ X b x ¢/mm

AT =T, - T,/K Growth time/h

1 40.8-27.2-30.08-1.92-0-0 6.7 x 16.9 x 1.0 2 3
2 40.8-27.2-30.08-1.92-0-0 6.5 x 12.0 x 1.0 2 6
3 40.8-27.2-30.08-1.92-0-0 6.9 x 19.3 x 1.0 2 0.30-1-2.304-15
4 40.8-27.2-30.4-0.64-0.96-0 42 x185x 1.0 2 16
5 40.8-27.2-29.76-1.92-0.32-0 6.5 x 18.5 x 1.0 2 5
6 40.8-27.2-29.76-1.92-0.32-0 9.6 x 13.6 x 1.0 2 5
7 40.8-27.2-29.44-1.92-0.64-0 10.3 x 18.2 x 1.0 2 6
8 40.8-27.2-29.44-1.92-0.64-0 6.2 x 16.1 x 1.0 2 6
9 43.9-23.6-20.70-1.35-0.45-10 10.24 x 18.14 x 1.0 9 7
10 43.9-23.6-20.70-1.35-0.45-10 10.15 x 12.58 x 1.0 10 6
11 43.82-22.58-12.92-0.27-0.41-20 8.6 x 162 x 1.0 7 3

Fig. 2 (a) Photograph of the as-grown epitaxy obtained in experiment
11 (Table 2). (b) Photograph of the epitaxy grown in experiment 9 (Table
2) after a polishing process.

Table 1 summarizes the dimensions and weights of some of the
crystals grown for this purpose.

The epitaxial layers were grown by liquid phase epitaxy (LPE)
from self-flux solutions and WOj3-containing solutions. This
method was successfully used earlier in the KTP family.'* Table 2
summarizes the LPE experiments conducted using (001)
substrate plates. We grew epitaxial layers as large as 16 mm,
which, unlike with bulk crystals, have a very large optical path.
The solution composition, substrate dimensions, AT = Ts — T,
(where Ty is the saturation temperature and 7, is the growth
temperature) and growth time are shown in Table 2. Generally,
the epitaxial layers were grown with high crystalline quality. The
epitaxial layers grown in experiments 1-3 (see Table 2) have low
concentrations of Yb** and, therefore, low contrasts of refractive
indices, which make the guided modes of the light extremely
difficult. Therefore, we grew RTP epitaxial layers doped with
Yb** and Nb** (see experiments 4-11), bearing in mind that Nb>*
improves the distribution coefficient of Yb** and increases the
contrast of the refractive indices. These composites, as we will see
in the Waveguide characterization section, guided the light in
TM polarization. Moreover, we grew epitaxial layers from WO3-
containing solutions because the solutions containing W are
less viscous than self-flux solutions and allow for easier growth.
Moreover, the poor incorporation of W in the crystal structure
is in competition with Nb**, which helps to produce better charge
compensation. Finally, the incorporation of W** into the crystal
structure slightly increases the refractive index contrast along the
¢ crystallographic direction, which allows for better confinement
in TM polarization. Experiments 9-11 were done in WOs-

containing solutions. Fig. 2(a) shows the as-grown epitaxial layer
obtained in experiment 11 (see Table 2) and Fig. 2(b) shows the
epilayer grown in experiment 9 (see Table 2) after it was polished
down to a thickness of 10 um.

The morphologies of the as-grown epitaxial layers were
observed by optical microscope, confocal microscope and atomic
force microscope, depending on the scale of observation. The
surfaces of the epilayers grown from self-flux solutions were
generally smoother than those of the epilayers grown from WOs-
containing solutions. Fig. 3 shows a confocal image of the epi-
layer grown in experiment 9, and a detail of a 100 x 100 pum?
region obtained by AFM. There is also a profile of the 75-125 nm
high macrosteps generated by screw dislocations. The reason
why morphologies such as screw dislocations and macrosteps
were obtained at the surface of the epilayers grown from WO;-
containing solutions while the epilayers grown from self-flux
solutions were generally smoother could be the lower viscosity of

300
2501
2001
150
100f

Z[nm)

0 10 20 30 40 50
X[um]

Fig. 3 Confocal image of the epilayer grown in experiment 9. Detail of
a 100 x 100 pm? region obtained by AFM and profile of the macrosteps
observed in the AFM image.

2018 | CrysttngComm, 2011, 13, 2015-2022

This journal is © The Royal Society of Chemistry 2011



UNIVERSITAT ROVIRA I VIRGILI

FABRICATION AND CHARACTERIZATION OF WAVEGUIDES ON RBTIOPO4 CRYSTALS FOR PHOTONIC APPLICATIONS
Jaume Cugat Mulet

Diposit Legal: T.1024-2013

Thickness (1m)
[}
o

40
20 = profile 1
® profile 2
4 profile 3

T T T T T T

6 8 10 12 14 16
Time (h)

o
n 4
E-N

Fig. 4 Thickness of the epitaxial layer against the time of growth. The
inset shows the location on the crystal of the three profiles used to take
the measurements.

the WOs;-containing solutions, which permits a higher rate of
growth.

In experiment 3, we studied the dependence of layer thickness
on growth time by keeping all the other growth conditions
constant. As we explained in the Experimental section, the
substrate was initially dipped 10 mm into the solution and pulled
out in 2 mm steps at the time intervals given in Table 2. The
thickness of the epitaxial layer grown on the different parts of the
substrate (corresponding to different growth times) was
measured with the confocal microscope. Similar measurements
were taken at both sides of the central region of the crystal to
check there was no important dispersion between the growth
thicknesses of different crystal zones for the same growth time.
The results are shown in Fig. 4, the inset of which shows the
location of the three profiles along which the measurements were
taken. Here a linear behavior is observed between the epitaxial
thickness and the growth time, at least up to 5 hours of growth,
with a slope of 8.3 pm h™'.

The composition of the epitaxial layers was measured
by EPMA (see Table 3). From these results we calculated
the coefficients of distribution of Yb** and Nb**, according
{[Yb]/([Yb} + [Nb] + [Ti])}cryslal
{[Yb]/([Yb] + [Nb] + [Ti])}solulion
KNh _ {[Nb]/([Nb} + [Yb} + [Ti])}cryslal

{INB]/(INb] + [Yb] + [Ti]) }corution
[NDb] and [Ti] are the Yb**, Nb°* and Ti** concentrations in at%.
W¢* concentration is not included in the chemical formula of the
epitaxial layers in Table 3 because its distribution coefficient for
substituting Ti in RTP is very low (in the order of 0.002).'%

to Kyp = for Yb* and

for Nb>*, where [Yb],

Table 3 shows the composition of the epitaxial layers grown
from different solution compositions and the Yb** and Nb>*
distribution coefficients. We can see that in the epitaxial layers
grown in experiments 6, 8 and 9 (the numbers of the experiments
are the same as those in Table 2), the Yb** concentration is of the
same order, around 10* atoms per cm® which may be enough for
laser demonstration.” On the other hand, the epilayers grown in
experiments 1 and 11 contain Yb** concentrations of the order of
10" atoms per cm®. This concentration of active ions may not be
enough for efficient lasing, though this would need to be checked.
The lower Yb** concentration in sample 1 is due to the absence of
Nb’* in the solution since it has already been shown that the
presence of Nb** in the solution helps to increase the Yb**
distribution coefficient in the crystal.” Moreover, the epilayer
obtained in experiment 11 has a lower Yb*" concentration than
other epitaxial layers because in the solution the presence of
Yb,03 is much lower (approximately three times). From exper-
iments 1, 6 and 8 we can see that the presence of Nb°* increases
the distribution coefficient of Yb**. In experiment 9, there is an
increase of Kyp, and also, though to a lesser extent, of Ky,
perhaps because of the change in the solution composition.

The composition homogeneity of the epitaxial layers was
analyzed by EPMA on the polished epilayer grown in experiment
8. Results show a homogeneity of Yb** and Nb>* distribution
along the epitaxy (see Fig. 5, which plots the concentration of the
doping ions (Yb*" + Nb®*) against the distance to the epitaxial
surface). In this figure we can also see the sharp compositional
change in the interface, which indicates that there is practically
no diffusion of the doping ions from the layer to the substrate.
This is interesting for the light confinement in the waveguides.
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Fig. 5 Concentration of the doping ions (Yb** + Nb**) against distance
to the epitaxial surface.

Table 3 Composition of the epitaxial layers grown from different solution composition and distribution coefficients of the doping ions

Y5205 x 100 (mol%)

[Nb,Os)

x 100 (mol%)

Exp. num. [TlOz] + [Yb203] + [Nb205] [TIOQ] + [szO}] + [Nb205] Epilayer stoichiometry Kyv Knb
1 6 0 RbTij.995Ybg 00sOPO4 004 —

6 6 1 RbTi04975Yb()v014Nb0_01 |OPO4 0.125 0.590
8 6 2 RbTig.971Ybg015Nbg014OPO,  0.135  0.378
9 6 2 RbTi).958Yb0.016Nbp 026OPO4  0.140  0.658
1 2 3 RbTio053Ybo.00sNboo1:0PO,  0.106  0.226

This journal is © The Royal Society of Chemistry 2011
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Table 4 Unit cell parameters of RbTi;_,_,Yb.Nb,OPO,

Exp. num. Stoichiometric formula alA bIA A

Subs.  RbTIOPO, 12.9650(5) 6.5007(3) 10.5576(4)
1 RbTig.005Ybo.00sOPO4 12.9664(6) 6.5012(3) 10.5611(5)
6 RbTio.075Ybo 014Nbo 011 OPO, 12.9831(8) 6.5116(4) 10.5711(6)
8 RbTio.071 Ybo 015Nbo 0140PO, 12.9933(2) 6.5150(6) 10.5852(8)

Table 5 Lattice mismatch between RbTi;_,_,Nb,Yb,OPO4 and RTP
(001) substrate. The unit cell parameters of the substrate used in these
calculations correspond to RTP grown from a solution containing 20%
WO3

Substrate/epilayer lattice mismatch

Epitaxial layer (001)
RbTi0‘995Yb0A0050PO4 0.05

RbTig.975Ybg.014Nbg 011 OPO4 0.342
RbTig.971Ybo.015NDg.0140PO4 0.473

3.2. X-Ray powder diffraction

Table 4 gives the unit cell parameters of RTP and Yb:Nb:RTP
obtained from the X-ray powder diffraction data discussed in the
Experimental section. We can see that the presence of Yb** and
Nb’* in the crystal structure leads to an increase in the lattice
parameters. An explanation for the expansion of the unit cell is
that Nb°* and Yb** have larger ionic radii than Ti**, which causes
the crystal unit cell to expand.'®

The lattice mismatch between the layer and the substrate is
important for the quality of the layer/substrate interface. High
mismatches produce stress at the interface, which favors the
formation of cracks that can propagate through the layer.!”
Taking into account the difference in the unit cell parameters
between RbTi;_,_, Yb Nb,OPO4 and RbTiOPO, for different
levels of substitution of Ti** by Yb** and Nb**, we calculate the
lattice mismatch from the expression

Jowny = 100(S¢iery (layer) — Sggy (substrate))/ S (substrate),

where S (layer) and S (substrate) are the areas obtained
from the (hkl) periodicity vectors of the layer and the substrate,
respectively. Table 5 gives the lattice mismatches on the (001)

Table 6 Refractive indices of the samples corresponding to the experi-
ments 4, 6, 8,9 and 11, in Table 2

Exp. num. Sample Composition ny n, n,

4 Layer RbTiOIQQSYbO‘o()sOPO“
Substrate RbTiOPO,

1.7864 1.7981 1.8863
1.7892 1.8010 1.8882

6 Layer RbTi0‘975Yb0‘014Nb0‘0110PO4 1.7886 1.8019 1.8935
Substrate RbTiOPO4 1.7894 1.8013 1.8889

8 Layer RbTi0_971Yb0_015Nb0.014OPO4 1.7872 1.8018 1.8956
Substrate RbTiOPO4 1.7895 1.8015 1.8898

9 Layer RbTi0_95ng0_015Nb0.0250PO4 1.7863 1.8016 1.8967
Substrate RbTiOPO4 1.7893 1.8015 1.8897

11 Layer ~ RbTip0s3Ybo.00aNbp 0130PO4 1.7885 1.8016 1.8944
Substrate RbTiOPO, 1.7894 1.8013 1.8884

plane for the different substitutions studied. We can see that the
substitution of Ti** by Yb* and Nb°* increases the lattice
mismatch. These lattice mismatches are relatively low compared
to those we obtained for other materials.'®

3.3. Waveguide characterization

The epitaxial composites were characterized following the steps
outlined in the Experimental section. The thin films were pol-
ished to a thickness of around 50 um in order to ensure that the
modes were not lost and the refractive indices could be deter-
mined. From the refractive indices we calculated the proper
thickness for supporting a few propagation modes. The refrac-
tive indices of several layers and substrates measured with the
Metricon prism coupler equipment are shown in Table 6 (note
that we use the same experiment numbers as in Tables 2-4). We
can see that in the epitaxial layers that contain neither Nb>* nor
We* substitution produces a negative contrast of refractive
indices between the layer and the substrate (jayer — substrate)-
This means that the epitaxial layer cannot guide the light and we
can conclude that Yb*' substitution in RTP decreases the
refractive indices. The results in Table 6 show that n. is the index
most affected by the presence of Nb**: it increases when Nb>*

(a) Sample 8, wavelength 532 nm, thickness 5 pm
10 350
i o=
/ ,// / )
8 ~ / E 300
£ i rd H
= / s
b L] 3 250
8 — k]
5 ¢ e § 200
= A <
2 B, 2 150
-1 k|
i
0 - v v v = 100
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& fle otive re fractive index, neq effective refractive index, nee
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Fig. 6 Number of propagation modes versus the epitaxial thickness (left
hand side) and dark-mode spectrum (right hand side). Calculations and
experiments were done first at 532 nm and finally at 632.8 nm. (a) Sample
8, with 5 pm of thickness. (b) Sample 9, with 10 um of thickness.
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(a)

| |

Fig.7 CCD pictures of: (a) propagation modes of the order of m = 0, 1 and 2 in sample 8, with 5 pm of thickness at 532 nm. (b) Propagation modes of
the order of m = 0, 1, 2, 3 and 4 in sample 9, with 10 um of thickness at 632.8 nm.

increases. On the other hand, n, increases very slowly as Nb**
increases. Finally, n, decreases in all cases when Nb>* is incor-
porated into the crystal. These results show that the epitaxial
layers are only able to guide the light in the TM polarization,
which implies that the electric field vector is parallel to the ¢
crystallographic direction. This is an important step for obtain-
ing quasi-phase-matched periodically poled waveguides.

To demonstrate the light guiding in the epitaxial layers, we
calculated the thickness needed to support a few propagation
modes. Calculations were made using the expressions in the
Experimental section and agreement between the theory and the
experimental results using our waveguides was studied. To do so,
we polished the epilayers obtained in experiments 8 and 9 until
they reached a thickness of 10 and 5 um, respectively. On the left
hand side of Fig. 6(a) and (b) are the results of the thickness
calculations against the effective refractive index. On the right
hand side of this figure is the dark-mode spectrum done with the
Metricon prism coupler equipment, in which the sharp grooves
are due to the propagating modes of the light. In Fig. 6(a) for
experiment 8, we can see 3 propagation modes at 532 nm and 2
propagation modes at 632.8 nm. This is logical because the
confinement of the light is higher for low wavelengths. Fig. 6(b),
on the other hand, which corresponds to the epilayer obtained in
experiment 9, shows 7 propagation modes at 532 nm and 6
propagation modes at 632.8 nm. Note the high degree of agree-
ment between the theoretical and the experimental results.

Fig. 7(a) shows the guided modes of order m = 0, 1 and 2
propagated along the epitaxial layer grown in experiment 8 and
polished to a 10 um thickness. These modes were obtained using
532 nm light. These results agree well with the theoretical
calculations (left hand side of Fig. 6(a)) and the dark mode
spectrum for the same sample (right hand side of Fig. 6(a)).
Fig. 7(b) shows the guided modes of order m =0, 1, 2, 3 and 4

propagated along the epilayer grown in experiment 9 and pol-
ished to a thickness of 5 um. In this case the wavelength of the
light was 632.8 nm. Excitation of the guided mode of order 5 had
some difficulties caused by the limitation of the movement steps
of the support of the sample. We therefore tried to excite this
mode of propagation and began to excite the mode of order 4.
The lesser difference in the refractive indices along the ¢ crys-
tallographic direction between the epilayer and the substrate
than between the epilayer and the air causes a shift in the energy
density profile in the epitaxy—substrate interface due to the lower
confinement of light than on the epitaxy-air boundary. This
phenomenon can be seen in the propagation mode of order 0 in
Fig. 7(b). These results confirmed experimentally that the
waveguides obtained in this study confine the light successfully
and that there is good agreement between the theoretical calcu-
lations (left hand side of Fig. 6(b)), the dark mode spectrum
(right hand side of Fig. 6(b)) and our experimental results.

4. Conclusions

We have reported the growth of RbTi;_,_,Yb,Nb,OPO,/
RbTIOPO, (001) epitaxial layers and the efficient guiding
possibilities. We achieved a maximum concentration of Yb*" in
the epilayers of 1.43 x 10*° atoms per cm’. The maximum
distribution coefficient of Nb>* was 0.658. This allows a contrast
of refractive indices between the epitaxial layer and the substrate
that is high enough for optical waveguiding in TM polarization
and to maintain an optimum Yb** concentration. After calcu-
lating the thickness of the epilayer needed to guide a few prop-
agation modes, we showed that 532 and 632.8 nm light can be
efficiently guided along these epitaxial layers. Photographs of
several propagation modes are shown. In conclusion, these novel
Yb:Nb:RTP/RTP (001) epitaxial composites are promising

This journal is © The Royal Society of Chemistry 2011
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materials for integrated photonics and laser applications such as
self-frequency doubling (SFD) waveguides and second-harmonic
generation (SHG) waveguide lasers.
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The present paper shows epitaxial layers grown by liquid phase epitaxy of RbTiOPO4 doped with Yb®* on
substrates of RTP. The layers were grown on (0 0 1) plane, which contains the phase matching direction
for type-II second harmonic generation for the Yb>* emission wavelength range. The layer guides polar-
ized light parallel to c crystallographic direction. A 10 m-thickness epitaxial layer guides five modes
which had been observed by dark-mode spectrum. The measured losses were about 0.7 dB/cm.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

RbTiOPO4 (RTP) belongs to the KTiOPO4 (KTP) family of nonlin-
ear optical crystals which crystallize in the orthorhombic system,
with the non-centrosymmetric space group Pna2;. Both, KTP and
RTP are of interest due to its excellent nonlinear and thermo-
mechanical properties [1]. Due to its non-centrosymmetry, these
materials can be used for frequency doubling of lasers emitting
in the IR spectral range.

The doping of RTP and KTP with laser active ions, like lantha-
nides, is interesting for obtaining self-frequency doubling (SFD)
materials, offering the possibility to obtain compact and efficient
laser sources in the visible. Among all the lanthanide ions, Yb®* is
of great interest due to its emission at around a wavelength of
1 pm, having a very simple energy level scheme, consisting of only
two energy levels: the ground state 2F7/2 and the excited state 2F5/2.
The Yb®* ion is characterized by: low quantum defect, broad
absorption bandwidth, broad emission bandwidth, which allows
a wide tunability and generation of ultrashort lasers pulses, high
lifetime, and finally it is especially relevant for SFD, avoiding
absorption losses at the second harmonic generation (SHG) [2].

The maximum doping levels of Yb®" previously achieved in KTP
bulk crystals were not enough for laser operation. The distribution
coefficient of Yb®* in RTP is slightly higher than in KTP but not
enough for lasing [3].

Recently, it has been successfully demonstrated the laser action
in RTP codoped with Nb>* and Yb3* and the effective non-linearity

* Corresponding author. Tel.: +34 977559520; fax: +34 977559563.
E-mail address: magdalena.aguilo@urv.cat (M. Aguild).

0925-3467/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.optmat.2010.04.027

was presented too [4]. But the crystal growth of Yb:Nb:RTP bulk
single crystal shows some difficulties. The self-flux solution has a
high viscosity and the homogenization of the flux take a lot of time.
The crystals obtained show low quality, especially because cracks
appear due to the stress produced by the difference between the
ionic radius of the active ion and Ti cation constituent of the crystal
structure. In order to avoid the crystal growth difficulties in the
present work we grew epitaxial layer of RTP doped with Yb**
and Nb>* (Yb:Nb:RTP) on RTP substrates by liquid phase epitaxy
(LPE) method.

Moreover, the fabrication of planar waveguide structures based
on this nonlinear material, could lead to new applications for this
material in integrated optical devices; due to its improvement in
conversion efficiency (high optical power densities over long inter-
action optical path length) for nonlinear applications and also en-
able to use low power continuous wave pump lasers.

In this paper we will describe the growth of Yb:Nb:RTP epitaxial
layers on undoped isostructural substrates by LPE method. We
characterized the epilayers; measuring their refractive indices
and studying the propagation modes and losses. Finally, we evalu-
ate the fluorescence of the active ion in this new epitaxial nonlin-
ear optics composite.

2. Epitaxial layer growth

We grew epitaxial layers of RbTi;_,_,Yb,Nb,OPO4 on (00 1)
RbTiOPO,4 substrates. The non-active substrates were prepared by
cutting plates perpendicular to the crystallographic directions
from RTP single crystals. The a-b plane is interesting because con-
tains the non-critical phase matching (PM) type-II SHG directions
for ytterbium laser emission wavelength range (from 985 to
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1118 nm). So, mainly the substrates were cut parallel to the (00 1)
plane with the edges parallel to the a and b crystallographic
direction.

The epitaxial layers were grown by the liquid phase epitaxy
(LPE) method from self-flux solutions and fluxes containing
20 mol% of WOs. As starting chemicals Rb,CO3 (99%), NH4H,PO,4
(99%), TiO, (99.9%), WO3 (99.9%) were used. The procedure was
similar to that already reported by our group in relation with LPE
growth of several epitaxial layers [5-7].

The solution compositions were Rb,0-P,05-TiO,-Yb,03-
Nb,0s5 = 40.8-27.2-29.76-1.92-0.32 (% molar composition), in
the case of self-flux solutions and Rb,0-P,05-TiO,-Yb,03—
Nb,05-WO3 = 43.82-22.58-12.92-0.27-0.41-20 (% molar com-
position) for WOs containing solutions. Both compositions
located inside the RTP crystallization region [8]. The supersatu-
ration of the solution was produced by decreasing its tempera-
ture by 2 and 6 K below the saturation temperature, which is
around 1195 and 1133 K, respectively. In all the LPE experi-
ments, a rotation of 60 rpm was applied. The chemical compo-
sition of the epitaxies was determined by electron probe
microanalysis (EPMA) and resulted RbTi04971Yb0.015Nb040]4OP04
and RbTi0'977Yb0_004Nb0'0]3W0V0060PO4. The thickness of the as-
grown epitaxial layers was around 100 pum, measured by optical
microscope profilometer, taking into account substrate surface
as a reference.

waveguide

Fig. 1. Optical microscope photograph of lateral view of RbTigg71Yb0.015Nb00140PO4/
RbTiOPO4(0 0 1) epitaxy.

Table 1
Effective refractive indices calculated from the dark-mode spectrum.

1649
3. Modal characterization

After growing the epitaxies, they were polished to obtain opti-
cal flatness for characterization. The thickness of the epilayers after
polishing was 50 pm, as it can be seen in Fig. 1. RTP crystals are po-
sitive biaxial crystals, with n, <n, <n, (ns < n, <n.), point symme-
try mm2. The incorporation of the Nb>* ions in RTP structure
increases the refractive index of the layer as compared to the un-
doped RTP substrate generating waveguide effect. The refractive
indices of epitaxy as well as the ones of the substrate were mea-
sured using the total internal reflection angle law coupling the
light by a prism (Metricon prism coupler equipment). Table 1
shows the refractive indices measured for x, y and z optical direc-
tions of the epilayer in transverse electric (TE) and transverse mag-
netic (TM) polarization. The substrate/epilayer contrast of
refractive indices with light polarized in z direction, An, ~ 0.005,
was large enough for guiding the light in TM polarization. In RTP,
this polarization means that the electric field of the light is parallel
to c crystallographic direction. As can be observed in Table 1, the
samples containing W®" show a smaller increase of the effective
refractive index.

The visualization of the propagating modes requires the calcu-
lation of the convenient thickness to reduce their number. Using
the refractive indices measured before and the equation of disper-
sion for a wave propagating along the guide [9,10]:

1
nt—nd) = mu+ g, + by,

where m is the mode number, d the thickness of the epilayer, 4 the
wavelength of the light in vacuum and n, and n; are the air and the
substrate refractive indices, respectively, while n is the refractive
index of the guiding layer, in our case n = n,, and n.is the effective
refractive index of the propagation mode in the epilayer and

1

20 /2 _ 12\ ]2
n Mgy — 1
=arctg | — =
P & [(nj) (nz — Mg

where j = q, s, and

_ 1 for T™M
“ 10 for TE

Fig. 2 shows the calculated number of modes by the above
expressions, the five propagating modes related with a 10 pm-
thickness and their corresponding effective refractive indices.

To check these calculations, the sample was polished until
10 pm-thickness and a prism coupler system was used for record-
ing the dark-mode spectrum at 632.8 nm, using He-Ne laser beam

Layer composition Direction Polarization Substrate refractive Layer refractive Contrast refractive Mode Effective refractive

indices index indices An order indices
RbTig.971Ybo.015Nbg,0140PO4 My TE 1.7895 1.7872 0.0023 - -
n, TE 1.8015 1.8018 0.0004 - -

n, ™ 1.8898 1.8956 0.0058 0 1.8952

1 1.8946

2 1.8937

3 1.8922

4 1.8900
RbTio.077YD0.004aND0.013Wo.0060P0s 1y TE 1.7894 1.7885 0.0009 - -
n, TE 1.8013 1.8016 0.0003 - -

n, ™ 1.8884 1.8943 0.0059 0 1.8938

1 1.8932

2 1.8921

3 1.8907

4 1.8885
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thickness,d [um]

T T T T T T T T T T T
1,800 1,891 1,892 1,893 1,894 1,895
effective refractive index, nggf

Fig. 2. Epitaxial thickness, d, versus the effective refractive index, negs for
ns=1.8898, n,=1.8956 at 632.8 nm wavelength, for RbTigg71Ybo.015Nbo.0140P04/
RbTiOPO4(0 0 1) epitaxy.

as light source with TM polarization. In Fig. 3, we can observe five
sharp dips; each dip corresponds to a real propagation mode, in
good agreement with the previous calculations. Their sharpness
indicates a good confinement of the optical wave. Table 1 resumes
the order of the modes in TM polarization with their corresponding
effective refractive indices. They are larger than the refractive in-
dex of the substrates.

250

2004

150 ~

relative intensity of light [%]

100 T T g T T T T
1,900 1,895 1,890 1,885 1,880
effective refractive index, Netf

Fig. 3. TM-dark-mode spectrum for a 10 pm-thickness RbTig 971Yb.015Nb.0140PO04/
RbTiOPO4(0 0 1) epitaxy at 632.8 nm wavelength.

(a)

Fig. 4. Near field pattern of 10 pm-thickness RbTig 971Ybo.015Nbo.0140PO4/RbTiOPO4(0 0 1) waveguide, (a) m = 0 mode, (b) m = 1 mode.

The refractive index contrast assures guiding, so a crack-free
epitaxial layer was tested as a planar waveguide. The sample was
polished in both end-faces, and also, the surface epitaxial layer.
To visualize the TM modes of the RbTigg71Ybg.015Nb.0140PO4/
RTP(0 0 1) waveguide we recorded the near field pattern by a
CCD camera, using a He-Ne laser beam, coupled into, and out from
the waveguide using two microscope objectives. The propagation
direction along the waveguide was parallel to the b crystallo-
graphic direction. As an example, Fig. 4, shows the results obtained
by exciting different modes.

The propagation loss is of importance for evaluating the quality
of the waveguides; these losses are related to different factors such
as: surface and interface roughness, internal scattering. To measure
approximately the propagation losses we coupled a He-Ne laser
beam into the waveguide exciting the TMy mode and recorded
the intensity of the scattered light with a CCD camera. The mea-
sured light intensity measured is related with the propagation dis-
tance following the next equation [11]:

10logl(x) = 10log Iy — ox

where Iy is the initial power, I(x) is the transmitted power through
the waveguide at the distance x, and o represents the attenuation of
a guiding mode. The waveguide losses are evaluated assuming than
the scattered light intensity is proportional to the total light inten-
sity inside the waveguide. The loss is measured to be about
0.7 £ 0.3 dB/cm, this is a low value, demonstrating that we have a
good quality waveguide.

4. Ytterbium fluorescence in waveguide

Ytterbium spectroscopy in Nb:RTP host has been already stud-
ied deeply in Refs. [12-14]. In this host Yb3* can be located in
two different sites, with point symmetry C;, substituting the
Ti[1], and Ti[2] cations. It has been reported that Nb>* cation is ex-
pected to substitute the Ti[1], forcing the Yb>* to occupy the Ti[2]
site. On the other hand in Yb:RTP it has been observed that the Yb3*
can occupy both Ti sites. So the Nb/Ti ratio in the chemical compo-
sition of the host will govern the localization of active Yb®* ion in
this material [14].

Ti-sapphire laser can be used for selectively exciting of Yb**, in
the wavelength range from 875 to 960 nm [15]. Fig. 5 shows the
unpolarized spectra in the range from 930 to 1100 nm from an
Yb:Nb:RTP epitaxial layer grown in WO; containing solutions
(RbTi0_977Yb0V004Nb0.013W0'0060PO4) and from an Yb:Nb:RTP bulk
crystal (RbTig.956Ybo.011Nbo.031Wo0.0020P04). These emission spectra
were obtained by pumping at 902 nm, at room temperature. As can
be seen in the figure the epitaxial layer luminescence practically
maintains the shape and position of the emission peaks found in
the bulk crystal. The presence of the Nb>* in the epitaxial layer

(b)
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Fig. 5. Photoluminescence emission of Yb>* in RbTig.977Yb0.004Nbo.013Wo.0060P04/
RbTiOPO4(0 0 1) epitaxy, at room temperature.

and the similarity in the peaks positions points out to state that
Yb3* has to be mostly located in the Ti[2] site. Other small discrep-
ancies observed in the luminescence spectra of the epitaxial layer
and the bulk crystal such as different ratio of the peak intensities
and some broadening can be related to the existent stress in the
epitaxial layer due to non-null lattice mismatch. The luminescence
of the Yb:Nb:RTP waveguide shows that the waveguide practically
keeps the luminescence properties found in the bulk crystal, dem-
onstrating that this kind of waveguides could be used for active
integrated waveguide devices.

5. Conclusions

We reported the efficient guiding possibilities of the Yb:Nb:RTP
layers grown on non-active RTP(0 0 1) substrates by liquid phase
epitaxy method. The refractive index and modal characterization
reveals a relative high index contrast allowing the existence of five
excited modes in TM polarization in 10 pum thickness layer. Low
losses, 0.7 + 0.3 dB/cm, were evaluated in the TMgg (polarization
parallel to c crystallographic direction and propagation along b
direction) guided mode by a CCD camera. Their fluorescence

spectra showed no major differences with the bulk, showing that
Yb®* environment is nearly identical in the epitaxial layer and bulk
material. These novel Yb:Nb:RTP/RTP(0 0 1) epitaxial composites
appear as very promising materials for various components of laser
applications such as self-frequency doubling waveguide lasers or
second harmonic generation waveguide laser.
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Abstract

In this paper epitaxial layers of RbTiOPO, doped with Yb*" on substrates of RbTiOPO, have been grown by Liquid Phase
epitaxy on the (001) plane, which contains the phase matching direction for Type I Second Harmonic Generation for the Yb**
emission wavelength range. These layers can guide polarized light parallel to the ¢ crystallographic direction. A 5 um-thickness
epitaxial layer can guide 3 propagation modes as it has been observed by the dark-mode spectrum. The sample was polished in
both end-faces to visualize the TM modes of the waveguides. The near field pattern was recorded by a CCD camera, using a
green diode laser at a wavelength of 532 nm, coupled into, and out from the waveguide using two microscope objectives. The
demonstration of good guiding at a wavelength of 532 nm in Yb:Nb:RbTiOPO, waveguides is one of the important steps to
obtain Self Frequency Doubling laser waveguides.

(© 2010 Published by Elsevier Ltd.

Kewywords: single crystal growth; epitaxial growth, dielectric waveguides, optical waveguides, planar waveguide lasers.

1. Introduction

The efficiency of nonlinear-optical interactions in planar dielectric waveguides can be enhanced by a
combination of long interaction length and tight beam confinement usually not produced in bulk crystals [1, 2].
There has been a recent increase in compact short-wavelength light sources with the objective to obtain output
powers in the mW range based on diode lasers for applications in integrated optics [3, 4].

The crystals of the KTiOPO, (KTP) family have large nonlinear-optical susceptibilities and are sufficiently
birefringent to phase match a variety of interactions in the visible and near infrared spectral ranges [5]. RbTiOPO,
(RTP) belongs to this family of nonlinear-optical crystals and at room temperature, the crystal symmetry of RTP is
orthorhombic, and also belongs to the non-centrosymmetric space group Pna2;. RTP crystals are positive biaxial

’ Corresponding author. Tel.: +34- 977-559-520; Fax: +34-977-559-563
Email address: magdalena.aguilo@urv.cat

1875-3892 (© 2010 Published by Elsevier Ltd.
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crystals, with ny < ny < n, (n, < n, < n;) and point symmetry mm2. Due to their non-centrosymmetry and
nonlinearity, they can be used for frequency doubling of lasers that emit in the IR spectral range [6].

The doping of the RTP epitaxial layers with laser active ions is interesting for obtaining self-frequency doubling
(SFD) materials, offering the possibility to obtain compact and efficient laser sources in the visible. The Yb**
lanthanide ion is of great interest due to its emission at around 1 pm, having a very simple energy level scheme,
consisting of only two energy levels: the ground state %F,,, and the excited state *Fs,. The Yb*" ion has also some
interesting properties like its low quantum defect, broad absorption bandwidth, broad emission bandwidth and high
lifetime.

RTP can incorporate a higher Yb*" concentration than KTP but it is still too low for laser operation. It has
recently been shown that the concentration of Yb** in RTP can be increased by codoping with Nb** [7]. Lasing of
RTP co-doped with Nb°* and Yb** has been demonstrated [8]. The growth of Yb:Nb:RTP single crystals presents
some difficulties mainly associated with the low growth rate, the crystal morphology (plate shape) and the tendency
for cracks to appear [9].

To increase the optical paths as well as taking into account the advantages of guiding light, we grew epitaxial
composites of Yb:Nb:RTP / RTP (001) by the Liquid Phase Epitaxy (LPE) method. The epitaxial layers were grown
on the (001) crystallographic plane because this plane contains the phase matching direction and when the light is
propagating through this direction in the appropriate wavelength the Second Harmonic Generation can occur.

In this paper we describe the main characteristics of the epitaxial layer growth, as well as the ion concentration
measured by Electron Probe Microanalysis (EPMA) and the calculations of the lattice mismatches form the cell
parameters refined by X-ray diffraction. In this work we describe the waveguide characterization: refraction indices
measurements, dark-mode spectrum and calculations of the theoretical thickness required by the sample for
obtaining a determined number of propagation modes. With the aim to obtain epitaxial layers useful for Self
Frequency Doubling (SED) of the fundamental radiation of Yb*" at 1060 nm, as well as useful for Integrated
Photonics (IP) in the visible range, we need to study the guiding properties of these epitaxial layers at about 530 nm,
since this wavelength is half of 1060 nm, so we will show the main results in this direction.

2. Experimental

RbTi|.y YbyNb,OPO, epitaxial layers were grown on (001) RTP substrates. Single crystals were grown for
substrates using the Top Seeded Solution Growth (TSSG) method. The solution used to obtain single crystals
contained WO; because it helps to low the viscosity of the growth solution. Rb,CO; (99%), NHsH,PO4 (99%), TiO,
(99.9%) and WOs; (99.9%) were used as starting chemicals. The composition used was Rb,0-P,05-TiO,-WO; =
44.24-18.96-16.8-20 (mol %), which has already been shown by our group [10] to be optimum.

The substrates were prepared by cutting single crystals in slices perpendicular to the ¢ crystallographic direction
before they were used. This plane is important because it contains the non-critical phase matching (PM) type-I1 SHG
direction.

The epitaxial layers were grown by the LPE method in a special tubular furnace [11, 12, 13], build with better
isolation and longer tubular core than the furnaces used for single-crystal growth. In this way we obtained a wide
zone of uniform temperature so that the temperature gradient in solution was practically zero. The LPE experiments
were carried out from self-flux solutions and fluxes containing 20 mol % of WO;. The solution compositions were
Rb,0-P,05-Ti0,-Yb,03-Nb,O5 = 40.8-27.2-29.76-1.92-0.32 (mol %), in the case of self-flux solutions and Rb,O-
P,05-Ti0,-Yb,03-Nb,05-WO; = 43.82-22.58-12.92-0.27-0.41-20 (mol %) for WO; containing solutions. Both
compositions were chosen from the RTP crystallization region determined previously [10]. The supersaturation of
the solution was produced by decreasing its temperature by 2 and 6 K below the saturation temperature of the
solution. In both cases, a substrate rotation of 60 rpm was applied.
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With the aim to investigate the lattice parameters and calculate the lattice mismatch [12], some small RbTi..
yYbNb,OPO single crystals were obtained on a platinum disk, 1.5 cm in diameter, rotating at 60 rpm by slow
cooling of the solutions with the same composition than those used for LPE experiments. When nucleation was
observed on the platinum disk, a cooling program of 0.5 — 1 K/h for 10-25 K was applied to grow the crystals.

The chemical composition of the samples was determined by EPMA with a CAMECA SX 50 equipment. The
measurements were performed at 15 nA of beam current and 20 kV of acceleration voltage. The X-ray pattern of the
sample was compared with that of standard samples, which contains known concentrations of the elements to be
analyzed. RTP was used as a standard for the determination of Rb, Ti and P. Nb metal was used for determining the
Nb concentration and YbF; for Yb measurements. In the measurements an integration time of 10 s for oxygen,
rubidium, titanium and phosphorus, and for 30 s for measuring ytterbium was applied.

The lattice parameters of the epitaxial layers and crystals used for substrates were determined by X- ray powder
diffraction using a Bruker- AXS D8-Discover diffractometer. Cu K, radiation was used for these measurements. The
data were collected in the 20 range from 5 to 70°, with a step scan of 0.02° and a scan time of 16 s.

The refractive indices of the crystals and the epitaxial layers were measured at a wavelength of 532 nm by the
prism-film coupling technique using a METRICON 2010 system. The TE light polarization allowed the n, and ny
refractive indices measurements while the TM light polarization was used to determine the n, refractive index. We
also used the prism-film coupling system to observe the TM guided modes, supported by our waveguides and
recording the dark-mode spectrum.

3. Results and discussion

To grow bulk single crystals for substrates the crucible was placed into the furnace in a region where the axial
temperature gradient in the solution was 1.3 K-cm™ at the first centimeter and 0.8 K-cm™ at the next 1.5 cm, being
the bottom hotter than the surface of the solution. The RTP bulk single crystals obtained were generally colorless,
transparent and free of inclusions and cracks. Their maximum dimensions were 9.2, 26.0 and 21.9 mm along the a, b
and c crystallographic directions, respectively. The crystals were then cut in plates of dimensions 4.2-10.3, 12-19.3
and 1.5 mm along the a, b and ¢ crystallographic directions, respectively, to be used for substrates. All the substrates
were cut perpendicular to the ¢ crystallographic direction to obtain the a-b plane which is interesting for obtaining
birrefringent phase matching. The plates were polished to optical quality in order to avoid defects into the epitaxial
growth which could generate scattering centers.

Generally, the epitaxial layers were grown with high crystalline quality and they were as large as 16 mm. The
chemical composition of these epitaxies, determined by EPMA, is RbTigg7;Ybg15Nbgo14OPOs4 and
RbTig.977Y b0 004Nbo.013Wo.0060PO4. The Yb** concentration of the first sample is around 10%° atoms-cm® which may
be enough for laser demonstration [8]. The second one is around 10" atoms-cm®, this concentration of active ions
may not be enough for efficient lasing, though this would need to be checked.

The small single crystals of RbTigg7;Ybg015Nbgo1sOPO4 and RbTiOPO4 were used to determine the unit cell
parameters from the X-ray powder diffraction data. The results are shown in table 1. We can see that the presence of
Yb** and Nb*" in the crystal structure leads to an increase in the lattice parameters. An explanation for the expansion
of the unit cell is that Yb*" and Nb>* have larger ionic radii than Ti*" [14]. The lattice mismatch between the layer
and the substrate is important for the quality of the layer/substrate interface. High mismatches produce stress at the
interface and favors the formation of defects. Taking into account the difference in the unit cell parameters between
RbTig.971 Ybo.015Nbg 0140PO4 and RbTiOPO,, we calculate the lattice mismatch from the expression

Tty =100 % (8 Uayer) = S(substrate)) | Sy (substrate)
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where Spy (layer) and Sy (substrate) are the areas obtained from the (hkl) periodicity vectors of the layer and the
substrate, respectively. According this formula the lattice mismatch is 0.473 which is relatively low compared to
those we obtained for other materials [12].

Table 1. Unit cell parameters

Stoichiometric
Formula a (A) b (A) ¢ (A)
RbTiOPO, 12.9650(5) 6.5007(3) 10.5576(4)
RbTig.971 Ybg015Nbg011OPO4 12.9933(2) 6.5150(6) 10.5852(8)

The refractive indices of the epitaxy as well as those of the substrate were measured using the total internal
reflection law coupling the light with a prism (Metricon prism coupler equipment) for a wavelength of 532 nm.
Table 2 shows the refractive indices measured for x, y and z optical directions of the epilayer in transverse electric
(TE) and transverse magnetic (TM) polarization. The substrate/epilayer contrast of refractive indices with light
polarization in z direction was An, ~ 0.006 for both samples. This contrast was large enough for guiding the light in

TM polarization.
Table 2. Refractive indices of the epitaxial layers and the substrates
Sampl Stoichiometric n n n

ample Formula X Y “
Layer RbTi0.971Yb0.015Nb0.0110PO4 1.7872 1.8018 1.8956

Substrate RbTiOPO, 1.7895 1.8015 1.8898
Layer RbTio_g77Yb0.004Nb0_013W0_0060PO4 1.7885 1.8016 1.8944

Substrate RbTiOPO, 1.7894 1.8013 1.8884

We calculated theoretically the thickness required to the sample to obtain 3 propagation modes, with TM
polarization, and oscillating along the ¢ crystallographic direction. The epitaxial thickness, d, versus the effective
index, 7, calculations are shown in Figure 1 (left). As can be seen in the figure, an epitaxial layer with 5 pm of
thickness can support 3 propagation modes. So, the sample was polished to a thickness 5 pum, and then the TM dark-
mode spectrum was realized recorded. The TM dark-mode spectrum is shown in Figure 1 (right), where we can see
the propagation modes of order 0, 1 and 2.

10
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Figure 1. (Left) Epitaxial thickness versus the effective refractive index, n, for n, = 1.889 and and n, = 1.895 at a wavelength of
532 nm, where n, n, and n. are substrate, epitaxial layer and effective refractive indices along the ¢ crystallographic direction,
respectively. (Right) TM dark-mode spectrum of a 5 pm thickness Yb:Nb:RTP epitaxial film using the Metricon prism coupling
system.



UNIVERSITAT ROVIRA I VIRGILI

FABRICATION AND CHARACTERIZATION OF WAVEGUIDES ON RBTIOPO4 CRYSTALS FOR PHOTONIC APPLICATIONS
Jaume Cugat Mulet

Diposit Legal:

140

T.1024-2013

J. Cugat et al. / Physics Procedia 8 (2010) 136—141

The sample was polished in both end-faces to visualize the TM modes of the RbTig g7, Ybg 015Nbg014OPO4 / RTP
(001) waveguides. We recorded the near field pattern by a CCD camera, using a green diode laser at a wavelength of
532 nm, coupled into, and out from the waveguide using two microscope objectives. The propagation direction
along the waveguide was parallel to the b crystallographic direction.

BN BN 0N

TMOO TMOI TMOZ

Figure 2. Propagation modes order 0, 1 and 2 obtained with coupling light of 532 nm at the input and output ends of the
waveguide with microscope objectives (40x and 60x, respectively).

Since the contrast of refractive indices in the epitaxial layer grown from WO; containing solutions was
practically the same than in samples grown from self-flux solutions, both samples shows 3 propagation modes in 5
pum of epitaxial layer at 532 nm as it was expected.

4. Conclusions

We have successfully grown active epitaxial layers of RTP doped with Nb*>* and Yb*" with high refractive index
contrast on RTP substrates. The chemical composition of the epitaxial composites was RbTig.97;Ybg.015Nbg.14OPO4
and RbTig977Ybg004Nbo 013 Wo.0060PO, for self-flux and WO, flux, respectively. The dark-mode spectrum at a
wavelength of 532 nm was obtained successfully showing 3 propagation modes. The propagation modes were also
observed by end-face coupling the laser at 532 nm. We believe that RbTig71 Ybo,015Nbg 014OPO4/RTP epitaxial layer
has active ion concentration high enough to allow efficient waveguide laser generation.
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Efficient Type II phase-matching
second-harmonic generation in
Ba:Yb:Nb:RbTiOPO,/RbTiOPO, waveguides
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Efficient Type II phase-matching second-harmonic generation of a 1125nm fundamental beam has been obtained
using Ba:Yb:Nb:RbTiOPO,/RbTiOPO, waveguides grown by liquid phase epitaxy. The refractive indices of the epi-
taxial layer have been measured at different wavelengths, and the Sellmeier coefficients of the chromatic dispersion
curves have been obtained. The phase-matching curve shows that the Ba** doping in RbTiOPO, contributes to in-
crease the phase-matching range until 900 nm. The measured effective refractive indices of the propagation modes

agree well with the theoretical calculations.
OCIS codes: 190.0190, 310.0310, 230.0230.

Rubidium titanyl phosphate, RbTiOPO, (RTP), is a non-
linear optical crystal that belongs to the KTiOPO, (KTP)
family. It crystallizes in the orthorhombic space group
Pna2; [1]. This biaxial crystal has high nonlinear optical
and electro-optical coefficients, which make it particu-
larly useful for frequency doubling IR laser radiation to
obtain visible laser radiation [2]. More importantly, RTP
presents a high surface damage threshold (9.0 x
10° MW/m?) and a large temperature matching band-
width (50 K/cm), which make this material especially
suitable for high power laser applications [3]. The incor-
poration of laser active ions, such as lanthanide (Ln3")
ions, into the RTP structure is interesting for obtaining
both emission and frequency doubling (self-frequency
doubling) in the same crystal. By codoping with Nb°*,
the Ln?* concentration in these crystals has been demon-
strated to be high enough for laser emission [4].

Of all the lanthanide ions, Yb3* is of particular interest
for emission at ~1 ym and because it has a simple energy
level scheme of only two energy levels, high absorption
and emission cross sections, a low quantum defect, an
absence of excited state absorption, and a long lifetime.

Thus, epitaxial layers of Yb:Nb:RTP/RTP are interest-
ing for fabricating compact and efficient laser sources in
the IR and visible spectral regions by combining the emis-
sion (with large optical paths) and second-harmonic
generation (SHG) processes with the waveguide struc-
ture that could be used in guided high power lasers. In
a previous study, we probed the guiding of 532 and
632.8nm laser radiation with TM polarization through
RbTi, ., Yb,Nb,OPO,/RbTiOPO, epitaxial layers, but
the refractive index step along the y principal optical di-
rection between the epilayer and the substrate was not
large enough to allow guiding of the light in the TE
polarization [5].

The aim of this study is to obtain RTP epitaxial layers
doped with Yb?* and a contrast of refractive indices be-
tween the epilayer and the substrate high enough to
allow the confinement of light in the TM and TE polariza-
tions. According to the literature, introducing Ba>* ions

0146-9592/11/101881-03$15.00/0
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into the KTP structure increases the refractive indices of
the crystal [6]. Thus, we investigated the effect of Ba®* in
epitaxial layers of Yb:Nb:RTP/RTP grown by liquid phase
epitaxy (LPE). We measured the refractive indices of the
substrate and the epilayer to predict theoretically the
number of modes in the TE and TM polarizations that
could be guided depending on the thickness of the epi-
layer. We found that the measured effective refractive in-
dices of the modes agreed well with our calculations.
Finally, we studied the second-harmonic radiation gener-
ated by Type II birefringent phase-matching (PM) that
was guided in these structures.

We used solutions containing WO; to grow Rby,
Ba,Ti,..Yb,Nb,OPO, epitaxial layers by the LPE meth-
od. The solution composition was BaO-Rb,O0-P;05—
TiO5—NbyO5-Yby,03—WO3 = 0.88—-43.02-23.61-20.70-0.45
-1.35-10.00 (mol. %) and its weight was about 80 g. The
thermal gradients in the solution were practically zero.

After the solution had been homogenized, we accu-
rately determined its saturation temperature (7) and
also studied the kinetics of the growth/dissolution at tem-
peratures slightly above/below of the T (T, = 1135K).
The substrates were 1.5 mm thick plates parallel to the
(001) plane and were cut from RTP single crystals and
polished down to an rms of 50-60 nm [7]. The (001) plane
is of particular interest because it contains the direction
of the Type II birefringent PM (~1 ym), which includes
the Yb?* wavelength emission. The substrates, pre-
viously cleaned [8], were slowly introduced into the fur-
nace to avoid thermal stresses and heated for about 1h
slightly above the solution surface. After that, they were
dipped into the solution at a temperature of 1 K above the
T, to dissolve their surface slightly for 5 min. The next
step was to decrease the temperature of the solution
by 8K below T to grow the epilayer for 5h. During the
whole process, the substrate was rotated at 60 rpm. Final-
ly, the substrate and the epilayer were removed from the
solution and kept at a few millimeters above the surface
of the solution, while the furnace was slowly cooled
(15K/h) to room temperature to avoid thermal stresses.

© 2011 Optical Society of America
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Table 1. Refractive Indices of the Ba:Yb:Nb:RTP/
RTP Waveguide
Refractive Indices of the Epilayer
Wavelength (nm) N, n, n,
532.0 1.805 1.822 1.921
632.8 1.788 1.802 1.896
770.0 1.776 1.787 1.875
780.4 1.775 1.788 1.873
790.0 1.774 1.786 1.873
820.4 1.772 1.786 1.869
840.9 1.771 1.785 1.867
971.0 1.766 1.779 1.861
980.6 1.765 1.777 1.862
989.2 1.765 1.776 1.861
1526.5 1.755 1.767 1.845
Refractive Indices of the Substrate
632.8 1.789 1.801 1.888

The grown epitaxial layers show good optical quality
and the average growth rate was 8.3 yum/h. The epilayer
used for optical characterization had a thickness
of 52 ym.

The chemical composition of the epitaxial layers, de-
termined by electron probe microanalysis (EPMA), was
RbTi0‘973Yb0.009NbO'OISOPO4. The Baz+ concentration in
the epitaxial layer was lower than the detection limit
of this ion by EPMA. However, this ion was present in
the epitaxial layers, since their refractive indices chan-
ged, as described below. The low level of Ba?* incorpora-
tion in the RTP structure could be explained by the
different ionic charge of the Ba?* and Rb* ions and
the different ionic radii of these two ions [9].

The refractive indices of the epitaxial layers and the
substrates, as a function of the wavelength, were mea-
sured by the total internal reflection angle law. The light
was coupled with a prism (Metricon prism coupler) using
several laser sources. To optimize the coupling process,
the epilayer was polished down to a thickness of 50 ym.
The refractive indices obtained for the RbTig75Ybg o9
Nby 0;sOPO, epitaxial layer with Ba?>* traces and those
of the substrate at 632.8 nm are summarized in Table 1.
The refractive indices of the epilayer are higher than
those of the substrate along the ¥y and z directions, indi-
cating that this layer could support TM and TE propaga-
tion modes.

From these refractive indices, we calculated the
Sellmeier dispersion curves for these epilayers according
to the expressions [10]

where 17 = x, y, and z.

320 =
] Nef TEO Neff TEO1 E/lb
— 300 -
35
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.g 240+
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'© 2204
200
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1,809 1,806 1,803 1,800 1,797 1,794 1,791
effective refractive index, neff
Fig. 1. Dark mode spectrum with TE polarization in a 10 um

Ba:Yb:Nb:RTP/RTP epitaxial layer at 632.8 nm.

The Sellmeier coefficients obtained are listed in
Table 2. According to Type I SHG, TM and TE fundamen-
tal IR modes should propagate into the layer and TE
second-harmonic modes should be generated. The PM
condition for SHG is: 1/2[nrg(Apm) + 7rm(Apm)] — 1R
(Apm/2) = 0, where 71y (Aym) and 1py (Apy) are the effec-
tive refractive indices for the TE and TM propagation
modes at the phase-matching wavelength (4,,,,), respec-
tively, and nrg (A /2) is the effective refractive index for
the TE guided mode at the second-harmonic wavelength
(lpm/2) [L1].

To check PM conditions, and demonstrate the propaga-
tion of the TM and TE modes in the waveguide, we
polished the epitaxial layer down to 10um thickness.
Figure 1 shows the dark mode spectrum in the TE polar-
ization (electric field of the incident light parallel to the b
crystallographic direction) obtained by the prism—film
coupling technique, where only one propagation mode
is observed. If the electric field of the incident light is par-
allel to the ¢ crystallographic direction (TM polarization),
we could observe five propagation modes into the 10 ym
thickness epilayer. It is interesting to have only one TE
propagation mode and a reduced number of TM propaga-
tion modes into the epilayer to have a better coupling
among them and obtain a more efficient SHG process [12].

The Type II PM curves in the a—b plane were obtained
from the Sellmeier equations calculated for these epi-
layers, together with the phase-matching condition and
taking into account the Fresnel equation for biaxial crys-
tals. The expression obtained was

2 1

S S S—"
sin*(g) cos?(p) | sin’(p)
n2(20) 2w T )

cos?(p)
7 (20)

where ¢ is the angle of light propagation into the wave-
guide in the a-b plane, and n,, n,, and n, are the

Table 2. Sellmeier Coefficients Obtained by Fitting the Chromatic Dispersion Curves to Eq. (1)

A B C (nm) D E (nm) p q
N, 2.3718 0.6979 0.2494 1.2900 13.0012 2.0012 1.9412
Ny 2.4081 0.7112 0.2481 0.8041 10.56332 2.0091 1.8981
n, 2.3412 1.0592 0.2521 0.6771 10.1721 2.0112 1.8001
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Fig. 2. Calculated phase-matching curve for Type Il SHG in the
Ba:Yb:Nb:RTP/RTP epitaxial layer.

Wavelength [nm]

refractive indices with the electric field parallel to the a,
b, and c crystallographic directions, respectively. Figure 2
shows the phase-matching curve for Type II PM SHG cal-
culated from these equations. From this figure we can
observe that the range of wavelengths for which Type
IT PM can be obtained in these samples is larger than
in undoped RTP [10] and the SHG wavelengths extend
toward the blue region.

To investigate the single-pass Type II PM SHG, we po-
lished the faces perpendicular to the a crystallographic
direction. We used a tunable OPO source to obtain radia-
tion with the wavelength required to obtain maximum
efficiency of SHG for propagation along the crystallo-
graphic a direction. This light was coupled into the
waveguide using a microscope objective. The waveguide
length was 1.1cm. An achromatic half-wave plate was
placed between the laser source and the sample at an an-
gle of 22.5° to ensure Type II SHG. The guided green light
obtained by SHG was observed with a CCD camera and is
shown in Fig. 3, which also shows the wavelength spec-
trum in the inset. The most efficient SHG was obtained
for a fundamental wavelength of the IR light coupled to
the epilayer of 1125nm, with 0.008 mJ per pulse (10ns
per pulse), a little above the theoretical value but close
to it, whereas the second-harmonic radiation generated
was in the green region (562.5nm) (see inset in Fig. 3).
After filtering the output radiation with an IR filter, we
measured the second-harmonic power with a power-
meter. The efficiency of Type II PM SHG, calculated
using the expression n = Py, /P, was 0.69.

To summarize, we have shown a highly efficient meth-
od of obtaining Type II PM SHG on Ba:Yb:Nb:RTP/RTP
waveguides. When the epitaxial layer was codoped with
Ba2*, we obtained TM and TE polarization modes con-
fined in the waveguide, which is essential for Type II
PM SHG interactions. The PM curve calculated from the
Sellmeier equations obtained for these epilayers showed
that the wavelengths that can be doubled ranged from
900 to 1125nm, a range that includes the Yb3t emission
in these materials. We could confirm experimentally the

May 15, 2011 / Vol. 36, No. 10 / OPTICS LETTERS 1883

562.5 nm

o}
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Fig. 3. Type II SHG in a Ba:Yb:Nb:RTP/RTP epitaxial layer
with the fundamental radiation of 1125nm and second-
harmonic radiation of 562.5nm. Inset, wavelength spectrum
with maximum at 562.5 nm.

upper limit of this curve, indicating that self-frequency
doubling could be obtained in these epilayers in the
future.
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In this paper, epitaxial layers of Rb,,Ba,Ti.,,Yby
Nb,OPO, have been successfully grown on (001) ori-
ented RbTiOPO, substrates. Although the Ba>" contents
in these layers was very low, the contrasts in refractive
indices between the epitaxial layer and the substrate were
high enough to allow the propagation of one TE and
three TM modes, at the wavelength of 632.8 nm, using a
5 um thickness epilayer. These light propagation modes
were first simulated, using the refractive indices of the

1 Introduction  Rubidium titanyl  phosphate,
RbTiOPO, (RTP), is an orthorhombic biaxial nonlinear op-
tical crystal which has high nonlinear optical and elec-
trooptical coefficients [1]. Belongs to the non-centro-
symmetric space group Pna2,. Due to these properties, this
crystal is very interesting for frequency doubling (Second
Harmonic Generation, SHG) of the fundamental radiation
at around 1 pm in the infrared spectral region. The doping
of RTP with laser active ions as Ln*" (lanthanides) ions is
accompanied by a low concentration of the doping ion.
This concentration can be increased by codoping with Nb**
[2]. Among the Ln®" ions, Yb** has special interest due to
its emission at around 1 um and its simple energy level
scheme, with only two energy levels: the fundamental *F,
and an excited state *Fs,,. Other interesting properties of
Yb*" are their broad absorption and emission bandwidths,
low quantum defect, long lifetime and absence of excited
state absorption. Laser action of Yb:Nb:RTP single crystal
has already been demonstrated [3]. Epitaxial layers have
some advantages over single crystals as their higher heat
removal efficiency and the waveguide structure [4]. If the
epitaxial layers of a nonlinear optical material contain Yb**
ions in a concentration level high enough high for lasing,

layer and the substrate measured previously. The TE and
TM dark-mode spectra obtained experimentally, using
the prism coupler method and a He-Ne laser beam, agree
well with the simulation results. Finally, type II Second
Harmonic Generation experiments were carried out with
pumping at 1130 nm and obtaining green light at 565 nm.
The experimental efficiency in the Second Harmonic
Generation experiments was of 69 %/mWcm?.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the self-doubling process can occur in the crystal and it is
possible to guide the light along the waveguide when the
contrast in refractive indices between the epilayer and the
substrate is suitable. In this way, it is possible to obtain ef-
ficient and compact laser sources in the visible region.

In a previous work, we have shown that
Yb:Nb:RTP/RTP epilayers can guide the light at 532 and
632.8 nm only in TM polarization, but not in TE polariza-
tion [5]. This is due to the small contrast of refractive indi-
ces between the epilayer and the substrate. The incorpora-
tion of Ba*" ions in the KTiOPO, (KTP) structure produces
an increasing of the refractive indices [6] which can be
enough to guide the light both in TM and TE polarizations.

In this work, we grow Ba:Yb:Nb:RTP epitaxial layers
on RTP substrates with the aim to obtain enough contrast
of refractive indices between the epilayer and the substrate
to guide the light in TM and TE polarizations. The contrast
of refractive indices between the epilayer and the substrate
is measured and the dark-mode spectrum obtained.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2 Experimental details

21 Liquid phase epitaxy (LPE) The
Rb,..Ba,Tiy,Yby,Nb,OPO, epitaxial layers on (001) ori-
ented RTP substrates were grown by the Liquid Phase Epi-
taxial (LPE) method. The substrates were obtained by cut-
ting and polishing slices parallel to the (001) plane, from a
RTP single crystal obtained as it is explained in Ref. [5].
Figure 1 shows a RTP single crystal, a scheme of the cut-
ting process and an as-grown epitaxy. The epitaxial growth
was carried out in a vertical furnace with a wide zone
where the temperature differences were practically null.
Figure 2 shows a scheme of this furnace. The solvent used
contained WOj3 and an excess of Rb,O and P,Os. The WO;
has been introduced in the solution to decrease its viscosity
and thus favors the crystal growth [6].

The chemicals used were BaO, Rb,CO;, NH,H,PO,,
TiO,, Yb,03, Nb,Os and WOs;. The basical solution com-
position was Rb,O/P,05 = 65/35 (molar ratio), (Rb,O +
P,05)/TiO, = 75/25 (molar ratio), and 10 mol % of WOs;.
The substitution was carried out by replacing 2 mol % of
Rb,0O by BaO, 2 mol % of TiO, by Nb,Os and 6 mol % of
TiO, by Yb,0;. The solution weighted about 80 g and was
prepared in a Pt cylindrical crucible, 30 mm in diameter.
The saturation temperature of the solution was determined
accurately by measuring the growth/dissolution rates, de-
pending on the temperature, of an RTP seed in contact with
the surface of the solution and rotating at 40 rpm. Informa-
tion about the rates of growth/dissolution at temperatures
slightly lower/higher than the saturation temperature was
also obtained.

Figure 1 As-grown RTP single crystal, scheme of the cutting
process and as-grown epitaxy.

The substrates, with typical dimensions 10.2 mm, 18.1
mm and 1.5 mm along the a, b and ¢ crystallographic di-
rections, respectively, were cleaned as it is detailed in Ref.
[5]. After that, they were slowly introduced in the furnace
to avoid thermal stresses and hold for 1 h above the solu-
tion surface. The substrate was introduced into the solution
and maintained at 1 K above the saturation temperature for
5 min to dissolve the outer part of it. After that, the tem-
perature of the solution was decreased to 8 K below the

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

saturation temperature and the epilayer grew for 5 h. Dur-
ing all the process the substrate rotated at 40 rpm.

The composition of the epitaxial layer was measured
by Electron Probe Microanalysis (EPMA) using a
CAMECA SX 50 equipment. The standard used to
measure Rb, Ti and P was an RTP single crystal, while the
standards used to measure Nb and Yb were Nb metal and
YbF;, respectively.

1. Ft crucihle

2. Growth solution

3. Growth systerm

11 4. Crucible base

5. Control thermocouple

6. & huraina cyhinder

7. Top of the firmace

8. &lurnina insulator

9. Internal aluwrning cylinder
10. Resistance heating coil
11, Stesl cover

Figure 2 Scheme of the furnace used for LPE growth.

2.2 Optical characterization After growing the epi-
taxies, they were polished to obtain flat samples for char-
acterization. The prism coupler system was used to record
the refractive indices as well as the dark-mode spectrum at
632.8 nm using a He-Ne laser beam as the light source.
The TM polarization was used for determining the refrac-
tive index along the ¢ crystallographic direction (n,) and
the TM-dark-mode spectrum. On the other hand, TE po-
larization was used for determining the refractive indices
along a and b crystallographic directions (n and ny, re-
spectively) and also the TE-dark-mode spectrum.

The effective index method was used to simulation the
propagation modes. This simulation was carried out with
OlymplO software [7], using the refractive indices of the
epitaxial layer and the substrate measured previously with
the prism coupler system at 632.8 nm. We simulated a 5
um thickness planar waveguide at 632 nm for TM and TE
polarizations. After making the simulations we polished
the epitaxial layer until Sum for to obtain the TM and
TE-dark-mode spectrum.

In order to investigate the single pass type-II SHG,
light from a longitudinal-mode pulsed OPO laser was cou-
pled into the waveguide using microscope objectives. To
ensure type-II SHG, an achromatic half-plate was set to
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22.5° and placed between the laser source and the sample.
In this way the TM and TE modes were excited simultane-
ously. An approximate efficiency was measured by putting
a filter which cut the visible after the waveguide and using
the formula [9]:

(P20 Po
n= 2 127)
P,L

where p,, is the second harmonic power, p, is the funda-
mental power and L is the waveguide length.

3 Results and discussion

3.1 Liquid Phase Epitaxy (LPE) The epitaxial lay-
ers obtained were generally transparent and colourless. The
average growth rate of these epitaxial layers was about 8
pm/h. The crystal composition, obtained by EPMA, was
RbTig973Ybg 0oNbg 01sOPO,. The Ba’" concentration in the
epilayer was lower than the detection limit of EPMA. This
low concentration can be due to the different ionic radii of
Rb" and Ba®* [10]. In any case, the presence of Ba®" ions in
the crystals, even at the level of traces, can be significant
for changing the refractive indices and allow the
waveguiding with two different polarizations.
After growing the epitaxial layer, this was polished until
50 um thickness for measuring the refractive indices of
this material. The refractive indices are shown in Table 1.

Table 1 Refractive indices of the Ba:Yb:Nb:RbTiOPO,/
RbTiOPOy at a wavelength of 632.8 nm.

Material ny n, n,
Epitaxial layer  1.788 1.802 1.896
Substrate 1.789 1.801 1.888

Table 1 shows that the light polarized along the y and z
optical directions can be guided through the epilayer due to
the positive refractive indices contrast. Otherwise the light
polarized along the x optical direction cannot be guided
through the epilayer due to the negative refractive index
contrast.

The simulations have been carried out using the refrac-
tive indices shown in Table 1, measured on a 5 pum thick-
ness epitaxial layer, at wavelength of 632 nm. The results
were one TE mode (light polarization along the y direction)
and three TM modes (light polarization along the z direc-

WWW.pss-c.com

tion). Figures 3 and 4 show the simulation pictures of TE
and TMy, propagation modes, respectively.

Figure 3 Simulation picture of the the

Ba:Yb:Nb:RbTiOPO, / RbTiOPO,.

TEOO of

X [pm]

Figure 4 Simulation picture of the the

Ba:Yb:Nb:RbTiOPO, / RbTiOPO,.

TM02 of

Figure 5 shows the TE-dark-mode spectrum of the epi-
taxial layer studied. According to the simulation, it con-
tains the TEy mode and its effective refractive index is
1.8026. On the other hand, Fig. 6 shows the TM-dark-
mode spectrum of the same sample. There are three propa-
gation modes with effective refraction indices:
Ileff(TM()o)zl 896, neff(TMm):l .893 and ﬁnally
ner(TMg2)=1.890. The agreement between the experimen-
tal and simulation values is as low as 0.1 %.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The end faces of the waveguide were polished in order
to end-couple efficiently the laser light. We polished the
(100) end-faces for light propagation along the a crystallo-
graphic direction, since in this waveguide the TE and TM
polarizations only could be stimulated simultaneous in this
configuration.

Type II Second Harmonic Generation experiments were
carried out with the tunable OPO as a waveguide pump, we
could prove the efficient conversion of the pump at 1130
nm obtaining green light at 565 nm with 69 %/mWem® of
efficiency.

4 Conclusions

We reported the efficient guiding possibilities of the
Ba:Yb:Nb:RTP layers grown on non-active RTP (001)
substrates by the Liquid Phase Epitaxial method. The re-
fractive indices measurements reveal a relative high ref-
fractive indices contrast. In fact, the modal simulation as
well as the TE and TM dark-mode spectra reveals the exis-

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

tence of one and three propagation modes for TE and TM
polarizations, respectively, at a wavelength of 632.8 nm.
On the other hand the Type II Second Harmonic Genera-
tion experiments in the waveguide show an efficiency of
69 %/mWem?, showing that these composites are able to
converse the fundamental infrared emission of Yb*" with
high efficiency.
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Femtosecond-Laser Microstructuring of Ribs on
Active (Yb,Nb):RTP/RTP Planar Waveguides

J. Cugat, A. Ruiz de la Cruz, R. Solé, A. Ferrer, J. J. Carvajal, X. Mateos, J. Massons, J. Solis, G. Lifante,
F. Diaz, and M. Aguil6

Abstract—We have produced rib waveguides by fem- coefficients and low dielectric constants making them attrac-

tosecond-laser structuring of active (Yb,Nb):RbTiOPO,/Rb-
TiOPO, epitaxial layers. The ribs were produced by the approx-
imation scanning technique combined with beam multiplexing.
The so-obtained waveguides are trapezoidal in shape and show
propagation losses with an upper bound of ~4 dB/cm. A simula-
tion of the rib waveguides with real geometry parameters reveals
high levels of light confinement at 632 and 972 nm. The near-field
patterns of the fundamental modes have been obtained by exciting
the waveguides at wavelengths of 632 and 972 nm. Micro-Raman
spectroscopy study reveals that the damage to the crystalline
structure in the rib boundaries, showing no amorphization traces,
is around 3 p:m in length and depth, which is significantly shorter
than the total width of the ribs.

Index Terms—Femtosecond-laser microstructuring, nonlinear
optical crystals, waveguides.

I. INTRODUCTION

bTiOPO, (RTP) belongs to the KTiOPO4 (KTP) family

of nonlinear optical crystals. It crystallizes in the or-
thorhombic space group Pna2; [1]. Because of its non-linear
optical properties, RTP can be used for frequency doubling the
light emitted by Yb and Nd lasers with a wavelength close to
1 pm [2]. RTP can also be doped with active ions to obtain a
self-frequency doubling (SFD) material, which can be useful
for compact and efficient laser sources in the visible range. KTP
family of non-linear optical crystals has large electro-optical
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tive for such electro-optical applications as modulators and Q
switches [3]. These interesting properties make RTP a good
candidate as a base material for integrated photonics.

Among other possible active ions, Yb*t was chosen for this
study because it has several advantages. Its ionic radius is much
closer to the radius of Ti*T than the ionic radius of the other
Ln®* ions, which produces a higher distribution coefficient of
Yb?* in the crystals of the KTP family [4]. The emission wave-
length of Yb37 is similar to that of Nd** in the region close
to 1 pm, but its energy scheme is simpler. It has only two en-
ergy levels: the ground state *F7/» and the exited state *Fs 5.
This prevents some effects that reduce the laser efficiency, for
instance, excited-state absorption, cross-relaxation, and upcon-
version. On the other hand, the similarity between the pumping
and the laser wavelength means that there is a small quantum
defect that reduces the thermal loading of the crystals during
laser operation [5]. Yb®T also has no absorption losses at the
second harmonic generation (SHG) frequency, which makes it
particularly suitable for SFD [6].

The maximum doping levels of Yb®* previously achieved
in KTP bulk crystals are not enough for laser operation. The
distribution coefficient of Yb>* in single-doped RTP is slightly
higher than in KTP but not enough for lasing [4]. The codoping
of RTP with Yb**+ and Nb>* significantly increases the distribu-
tion coefficient of Yb** in RTP [7]. Thus, the content of Yb3+
in RTP was high enough to successfully obtain laser emission
in these crystals [8].

In order to avoid the difficulties of growing bulk
(Yb,Nb):RTP crystals, which are often of low quality [9],
and to increase the optical path, (Yb,Nb):RTP planar waveg-
uides were grown on RTP substrates by the liquid phase epitaxy
(LPE) method [10]. In these samples efficient type 11 SHG has
already been reported [11].

For the fabrication of nonlinear optical waveguides, ion-in-
corporation techniques such as ion implantation [12] and ion
diffusion have been applied [3]. Other techniques such as LPE
[10], molecular beam epitaxy [13], chemical vapor deposition,
and pulsed laser deposition [14] have also been widely used
to obtain optical waveguides. Subsequent structuring methods
such as ion milling [15] reactive ion etching, [16], and laser
structuring, [17] are also available.

Microstructuring the surface by femtosecond-laser (fs-laser)
ablation could be a good technique for the commercial fabrica-
tion of optical waveguides in the field of integrated photonics.
The main advantage it has over other techniques is that it enables
rapid prototyping with a relatively cheaper production cost that
does not require to be carried out in a clean room.

0733-8724/$31.00 © 2012 IEEE
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In this paper, we show that low-loss rib waveguides can
be produced by fs-laser structuring on (Yb,Nb):RTP epitaxial
layers grown by LPE. The microstructures were generated
by fs-laser ablation. A morphological, optical, and Raman
spectroscopy characterization of the ribs is presented.

II. RiB WAVEGUIDE FABRICATION

A. Structure Performance Simulations

In order to determine what the best geometry is for the ribs
in terms of light confinement, the performance of the devised
structures at 632 and 972 nm were simulated using the MG finite
difference (Real) method at 632 and 972 nm from the OlymplOs
software package.

The initial structure considered is an epitaxial layer (YD,
Nb):RTP with thickness of 10 gm on bulk RTP (see Sec-
tion II-B). Since the ribs are produced by sculpting two parallel
trenches on the sample surface by laser surface structuring,
the initial simulations considered ribs of different widths and
heights using the previously determined values of the corre-
sponding refractive indexes of the epilayer and the substrate.

The real refractive indexes of the waveguide and the substrate
in TM polarization were 1.8967 for the layer and 1.8897 for the
substrate at 632 nm [9]. Similar measurements were made in TM
polarization at 972 nm and the values obtained for the refractive
indexes were 1.8632 for the layer and 1.8573 for the substrate,
measured in this study.

The rib structures considered in the initial simulation were
8 pm height and 6-18 pm wide (with 2 jum steps). The depth
was chosen to be 8 ;#m, because the initial tests of fs-laser struc-
turing on RTP substrates showed this value to provide a good
compromise in terms of crystal damage and groove shape. The
confinement area for simulation was designed taking into ac-
count the rib boundary that extended down to the planar wave-
guide—substrate interface. The simulation enables to estimate
approximately the percentage of energy confined within this
region (confinement). Although part of the mode propagates
through the planar region, the simulation reveals a high level
of confinement. The estimated confinement values depended on
rib dimensions and were in all the cases above 99.0 % at both
632 and 972 nm. The experimentally determined losses were an-
alyzed by simulating the power attenuation in the waveguides
using the beam propagation method.

B. Growth by LPE

We grew epitaxial layers of (Yb,Nb):RTP on (001) RTP sub-
strates. Plates perpendicular to the ¢ crystallographic direction
and cut from RTP single crystals were used as substrates. The
ab plane is interesting because it contains the type II noncrit-
ical phase matching SHG directions for the range between 985
and 1118 nm. This range contains the Yb3T laser emission at
1060 nm.

The epitaxial layers were grown by the LPE method from
WOs3;-containing solutions. RbCO3; (99%), NH.H>PO.4
(99%), TiO2 (99.9%), Yb2O3 (99.9%), Nb2Os5 (99.9%), and
WO3 (99.9%) were used as starting chemicals. The procedure
was similar to that already reported Solé and coworkers for the

fs-Laser Q
system
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Fig. 1. Experimental setup used to inscribe the surface channels for the fabri-
cation of waveguides. The focused beam is multiplexed into seven spots, which
makes it possible to perform the approximation scanning technique in a single
scan.

LPE growth of several epitaxial layers [18], [19]. The solution
composition was RboO-P505-Ti05-YbyO3-NboO5-WO3 =
43.90-23.60-20.70-1.35-0.45-10 (mol%). To start the growth
process, the solution was supersaturated by decreasing its
temperature by 2 K below the saturation temperature, which
was around 1153 K. In all the LPE experiments, a rota-
tion of 60 r/min was applied. The epitaxial layers grown
showed good optical quality and the average growth rate was
8.3 pm/h. The chemical composition of the epitaxies was
determined by electron probe microanalysis and the result was
RbTig 958 Ybg 016 Nbg.g26 OPO4. The thickness of the as-grown
epitaxial layers measured by interferometric microscopy and
using the substrate surface as a reference was around 50 pm.
After growth, the epitaxial layer was polished up to 10 gm in
thickness.

C. Femtosecond-Laser Setup and Experimental Conditions

In order to produce the rib structures, sets of two parallel
ablated channels were micromachined on the sample surface
using the fs-laser irradiation setup sketched in Fig. 1. We used a
pulsed fs-laser amplification system (Tsunami and Spitfire from
Spectra-Physics), working at a 1 KHz repetition rate and a pulse
duration of 7, =~ 120 fs. The output pulse energy was £ = 1 mJ
and the central wavelength A = 799 nm. We also used a spa-
tial light modulator (SLM, Hamamatsu X8267) to control the
beam wavefront before focusing on the surface of the sample.
This allowed us to design the intensity profile of the focused
beam. An image relaying system with magnification M = 0.4
(f1 = 50 cm and f2 = 20 c¢m) transferred the beam at the SLM
surface to the back-focal position of the focusing microscope
objective (Mitutoyo M Plan Apo NIR 20X NA = 0.4). The
sample was placed on a three-axis motorized stage. During pro-
cessing, the sample was translated at a speed of v = 100 pm/s.

In order to improve the quality of the micromachined chan-
nels, we used the approximation scanning technique [20].
It consists of performing several irradiation scans, each one
slightly displaced from the previous one in the direction per-
pendicular to the channels. This produces steeper channel walls
than when a single irradiation scan is used. It also helps min-
imizing the redeposition of debris in the walls of the channel
and reduce surface roughness.
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Fig. 2. (Left) General view of the rib waveguides produced obtained with an ESEM. (Right) Cross-sectional view of a rib with 6 ;#zm width at the top and 10 ym
at the bottom. The inset shows the same region imaged with an optical confocal microscope.

Our approach uses an SLM to multiplex the irradiation beam
at the material surface, creating seven spots. The spots are ar-
ranged diagonally (see Fig. 1), such that each spot rewrites the
channel written by the previous one, but with a slight lateral dis-
placement just as the approximation scanning does. Thus, a mul-
tiplexed beam requires only a single scan to inscribe a channel
in the sample, while a nonmultiplexed beam requires several
scans. In order to multiplex the beam, the wavefront of the irra-
diation was tailored using the phase-only SLM in order to obtain
a predesigned intensity distribution at the focus of the lens. The
corresponding phase map is shown in Fig. 1. It was generated
using a weighted Gerchberg—Saxton algorithm, which helps to
equalize the peak intensities of the multiplexed spots in the de-
signed intensity distribution [21].

During the channel structuring process, the value of the local
maximum fluence of each multiplexed spot (2.1 pm full-width
at half-maximum) at the surface was 4.1 J/cm? (per pulse). For
the scanning speed used, a multiplexed spot receives in average
of 21 pulses. For reference, the single-shot/single-spot ablation
threshold of the sample is 1.1 J/em?. It is worth noting at this
point that the sample shows a negligible linear absorption at
the irradiation wavelength, and therefore, surface ablation is the
consequence of multiphoton and avalanche ionization processes
associated to the high peak power of fs-laser pulses [22].

III. RIB WAVEGUIDE CHARACTERIZATION

A. Environmental Scanning Electron Microscopy and
Confocal Morphological Characterization

Fig. 2 shows an environmental scanning electron microscopy
(ESEM) image of the ribs made on the planar waveguides, ob-
tained using a Quanta 200 microscope. After polishing the end
face of the sample, which is perpendicular to the ribs, images of
some channels were obtained both with the ESEM and a con-
focal microscope, as can be seen in the detail of Fig. 2 (right).
These images reveal that, in terms of visual roughness, the rib
had a good shape. In this figure, it can be seen that the internal
groove wall, that is to say, the rib wall, shows clearly less rough-
ness than the external groove wall. The rms roughness of the
rib walls is ~300 nm, an encouraging result if it is taken into
account that this value is ~50% of the wavelength of interest
(around 1 pm). This confirms that the use of approximation
scanning combined with the beam multiplexing is beneficial for
the performance of the laser written structures.

Plane waveguide . - i
= 2pm

} & & ‘A |

i substrate

Confinament area

-

Confinement: 99,04 %

Fig. 3. CCD picture of the near field pattern of the mode obtained at 972 nm
and intensity profile. Geometry of the rib used for simulation and confinement
obtained by simulation.

Still, the shape of the rib was not rectangular but trapezoidal.
The produced grooves were ~8 um deep. At the top, the di-
mensions of the channels produced were 6, 7, 8, 9, 13, 14, 15,
and 18 ym. The rib walls show a slope tg(x) ~ 0.25(~ 14°).
This makes, as can be seen in Fig. 2, that the bases of the ribs
are about 4 pm wider than their tops while the structures are
symmetrical in all the cases. The observed trapezoidal shape
does not imply though a big problem in terms of confinement,
as shown by the simulations with real parameters.

B. Near-Field Pattern and Propagation Losses

As shown in Fig. 2, the walls of the ribs obtained by fs-laser
structuring are not vertical. It was thus advisable to perform a
simulation with real parameters. The simulations were carried
out with the same software that was used in the preliminary sim-
ulation. As above mentioned, the ribs obtained are trapezoidal
in shape. They were 6—18 pm at the top, and 10-22 pm at the
base and they were all symmetrical. The simulation again re-
veals a high confinement. The confinement values provided by
numerical simulations ranged between 99.75% and 99.80% at
632 nm and between 98.37% and 99.04% at 972 nm. So, theo-
retically the confinement is high even for the rib with the lowest
cross section area.
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Fig. 4. Raman spectra of the ablated and unablated RTP zones. Inset: scheme of a channel with the indications of the points where the Raman spectra were taken.

The rib waveguide modes were excited at 632 and 972 nm in
order to test the performance of the laser-written structures. All
the channels were excited successfully but the 13 um channel
(width at the top) was used for characterization. As an example,
Fig. 3 shows the near field pattern of this channel at a wave-
length of 972 nm. A high optical density filter was used to record
the mode’s profile with a CCD camera. The propagation losses
of the rib waveguide with a top width of the 6 m were esti-
mated at 972 nm by coupling a laser beam to the waveguide
with a 10 x objective microscope. The fundamental waveguide
mode was excited using an xyz translation stage in order to pre-
vent the multi modal dispersion. The light transmitted by the
waveguide was then collected using a 50x objective micro-
scope. The power of the laser beam was measured before the
input objective microscope and after the output one. The op-
tical losses of these rib waveguides were evaluated by single
pass transmission measurements. The expression used in dB/cm
was Loss = (10/d)log( P,/ Pin ), where d is the length of the
channel waveguides. Some corrections had to be made to both
powers (P, and Py, ). The estimation of the propagation losses
has to consider though some corrections to the values of P,y
and P, like the transmission losses of the microscope objec-
tives, the Fresnel losses at the waveguide interfaces, the losses
associated to the mismatch between the laser field distribution at
the focal plane of the lens and the mode of the waveguide (cal-
culated through the corresponding overlapping integral [23]).
Since we have not corrected the losses associated to the effect
of the different numerical apertures of the waveguide and the
input microscope objective and the losses associated to the ab-
sorption of the beam by the small amount of Yb present in the
waveguide, the estimated value of the propagation loss have to
be considered as an exaggerated upper bound. The upper limit
obtained is 4.4 dB/cm which compares well with recent values
obtained by fs-laser structuring of Nd:GGG [24]. In this re-
spect, it is worth noting that BPM simulations of the propaga-
tion loss of this waveguide using a roughness with a rms value
of 500 nm provide values in the order of 7 dB/cm which indi-

cate that the “visual” estimation of roughness above indicated
should be overestimated. The roughness was modeled via a sev-
enth order autoregressive estimator calculated using the mea-
sured roughness function f(z). In our case, this function indi-
cates that the underlying statistics are exponential and the cor-
responding autocorrelation function gives a standard deviation
of o = 0.21 xm and a correlation length of Lc = 0.78 pym.

C. Micro-Raman Scattering

One of the techniques used to investigate the induced
microscale modifications in the crystalline material is
micro-Raman (iz-Raman) measurement [25]. Micro-Raman
scattering measurements were made using a micro-Raman
Reinshaw Confocal InVia spectrometer equipped with a Leica
2500 confocal microscope and a CCD camera as the detector.
With this equipment, 64 consecutive Raman spectra were
recorded on the surface of the sample, at 1 p#m intervals. The
excitation wavelength for these measurements was 514 nm.
The Raman signal was collected using a pinhole and focusing
every time on the desired region.

As can be seen in Fig. 4, the Raman spectrum for these mate-
rials is very complex: it has more than 30 peaks corresponding
to A1, Ag, By, and By symmetry representations [25]. We ob-
served that all the peaks in the unablated area are also present
in the ablated area, indicating that femtosecond irradiation does
not induce amorphisation of (Yb,Nb):RTP, at least in the spatial
resolution we used.

In general, we observed that the intensity of the peaks in the
ablated area of the sample is less than the intensity of the peaks
for the unablated area. The intensity of the Raman peaks is a
function of the change in polarization of the molecule during a
vibration. Thus, a significant decrease in intensity of the bands
indicates a constraint on the vibrational degrees of freedom of
the molecule [26]. This constraint on the vibrational degrees of
freedom of the molecule is due to the introduction of defects and
changes in the crystallographic structure of the material.
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Basically, the Raman spectra recorded correspond to those of
RTP in a z(yy)Z polarization configuration [27]. However, we
observed significant differences in the intensity of the peaks lo-
cated at ~692 and ~760 cm ! for the spectra recorded in the
ablated and unablated areas, respectively. While the first peak
increases its intensity considerably in the ablated zone, the in-
tensity of the peak at 760 cm ! decreases considerably in the
same zone. The ~760 cm ™! signal corresponds to the 1 vibra-
tion mode of the TiOg octahedron, and it is the most intense peak
for the polarized z(yy)z Raman spectrum of RTP. The ~692
cm ! signal is also related to the 15 vibration mode of the TiOg
octahedron in the same polarized configuration, but its intensity
is considerably lower than the one at 760 cm . However, it
may also be related to 1 and /3 vibration modes of the TiOg oc-
tahedron in the x(yz)Z, y(zx)y, and y(zz)7 polarization con-
figurations, where it corresponds to the most intense peak of
these spectra. Thus, the difference in intensity of these peaks in
the ablated region spectrum compared with the nonablated re-
gion spectrum might be due to some orientational changes in the
crystal structure in the areas in the proximity of the ablated re-
gion, which leads to a mixture of Raman spectra corresponding
to different scattering geometries [28]. Thus, ultrafast laser ab-
lation clearly induces a permanent local micrometric stress in
(Yb,NDb):RTP, as has been reported for such others materials as
Nd:MgO:LiNbO3 [28] or Si wafers [29]. This permanent in-
duced stress may be due to the shock waves produced after the
absorption of the femtosecond pulse.

Apart from the different intensity observed for these two
peaks in the ablated and unablated regions, which is the most
evident change in the Raman spectra, the intensity of other
peaks also changes. For instance, the intensity of the peak at
976 cm ! is also reduced in the ablated areas. This peak corre-
sponds to the /7 vibration of POy tetrahedra [27] indicating that
not only are modes related to the TiOg group affected by the
constraint on their vibrational degrees of freedom, but modes
related to POy tetrahedra also are. In fact, the peaks related
to Rb-O polar vibration [27] appearing at around 330 cm !
are also affected by the decrease in intensity depending on the
polarization analyzed in the spectra, indicating that the whole
structure of (Yb,Nb):RTP crystal is affected by the permanent
induced stress generated by ultrafast laser ablation.

By comparing the Raman scattering spectra recorded in an
area far from the microstructured channel with spectra recorded
from ablated grooves and close boundaries, we obtained some
information about the dimensions of the affected area during
the ablation process. In fact, we found that after ablation, the
stressed area up to the groove wall was 3 pim long, as the inset
of Fig. 4 shows.

Regarding the depth of the laser affected region, it is worth
noting that given the laser repetition rate used for struc-
turing, and the thermal properties of the material () = 0.015
cm?-s1), no heat accumulation effects are expected for con-
secutive pulses [30] during the structuring process. A crude
estimation of the heat diffusion length (L. = 2,/Dt) during
the absorption of a single pulse leads to a value of ~0.8 nm,
much shorter than thickness of the stressed regions. Still, even
when a large proportion of the energy of the incoming pulses
is expected to be carried with the ablating plasma [31], the
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Fig. 5. CCD image of 568.5 nm green light from type II SHG of 1137 nm IR
light and the spectra recorded at the end of waveguide.

material remaining underneath the ablating region is heated by
the plasma over much longer time scales and may eventually
melt. Ben-Yakar et al. [32] provide an expression to estimate
the maximum expected thickness of the induced molten using
the threshold fluence for ablation and different thermo-optical
parameters of the material. Such an estimate leads in our case to
a value of ~420 nm for the initial molten layer and a maximum
propagated molten layer depth always below than 1 gm. The
extension of the stressed region (also not amorphized) seems to
be thus more related to the effect of the produced shock waves
than to the plasma induced heating of the layer underneath the
ablating region.

D. Second Harmonic Generation

A tunable OPO was used to generate radiation with the
wavelength required to obtain efficient SHG. The maximum
SHG efficiency was obtained pumping with a fundamental
beam of 1137 nm of wavelength. The modes excited to produce
the green light correspond to a channel waveguide parallel to
the a crystallographic direction. They were excited using a
microscope objective with the same guiding setup indicated
above; an achromatic half-wave plate was placed between the
laser source and the sample in order to ensure type II SHG.
In fact, the green light generation by type II regime requires
guided photons with perpendicular polarizations simultane-
ously. The guided green light obtained by SHG was recorded
with a CCD camera and can be seen in Fig. 5 together with the
spectra recorded at the end of the waveguide.

IV. CONCLUSION

We have produced by fs-laser structuring rib waveguides in
(Yb,Nb):RTP/RTP active layers using a combination of approx-
imation scanning and beam multiplexing. The sides of the rib
waveguides show a roughness of the order of 500 nm, leading
to propagation losses with an upper bound of ~4 dB/cm. This
value is lower or comparable to propagation losses before re-
ported with fs-laser structuring in other studies. The approxi-
mation used (approximation scanning plus beam multiplexing)
has the additional advantage of allowing to produce structures
with easily controllable shape in a single scan by controlling the
transverse separation of the writing laser spots in the surface.

Taking into account the refractive indexes of the epitaxy and
the substrate, as well as the designed geometries, a previous sim-
ulation revealed that the confinement can be high. After fs-laser
ablation, the simulation with real geometry parameters revealed
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that high confinements were still obtained. The near-field pat-
tern of the fundamental mode was observed at 632 and 972 nm,
which showed that the guiding was of good quality. Raman
spectroscopy reveal some damage to the crystalline structure
boundaries in the rib waveguides. This damage was most prob-
ably produced by the fs-laser pulses. It is though remarkable
that amorphization is not observed. The Raman study showed
that the damage boundary region was around 3 pm in length,
which is shorter than the total width of the ribs. However, this
boundary damage could increase the confinement by increasing
the refractive indexes in this zone.
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Abstract. In this paper we present the fabrication and characterization of rib waveguides
made on (Yb,Nb):RbTiOPO4/RbTiOPO, epitaxial layers. Liquid phase epitaxy (LPE)
technique was used to grow planar thin films followed by Ar™ ion milling for surface rib
fabrication. Here, we report the detailed fabrication procedure and characterization of the ribs.
The study reveals good confinement and that type II second harmonic generation inside the

rib was obtained, showing the generation of green light at 570 nm.

1. INTRODUCTION

The RbTiOPO4 (RTP) is a nonlinear optical crystal that belongs to the KTiOPO4 (KTP)
family and crystallizes in the orthorhombic space group Pna2; ". The crystals of this family
have been extensively used for frequency doubling infra-red (IR) laser radiation close to 1
um, such as Yb*" and Nd*" laser emissions »*. RTP has similar nonlinear optical coefficients
to KTP ¥, but unlike KTP, it can be doped with Yb*" ions to high enough concentration to
allow efficient laser action ~ . Therefore, by combining the emission of Yb’" with the
nonlinear optical properties of the crystal, it is possible to obtain a self-frequency doubling
material. RTP has other interesting properties, such as a high laser damage threshold, about 2
times larger than that of KTP *?), large electro-optical coefficients, low dielectric constants '*),
high chemical stability and low photorefractive damage susceptibility '". Owing to all these
interesting properties, RTP is a promising candidate as a platform material for integrated
photonics.

Yb*™ has many advantages in comparison to other rare-earth ions. Its ionic radius is much
closer to the radius of Ti*" than the radius of other Ln*" ions, which may be the cause of the
higher distribution coefficient of Yb*" in relation to other Ln®" ions in the crystals of the KTP

family >. Moreover, the Yb®" ion has a simpler energy scheme than Nd** with a similar
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emission range in the IR region. The Yb*" energy scheme consists of only two energy levels:
the ground state 2F7/2 and the exited state 2F5/2. This is important since it avoids many effects
which can lead to a reduction of the laser efficiency, such as excited-state absorption, cross-
relaxation and up-conversion. The quantum defect, which leads to the thermal loading of the
crystal during the laser operation, is very small in Yb*" due to the similarity between the
pumping and the laser wavelengths '2. Moreover, the Yb** ion has no absorption losses at the
second-harmonic generation frequency ", which makes it interesting for self-frequency
doubling.

Previously, (Yb,Nb):RTP planar waveguides were successfully fabricated on RTP substrates

by the liquid phase epitaxy (LPE) method '

, and efficient type II second harmonic
generation (SHG) was obtained Y. In this paper, we have used Ar' ion milling ' to

microstructure the surface of the epitaxial layers and obtain rib waveguides.

2. EXPERIMENTAL SECTION

In order to know the suitable width and depth of the channels, we have carried out a computer
simulation, using the Multy Grid Finite Difference (Real) method at 972 nm, with
commercially available software (OlymplOs). This wavelength is considered better than
others because, in previous works, it was used to pump (Yb,Nb):RTP to receive laser action
. The refractive indices of the epitaxial layer and the substrate used in the simulation were
measured experimentally using the dark modes method and the light was coupled to the
sample with a prism (Metricon prism coupler equipment) with a Ti:sapphire laser as a source
at 972 nm. Table I shows the refractive index values obtained. In this work, only TM values
were used corresponding to the n, polarization. We simulated the ribs produced on a
hypothetical planar waveguide with a thickness of 5 um. The ribs were 3, 5 and 10 pum in
width and 3 pm in depth. The confinement factor of the ribs, defined as the fraction of the
mode intensity within the cross section of the rib area, was 40.0 % for ribs of 3 um in width,
83.3 % for ribs of 5 um in width, and finally 92.9 % for ribs of 10 um in width.

With aim to obtain planar waveguides with a thickness of 5 um, we grew epitaxial layers of
(Yb,Nb):RTP on (001) oriented RTP substrates. The planar substrates, which were 1.5-mm-
thick, with faces perpendicular to the ¢ crystallographic direction, were cut from bulk RTP
single crystals. The a-b plane is interesting because it contains the non-critical phase matching
(PM) type II SHG directions for the range of 985 to 1118 nm, moreover the Yb™ laser
emission at 1060 nm is in this range. To grow the epitaxial layers we used the LPE method

from WOs-containing solutions. Rb,CO; (99%), NH4H,PO4 (99%), TiO, (99.9%), Yb,0s
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(99.9%), Nb,Os (99.9%) and WO; (99.9%) were used as starting chemicals. The fabrication
procedure has been previously reported ''®. The solution composition was Rb,0-P,0s-TiO,-
Yb,03-NbyO5-WO3 = 43.9-23.6-20.7-1.35-0.45-10 (mol %). The saturation temperature of the
solution was around 1153 K, and the growth process started by producing supersaturation by
cooling the solution 2 K below the saturation temperature. During the growth process a
rotation of 60 rpm was applied. The chemical composition of the epitaxial layers was
determined by electron probe microanalysis (EPMA) with a final result of
RbTip.958Ybo.016Nbo.0260OPO4. The thickness of the as-grown epitaxial layers, measured by an
interferometric microscope was around 50 um.

The epitaxial layer was reduced to a layer of 5 pm in thickness and polished, since with this
dimensions and according with the previous simulations, a 5 um thickness planar waveguide
can support a few propagation modes.

The substrate was included in glue on a glass slide in order to remove any edge effects for the
following photolithographic process. A 4-um-thick layer of S1828 resist was spin-coated onto
the sample before masking and development. A dark field mask was used with waveguide
widths from 2 pum to 10 um, with a separation of 100 um between them. The dark field mask
channels were carefully aligned along the a crystallographic direction of the substrate in order
to produce ribs on it parallel to this direction. As can be seen in table I, the refractive index
contrast between the doped layer and the undoped substrate is positive for the b and ¢
polarizations and negative for the a polarization. Thus, guiding is possible in TM and TE
regimes along a direction, but only in TM along b direction. The etching process was carried
out in an Oxford Plasma Technology Ionfab 300 Plus system. The masked sample was held at
45° and rotated at 5 rpm during the process. An Ar' ion beam was accelerated at 500 V with a
beam current of 100 mA. This beam etched the sample for 2 hours and 20 minutes to etch 3-
um-high ribs in the film. The resist was then removed by acetone and plasma ashing. Figure 1

shows a schematic view of the complete process of rib waveguide fabrication.

3. RESULTS AND DISCUSSION

A Sensofar PLu 2300 optical confocal microscope was used to check the quality of the ribs.
With this microscope we measured the top widths of the ribs and found them to range from 3
um to 10 pm, in agreement with the values of the mask used. The profile of the ribs was
studied using a non-contact profiler (Zescope by Zemetrics). Figure 2 shows a 3D image of a

rib waveguide, demonstrating the good quality of the side-walls.
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The rms roughness was measured to be 50 nm on the top and the wall of the side-walls of the
ribs. The depth milled was 2.9 um as can be seen from the inset of Figure 2. It is important to
note that the shape of the rib is not rectangular (see Figure 2), but is trapezoidal. This fact is
important since it affects the waveguide properties. The end-faces of the waveguides were
then polished with the sample sandwiched between two glass blocks to protect the edges.
After polishing the end faces we were able to measure the width of the rib base and it was
found to be 4 um larger than the width at the top, indicating that the slope of the rib walls was
34 degrees off vertical. Figure 3 is a general view of the ribs in a top view regime using the
Environmental Scanning Electron Microscope (ESEM). In a more detailed view, Figure 4
shows a rib of 9 um in width and the good quality of the rib walls is qualitatively confirmed.
The length of ribs after end-faces polishing process was 6 mm.

As the microscopy characterization reveals, the rib walls obtained by Ar" ion milling were not
vertical. Therefore, a simulation using the real parameters was carried out in order to check
the degree of expected optical confinement. The dimensions of the ribs simulated were
between 3 and 10 pum at the top and between 7 and 14 um at the base, all of them with
symmetrical trapezoidal shape. The simulation shows values of the confinement factor of 88.5
% and 93.1 % for ribs of 3 pm and 10 pm in width, respectively. So, it reveals a theoretical
high confinement, even for the ribs with lower cross section area.

In order to estimate the transmission losses of the channel waveguides, a 10x objective
microscope was used to couple the 972 nm laser beam into the rib waveguide. Using a x-y-z
translation stage, the fundamental mode was excited. It is important to obtain the best
coupling between the laser pump and the waveguide mode and to excite the fundamental
mode instead of high order modes in order to avoid multimodal excitation. Finally a 50x
microscope objective was used to collect the transmitted light. To estimate the transmission
losses, the beam power was measured before the input microscope objective, as well as, after
the output microscope objective. The expression applied to estimate the transmission losses
was the corresponding to the single pass transmission method, Loss=(-10/d)*log(Pou/Pin),
where P, is the power at the end of the channel waveguide, Pj, is the power launched into the
channel waveguide and d is the waveguide length. Fresnel losses, the transmission of the
microscope objectives, the Yb>* absorption and the launch efficiency were taken into account
in order to calculate Pj, and P, from the measured values. By applying these corrections and
using the expression mentioned above, we estimated an upper limit of the transmission losses

of 3 dB/cm.
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The near field pattern was measured in order to understand the energy distribution of the
propagation modes for the pump wavelength. The experimental set up was the same as that
used for the loss measurement, except that in this case a CCD camera was put behind the
output objective microscope to observe the image of the output facet of the rib waveguides. A
Ti:Sapphire laser at 972 nm was coupled into the waveguide, and the modes in TM
polarization were observed. Figure 5 shows the near field pattern of the rib of 10 um in top-
width. This figure shows the good agreement between the expected profile of the TM
fundamental mode of simulation and the real profile, but the camera response is saturated. A
high optical density filter was used to record a non-saturated profile of the mode as is shown
in the inset of Figure 5. As it was expected, the mode is asymmetric, with near-Gaussian
profiles with 1/e* beam radii of ~8.5 pm and ~3.5 um in the b and ¢ directions respectively.
The Second Harmonic Generation (SHG) inside the rib waveguide was checked using a
pulsed laser from an optical parametric oscillator (OPO) (Vibrant HE 355 II + UV model
from Opotech company) coupled to the rib waveguides by a microscope objective. The OPO
was tuned to obtain maximum efficiency of SHG for propagation along the a crystallographic
direction. An achromatic half-wave plate was placed between the laser source and the sample
at an angle of 22.5° to ensure in this way that the TM and TE modes were excited
simultaneously, which is required for type II SHG. The guided green light, obtained
exclusively inside the channels, was collected with a CCD camera and it is showed in Figure
6. This figure shows the 570 nm green light obtained from type II SHG in a rib of 10 pm top-
width. The fundamental wavelength was 1140 nm. In order to check that the 570 nm light was
coming exclusively from the rib waveguide we focused the OPO beam through the substrate,
obtaining non guided light, and then we tuned the laser obtaining a maximum of frequency
conversion at 1137 nm. Note that this value is different than that obtained inside the rib,
which is logical taking into account that the effective refractive indices of the rib are different
than the refractive indices of the bulk, and in addition the chemical composition of the bulk

and the epitaxy are different.

4. CONCLUSIONS

We can conclude that we have reported for the first time microstructured rib waveguides on
(Yb,Nb):RTP/RTP active planar waveguides. An initial simulation revealed that rectangular
ribs with 10 pm width have optical confinement as high as 92.9 %. Experimentally, after
microstructuring planar waveguides, we found that the shape of the ribs was trapezoidal, and

the simulations with real parameters showed confinements of 93.1 % for ribs with a 10 pm
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top-width. A single pass transmission measurement was used to estimate the losses of the rib
waveguides, showing losses of 3 dB/cm. Type II second harmonic generation was
demonstrated by exciting both, TE and TM modes simultaneously at a wavelength of 1140

nm, obtaining 570 nm green light.
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FIGURE CAPTIONS

Figure 1. Schematic diagram of the surface rib waveguide fabrication.

Figure 2. 3D image taken by a non-contact profiler of a rib waveguide with a nominal width
of 10 um and its profile in inset.

Figure 3. General top view of the rib waveguides by Environmental Scanning Electron
Microscope (ESEM).

Figure 4. Detailed view of the 9 um nominal width rib waveguide by ESEM, with cross
section view in inset.

Figure 5. Near Field Pattern (NFP) of the fundamental mode at 972 nm of the 10 um top
width rib with the respective simulation. As well as the distribution of energy.

Figure 6. CCD image of 570 nm green light from type Il SHG of 1140 nm IR light, parallel

to the a crystallographic direction.

Table:
Table 1. Refractive index values at a wavelength of 972 nm and contrast of refractive indices

between film and substrate.

n«(E//a)  ny(E//b)  n.(E//c)

substrate 1.7675 1.7774 1.8573
film 1.7649 1.7778 1.8631
An(Nfim-Nsub) -0.0026 0.0004 0.0058
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Confinement factor: 93.1 %

Figure 5

Figure 6
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Abstract

We present the fabrication of single-mode rib waveguides in (Yb,Nb) : RbTiOPO,

((Yb,Nb) : RTP) by reactive ion etching (RIE) with a combination of SF¢ and Ar gases. The
influence of the gas pressure, RF power and gas ratio on the etch rate and surface quality was
studied to optimize the etching of RTP. Optimized parameters were used to fabricate rib
waveguides in a (Yb,Nb) : RTP film, grown by liquid phase epitaxy, with an etch rate of

10 nm min~!. Channel waveguide propagation was demonstrated for the first time in an RIE

etched (Yb,Nb) : RTP rib structure.

(Some figures may appear in colour only in the online journal)

1. Introduction

Ytterbium (Yb>*) doped gain media are useful materials for the
realization of efficient power-scalable lasers [1]. They operate
near the 1 um spectral regime and have the advantages of a
broad absorption band making them suitable for high-power
diode pumping, low thermal load due to a small quantum
defect and negligible losses due to parasitic processes such
as up-conversion and excited state absorption. Recently, laser
operation has been demonstrated in Yb**-doped RbTiOPO,
(RTP) crystals [2]. RTP belongs to the KTiOPO, (KTP)
class of orthorhombic crystals and is therefore of interest for
nonlinear applications. However, in comparison with KTP,
RTP can be doped with rare earth elements to a higher level
and so is also of interest as a laser host. When doped with
Yb**, RTP has a very broad emission bandwidth [3] making it
a good candidate for the generation of ultrashort pulses, with
pulses as short as 155 fs being demonstrated to date [4].
(Yb,Nb) : RTP gain media can be grown in a waveguide
geometry by liquid phase epitaxy (LPE) [5] and planar
waveguides with losses lower than 1dBcm™' have been
demonstrated.  Fabrication of channel waveguides based

0022-3727/13/145108+06$33.00

on this thin-film growth technology is motivated by noting
recent work on ion-exchanged glass waveguides [6], showing
that Yb**-doped channel waveguides are of interest as
compact ultrafast sources with multi-GHz repetition rates,
and consequently have potential application in areas such as
optical sampling [7], metrology [8] and biological imaging [9].
The non-linear properties of the RTP crystal could also be
utilized for fabricating compact self-frequency-doubled [3, 10]
integrated waveguide sources, which would have enhanced
performance in a low-loss channel waveguide geometry.

Structuring of RTP has been demonstrated using
femtosecond laser ablation [11] and wet chemical etching
[12]. Reactive ion etching (RIE) is a commonly used method
for etching materials in the semiconductor industry [13];
however, there is a lack of literature on the plasma-based
micromachining of RTP and to date there have not been
any demonstrations of channel waveguide structures in RTP.
In addition to the fabrication of waveguides, RIE of RTP
could also be used to fabricate other optical devices, such as
gratings [11] and antiresonant reflecting optical waveguides
(ARROWS) [14].

© 2013 IOP Publishing Ltd  Printed in the UK & the USA
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Chlorine-rich gases have been extensively used for etching
materials by RIE, but chlorine-based plasma is toxic and can
be damaging to the chamber. Fluorine-based gases are more
environmental friendly and RIE of other interesting candidates
for ultrafast waveguide lasers, such as sapphire [15] and
KYW [16], have both given promising results with fluorine-
rich chemistry. In this paper we explore the RIE of RTP
in a fluorine-rich environment with the view of fabricating
channel (Yb,Nb) : RTP waveguide lasers. We have performed
an extensive study of the etching characteristics of RTP
by RIE with SF¢ and Ar gases by varying the RF power,
gas pressure and gas ratio. On correlating the etch rates
and surface roughness of the etched regions with different
conditions we reached the optimum conditions for etching
RTP. The optimum parameters were used to fabricate channel
waveguides in a LPE-grown (Yb,Nb) : RTP film with an etch
rate of 10nmmin~!. The channels had a measured surface
roughness of 8 nm and a side-wall angle of 63°. Single-mode
propagation was demonstrated in these channels with mode
radii of 7.9 um by 4.3 um.

2. Growth of single crystals for substrates and LPE
growth of films

The RTP crystals used as substrates for the etching experiments
were grown in a tubular furnace [17] using the top-seeded
solution growth method (TSSG) and super-saturation of the
solution was obtained by slow cooling [18]. We used an
RTP seed parallel to the ¢ crystallographic direction, since this
orientation is one of the best to grow high-quality RTP crystals
and from these crystals it is possible to obtain substrates
with suitable dimensions in the ab plane. In fact, this plane
has interest for non-critical phase matching type-II second
harmonic generation (SHG) [3] for fundamental radiation
around 1 um, which is close to the emission wavelength
of Yb*. Moreover, the ab plane is perpendicular to the
orientation of the ferroelectric domains, which makes it
possible to obtain a periodic domain inversion, producing
quasi-phase matching [19]. All the substrates were cut
perpendicular to the c-crystallographic axis and polished.
LPE growth of a (Yb,Nb) : RTP thin film was carried out
in a furnace where a zone of uniform temperature suitable
for epitaxial growth was obtained. The composition of the
solution used for epitaxial growth was Rb, O-P,0s—(TiO, +
Nb,;Os + Yb,03)-WO;3; with concentration of 43.90 mol%-—
23.6 mol%—22.50 mol%-10.00 mol%, respectively. TiO, was
partially substituted by Nb,Os and Yb, O3 up to concentrations
of 2mol% and 6 mol%, respectively, with Nb,Os co-doping
allowing higher concentrations of Yb** to be obtained [20].
After the homogenization of the solution, the saturation
temperature was measured to be 1135 K. Following which,
the substrates were slowly introduced into the furnace to avoid
possible cracks due to thermal stress. The substrates were then
dipped into the solution and kept at 1 K above the saturation
temperature for 5 min to dissolve the outer part of the crystal.
To begin the epitaxial growth, the temperature of the solution
was decreased to 9 K below the saturation temperature in order
to create super-saturation in the solution, which is the driving

force behind the crystal growth. The substrates were stirred
at 60 rpm and maintained under these conditions for 6 h. The
obtained epitaxial layers were morphologically studied using
a Sensofar PLu 2300 interferometric microscope in order to
check if they were free of defects and to measure the film
thickness, which was initially 70 um and then polished to a
uniform thickness of 6 um. The dimensions of the substrate
were 12mm x § mm X 2 mm.

The composition of the epitaxial layer was determined
by electron probe micro-analysis with a wavelength
dispersive spectrometer (EPMA-WDS), using a Cameca
SX-50 microprobe analyser. This equipment works in a
similar way to a scanning electron microscope, but collects
the characteristic x-rays of the elements to be analysed and
identifies the elements by recording the WDS spectra. The
concentration of Yb** in the epitaxial layer was found to
be 0.33 at%, which corresponds to an Yb3* concentration of
2x10% cm™3. The refractive index contrast in TM polarization
(E || c-axis) was measured to be 4 x 1073 at a wavelength of
972 nm (from a Ti: sapphire laser) by m-line measurements.
The crystalline quality of the epitaxial layer was studied by
x-ray diffraction measurements. The peaks recorded for the
substrate and the epitaxial layer corresponding to the (004)
reflection are sharp and narrow, indicating that the film has
high crystalline quality comparable to that of the substrate.

3. Optimization of the RIE of RTP

The etching of RTP by RIE was optimized to reduce the RMS
surface roughness in order to fabricate low-loss waveguides. A
300 nm layer of Cr was deposited by e-beam evaporation after
which a 1.3 um layer of S1813 resist was photolithography
patterned to give waveguide features of widths ranging from 1
to 10 um. The Cr layer was then wet etched and the resist
was removed by solvent cleaning. The hard-masked RTP
substrates were then etched in an RIE chamber with SF¢ and
Ar gases where the pattern of the Cr was transferred on the
RTP substrate, following which the Cr mask was chemically
removed (the stages involved are shown in figure 1). RIE was
carried out in an OPT Plasmalab 80 plus RIE system (Oxford
Instruments) with an RF frequency of 13.56 MHz.

The RF power, the gas pressure and the gas ratio were
the three parameters which were varied during RIE. An RF
power of 250 W, a pressure of 50 mTorr , a total gas flow rate
of 20 sccm and a gas ratio of 90 : 10::SF¢ : Ar were chosen as
starting parameters. The temperature was kept fixed at 20 °C
for all the experiments. There is a lack of literature on the
dry etching of RTP, but halides are known to form volatile
compounds with KTP [21] and hence the etching described
here was carried out in a fluorine-rich environment. SF¢ was
selected because this gas provides more free fluorine radicals
[22] when compared with the other available fluoride gas,
CHF;. In contrast, Aris an inert gas and is predominantly used
to bombard the surface and hence make the etching process
more physical. A 90% SF¢ gas mixture was used initially
in order to have a predominantly chemical process. These
parameters were then varied systematically to study their effect
on etch rate and surface roughness. The measured substrate
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mask

5. Resist removal

1. E-beam deposition of Chromium

7. Chromium mask
removal

Figure 1. Different steps involved in the RIE of RTP.

RMS surface roughness before etching varied from 2 nm up
to 5 nm from sample to sample; hence the change in the RMS
surface roughness (after etching-before etching) is presented
in figure 2.

Keeping all the other parameters fixed and an etch time of
40 min, the RF power was varied and the results obtained for
etch rates of RTP and Cr, as well as the RMS surface roughness
of RTP are presented in figure 2(a). As expected, the etch
rate increases linearly with power, and an etch rate as high
as 13nmmin~! is obtained for an RF power of 350 W. The
surface roughness also increases with the power and a surface
roughness of 3.4nm is obtained for 350 W RF power. The
power was not increased beyond 350 W as the value of surface
roughness becomes very high beyond this point.

A good balance was achieved between surface roughness
and etch rate for a power of 250 W and hence the power was
fixed at 250 W and the SF¢ : Ar ratio was fixed to 90 : 10 for the
next set of experiments. The chamber pressure was then varied
and the results obtained for etch rates and surface roughness are
presented in figure 2(b). The etch rate decreased with pressure.
This is because of the increase in scattering with pressure and
hence a decrease in the mean free path for the radicals [23]
and a loss of kinetic energy. It was found that a pressure of
50 mTorr resulted in an etch rate of 8 nm min~! and a surface
roughness of 1.6nm. Thus, this pressure was fixed for the
study of etch rate and surface quality dependence on the gas
ratio.

The results obtained for etch rates and surface roughness
against gas ratio are presented in figure 2(c). At low SFg
concentrations, the etch rate is very high (16 nmmin~!) and
so is the surface roughness (3.4 nm). This is a predominantly
physical process and a lot of the material is sputtered by the Ar*
ions. At very high SFg concentrations, the etch rate decreases,
but the surface roughness also increases slightly. The optimum
operation point for gas ratio (SFg : Ar) is in the range 50 : 50 to
70 : 30, where the etch rate is about 8§ nm min~' and the surface
roughness is less than 1 nm.

The selectivity (ratio of etch rates of RTP to chromium)
was found to be greater than 5 for almost all conditions. This
allows the use of thin Cr masks for deep etching of RTP.

4. Channel waveguides in (Yb,Nb) : RTP

The (Yb,Nb) : RTP thin-film described in section 2 was etched
for 135 min with RIE power of 250 W, gas pressure of 40 mTorr
and gas flow rates of 10 sccm for both SFg and Ar. The pressure
was reduced to 40 mTorr from 50 mTorr to increase the etch
rate without compromising the surface roughness. This sample
was then end-polished to a length of 7.5 mm, cleaned in an
ultrasonic bath with acetone, isopropanol and DI water, blow-
dried with N, and finally dehydrated in an oven at 90 °C for
10 min. The mask was chemically removed, after which the
sample was plasma-ashed in an RIE chamber for 20 min with
RIE power of 200 W, pressure of 50 mTorr and O, flow rate of
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Figure 2. Effect of changing different RIE parameters on the etch rate and surface roughness. (a) RIE power, (b) gas pressure,
(c) percentage of SFe in gas mixture. Blue: etch rate of RTP, red: etch rate of Cr, black: RMS surface roughness of the etched surface.

Figure 3. SEM images of the (Yb,Nb):RTP samples etched with RIE power of 250 W, SF¢ = 10 sccm, Ar = 10 sccm and
pressure = 40 mTorr. (a) Top view, (b) cross-section of waveguide with top width of 9.8 um. (c¢) SEM image taken by tilting the sample by

70° to show the side-wall quality.

10 sccm, which removed any organic impurities present on the
substrate. The etch depth was measured to be 1.4 + 0.1 um,
giving an etch rate of 10nmmin~'. This etch depth was
chosen to support a fundamental mode near 1 um. The surface
roughness of the film before etching was 3 4= 0.5 nm, and after
etching it was measured to be 8 & 0.5nm. The fact that it

is slightly higher when compared with the expected values
from figure 2 could be due to the longer etch time for this
process combined with re-deposition of the mask on the un-
etched regions. Figure 3 shows the SEM images of the etched
sample. For a waveguide with a top width of 9.8 yum, the width
at the bottom was 11.2 um giving a sidewall angle of 63°.
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Figure 4. Surface topography of an etched planar region (a) and a region with etched ribs (b) measured by non-contact profiler (Zescope by

Zemetrics).

5.0 0.0
X [um]

Figure 5. (a) Simulation of the mode profile in an 8 um wide (Yb,Nb) : RTP rib waveguide at a wavelength of 0.98 um. (b) Measured

near-field mode profile for the RIE etched waveguide.

The surface topography of the planar region and the ribs
measured by a non-contact profiler (Zescope by Zemetrics) is
shown in figure 4. It can be seen from figure 4(a) that the
surface quality, barring a few spikes (possibly due to the re-
deposition of the mask), is very good.

Optical characterization was carried out by end-fire
coupling a fibre-coupled single-mode laser diode from 3S
photonics with a maximum power of 750 mW and a grating
stabilized wavelength of 980.6 nm. The collimated pump was
passed through a A /2 plate to control the polarization. This
was coupled into the waveguide by a 16x objective giving
a measured waist radius of 3.2 um. The output from the
waveguide was collected by a 6x objective and imaged on
a camera to measure the mode profile or was incident on a
power meter for transmission measurements. The losses were
estimated by comparing the transmitted light from the channel
waveguide with the incident light and accounting for Fresnel
reflections, transmission of the objectives, etc.

Transmission was measured at various powers and
losses were estimated to be <3.5dBcm™! for the E || ¢
crystallographic axis (TM). This calculation assumes 50%
launch efficiency due to the imperfect match between the
launch mode size and shape compared with the propagation
mode but it may be considerably worse and hence the losses
may be significantly lower.

On rotating the polarization, the losses increased to
>10dB cm™! for TE polarization. This is consistent with the
fact that the index contrast is very low for this polarization.
It should be noted that in this configuration, the spectroscopy
of (Yb,Nb) : RTP means that TM is the preferred polarization
for lasing [2]. The loss for the TE polarization has to be
further reduced before these waveguides can be used for self-
frequency doubling applications. The waveguide structure is
designed to be single mode at 981 nm and the simulated and
measured TM profile is shown in figure 5. The 1/¢> mode
radii were measured to be 7.9 um and 4.3 um in the x and
y directions, respectively. This is in good correlation with
the simulated values of 7.6 um and 3.4 um along the x and y
directions, respectively (simulated by acommercially available
software OlymplOs).

5. Conclusions

Optimization of the reactive ion etching of RTP was
systematically carried out by varying the process parameters:
RIE power, SF¢ and Ar gas ratios and gas pressure. This
led to optimized parameters; RIE power of 250 W, gas
pressure of 40 mTorr, 50:50 gas ratio and total gas flow
rate of 20sccm. These parameters were used to fabricate
single-mode rib waveguides in (Yb,Nb): RbTiOPO, for the
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first time to our knowledge. Single-mode waveguides with
mode radii of 7.9 um x 4.3 um were realized with losses
estimated to be <3.5dB cm™! by transmission measurements.
Such waveguides could have promising applications in the
development of compact ultrafast lasers.
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In this Letter we report Cs* ion exchange channel waveguides on RbTiOPO, (RTP) for what we believe is the first
time. A Ti channel mask was fabricated on an RTP substrate by conventional photolithography. The ion exchange
process was carried out in a CsNO3 melt, and the channels produced ranged from 6 to 11 pm in width. The near-field
pattern of the modes was recorded, and type II second harmonic generation in waveguide regime was obtained,
producing 512.5 nm green light. The optical characterization shows optical losses of 3.8 dB/cm. © 2013 Optical

Society of America
OCIS codes: 190.0190, 130.0130.

KTiOPO, (KTP) and its isostructural RbTiOPO, (RTP)
are well-known for their high nonlinear optical coeffi-
cients. They crystallize in the noncentrosymmetric
orthorhombic space group PnaZ2; [1]. The crystals of this
family have been widely used for frequency conversion
devices, especially for the second harmonic generation
(SHG) of the Nd** and Yb** emissions [2]. RTP has si-
milar nonlinear optical coefficients to KTP [3], a higher
laser-damage threshold (~2 times larger than the one of
KTP) [4, 5], a wide range of wavelength and angular ac-
ceptance for frequency doubling, high chemical stability,
and low photorefractive damage susceptibility [6]. More-
over, RTP has a higher damage threshold than LiNbOs,
which, despite this disadvantage, is widely used for inte-
grated optics (IO) [7,8]. For all these properties, RTP is
particularly useful for short wavelength generation [3,9].
RTP also has large electro-optical coefficients and low
dielectric constants, which gives chances for various
electro-optical applications, such as modulators and @
switches. Moreover, RTP is a suitable candidate as self-
frequency doubling material in waveguide regime, since
it can be doped with Yb3* active ions [10] to levels high
enough to produce laser radiation [11].

Although type II phase-matching SHG has been widely
used in the crystals of the KTP family to obtain visible
radiation, the quasi-phase-matching interaction in this
kind of ferroelectric crystals has gained interest due to
the possibility of using the largest nonlinear optical coef-
ficient in the frequency conversion process to increase
the frequency doubling efficiency. Recently, periodic
poling of RTP has been demonstrated by applying a high
voltage electric field at room temperature [12].

Numerous advantages over other optical technologies
make IO interesting. In general, the IO devices interface
efficiently with optical fibers and can reduce the cost in
complex circuits by eliminating the need of separate and
individual packaging of each circuit element. They also
offer lower power consumption, improved reliability,
smaller size, and weight [13].

Taking into account the abovementioned properties of
RTP, this crystal becomes an interesting and promising
material as a base for 10; hereby, it is interesting to de-
monstrate the fabrication of waveguides in RTP. There
are two main kinds of waveguides: graded index and step

0146-9592/13/030323-03$15.00/0

index waveguides. In the literature, different methods
of fabrication of graded index waveguides, such as ion
exchange [14,15], proton exchange [16], and ion implan-
tation [17], have been successfully used on KTP. Litera-
ture related to waveguides with graded index in RTP is
scarce. The ion implantation method involves a high-
energy process that can produce damage in the crystal.
Thus, in this work, we have fabricated RTP channel
waveguides by Cs* ion exchange. We used this ion be-
cause Cs™ diffusion in RTP produces an increase of the
refractive indices and its ionic radius is not far from the
Rb™ one. To our knowledge, RTP waveguides fabricated
by Cs* ion exchange have not been demonstrated.

The diffusion channels were made on a plate-shaped
RTP substrate. The orientation of the substrate was
perpendicular to the ¢ crystallographic direction. The
substrates were cut from RTP bulk crystals grown by
top seeded solution growth [10]. The plates used as sub-
strates in this study had dimensions of 12, 15, and 1.5 mm
along the a, b, and ¢ directions, respectively.

The width of the channels ranged from 5 to 10 pm, with
steps of 1 pm, and is separated by 100 pm.

For the fabrication of the light mask, first a 100 nm Ti
film was sputtered on a glass substrate. Then, a layer of
photoresist AZ 1505 from Microchemicals was spin-
coated on the Ti-glass. A laser lithography system was
used to selectively expose the resist to UV light for chan-
nel pattern fabrication. After developing the exposed
part, the channel pattern was transferred to the Ti mask
film by etching with HyO, : NH,OH in 2:1 molar ratio.

In order to transfer to the Ti sputtered substrate the
same channel pattern already made on the Ti-glass, we
used the process detailed above related to Ti-glass mask
fabrication, but the UV-exposure was made by conven-
tional photolithography, using a MG 1410 mask aligner.
In this procedure, the Ti-glass mask, previously fabri-
cated, was used. As a result, a thin film of Ti with chan-
nels shape openings of width 6 to 11 pm + 0.2 pm were
obtained on the substrates. These channels were fabri-
cated parallel to the b crystallographic direction. Figure 1
shows the pattern of Ti-channels on the RTP substrate.

To produce the Cs™ diffusion, the sample with the Ti
pattern was horizontally immersed in a crucible contain-
ing 25 g of CsNO3 at 425°C. The sample, previously

© 2013 Optical Society of America
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Fig. 1. Tichannels pattern on an RTP substrate and scheme of
the position of the mask in relation with the substrate.

heated to obtain thermal equilibrium with the melt, was
dipped at about 6 mm below the melt surface to avoid the
usual instabilities at the melt surface. The sample was
maintained in the melt for 2 h and rotated at 40 rpm
in order to obtain a good homogeneity in the liquid phase.
Finally, it was slowly removed from the solution.

After that, the faces perpendicular to the channels
were end-polished, and waveguides of 7.3 mm along the
b crystallographic direction were obtained. Both faces
were polished by sandwiching the sample between two
glass blocks to minimize the edge-bend effect. Prelimin-
ary information about the diffusion was obtained by op-
tical microscope. The equipment used was an Olympus
BH-2 microscope. Figure 2 shows the Cs™ ion exchange
in RTP. As can be seen in this figure, the Cs™ diffusion is
straight parallel to the ¢ crystallographic direction. This
was expected since in the RTP structure the conductivity
along the ¢ direction is significantly higher than along the
other directions due to the existence of the Rb channels
[15]. A small mistake of around 4° was made in the cut-
ting process of the substrates (see Fig. 2), but its influ-
ence in the results was not substantial.

The index profile of the diffused waveguide was deter-
mined by measuring the dark mode spectra at 632.8 nm.
The four TE guided modes fit to an exponential function
of the form n(x) = ngps + Ane /¢, with a maximum
index at the surface of An = 0.038 and a depth of
d = 1.80 pm.

To characterize the channel waveguides, the near-field
pattern of the guided modes must be obtained. A 50 x
microscope objective was used to couple the light into
the 11 pm channel and a CCD camera was used to record
the modes after the output microscope objective. The
waveguide modes were excited by a He-Ne laser at a

RTP substrate
Cs diffusion

~ 20 pm

air «*>

11 pm 10 pm

Fig. 2. (Color online) Transmission microscope image of a po-
lished end face of the sample where the profile of the diffusion
can be observed.

wavelength of 632.8 nm, as well as a Ti:Sapphire at
972 nm. All the experiments were performed in TM
polarization.

The excitation of the guided modes separately was dif-
ficult, since the spot size of the beam after the input mi-
croscope objective (~20 pm) was larger than the area of
the channel. We were still able to obtain the near-field
patterns of the TM,, TM;; and TM;; modes, as can be
seen in Fig. 3. In this case, the near-field patterns of the
TMy; and TM;; modes show a vertical asymmetry, since
the lower lobules are expanded in front of the upper
lobules. This could be due to the vertical refractive
index gradient. We finally estimate the FWHM of the
fundamental mode at 632.8 nm, being 9.7 pm for the
horizontal profile and 7.5 pm for the vertical one.

With the aim to check the SHG inside the channel
waveguides, a pulsed laser beam (pulse length 7 ns and
repetition rate 10 Hz) from an OPO, model Vibrant HE
355 II+UV from Opotech, was coupled into it. The aver-
age power at the input was 3.5 mW. The same guiding
setup as in the above sections was used. In this case,
an achromatic half-wave plate was placed between the
laser source and the sample at an angle of 22.5° to ensure
the type II SHG. The guided green light obtained from
the channels (average output power 0.2 mW) was col-
lected with the CCD camera, and the image obtained
is shown in Fig. 4. This figure shows the type II SHG
obtained in the 11 ym wide channel by pumping at a
wavelength of 1025 nm.

To estimate the transmission losses of the channel
waveguides, a 50 x objective microscope was used to
couple the 972 nm laser beam from a Ti:sapphire laser
into the 11 pm channel waveguide. We use this wave-
length because it is near 1 pm and is the pumping wave-
length for Yb?* laser emission. The fundamental mode
was exited in the channel using a x—y-z mobile stage.
A 50 x microscope objective was used to collect the
transmitted light. In order to estimate the transmission
losses, the beam power was measured before the input
microscope objective (spot size ~20 pm in diameter), as
well as after the output microscope objective. The ex-
pression applied to estimate the transmission losses
was the corresponding to the single pass transmission
method and is loss = (10/d)10g(Pyy /Pin), Where Py
is the power measured after the output microscope

™,,

Fig. 3. (Color online) CCD images of the excited modes at
972 nm. The modes correspond to the TM,, TM,; and TM;;
mode orders.
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Fig. 4. (Color online) Type II SHG in an 11 pm channel width.
The fundamental radiation was at 1025 nm and the second
harmonic radiation was at 512.5 nm.

objective, Pj, is the power measured before the input mi-
croscope objective, and d is the waveguide length. The
input and output powers were corrected in order to reach
a good accuracy. In fact, the Fresnel losses, transmission
of the microscopes, and the launch efficiency were taken
into account. By applying these corrections and using the
expression mentioned above, we estimated an upper
limit of the transmission losses of 3.8 dB/cm.

In summary, Cs™ ion exchange channel waveguides on
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