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Abstract

Microstructuration of nonlinear optical materials:
methodologies, char acterization, and applications

Femtosecond laser pulses have been successfully used for the
microstructuring of diverse materials by ultrafast laser ablation. In particular, the
fabrication of diffraction gratings on the surface of different materials using this
technique, is an attractive field of research. The fabrication of these diffractive
elements on the surface of nonlinear optical materials is immensely attractive for the
development of technological applications. So that, nonlinear optical materials are
presently an attractive targets for ultrafast lasers to enhance the nonlinear behavior of

these materials.

We fabricated one dimensional (1D) and two dimensional (2D)
microstructures on the surface of different nonlinear optical materials such as
KTiOPQ,, RbTiOPO,, and LiNbO; to understand the potentia diffractive properties
that can be obtained with them, associated with the nonlinear optical properties. We
investigated the linear and nonlinear diffraction properties of the microstructured

nonlinear optical materialsin detail.

We aso explored a possible application for these structures as it is the
development of RGBY laser phosphor displays. To do that, we embedded
luminescent nanoparticles doped with lanthanide ions into the micro-meter feature
sized structures inscribed on the surface of the nonlinear optical crystals. In this way,

multicolor light emissions can be controlled spatially at the micro-meter scale.

Key words: Ultrafast laser ablation, nonlinear optical materials, diffraction gratings,
laser phosphor displays.
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CHAPTER

ONE

| ntroduction

The control of the optical properties of matter has been one of the major
interesting tasks of research in recent years. Progress in photonics science has been
intimately related to the development of optical materials by analyzing the light
matter interaction. So that, presently, surface structuring by short laser pulses through
nonlinear interactions with matter, for instance, is increasingly interesting for the
development of new devices in photonics. This is especialy true for nonlinear optical
materials, that play a crucial role for the development of frequency conversion
technologies where little research has been developed to analyze the structuring of

their surfaces by ultrafast laser ablation.

The structuration of the surface of these nonlinear optical materials allows to
develop optical components such as diffraction gratings. Thus, the characterization of
these structured materialsin terms of their potential functionality is another important
field of research. The diffraction properties of micro-structured nonlinear optical

materials could allow to develop new photonic devices presenting large nonlinearities
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and satisfying at the same time all the technological requirements for applications
such as wide transparence range, fast response, and high damage threshold.

Finally, the combination these surface structured nonlinear optical materials
with luminescent nanoparticles, might allow to develop new functional devices that
encompasses the benefits of the two types of materials. Those are the basic lines

followed in the present thesis.

1.1. Ultrafast laser ablation

Femtosecond (fs) pulsed lasers have open a wide range of exciting new
possibilities in the processing of semiconductors [1,2], transparent materials [3],
polymers [4,5] and tissues [6], in information technology, telecommunication
technology, biotechnology, and medicine industry, and defense industry [7,8].
Materials processing by fs lasers have distinct advantages over conventional
processing methods. This technique allows for instance, direct writing of structures on
the surface of the material, higher processing speeds due to effective optical coupling,
minimal contamination of the processed material due to the ultrashort pulse width,
athermal processing, spatial resolutions in the submicron regime, and reproducibility
[9]. A fslaser pulse fundamentally changes the laser-material interaction mechanism
compared with along pulse, due to its high peak power, which is powerful enough for

ionization of any material.

In particular, the highly nonlinear-laser matter interaction conditions
produced by ultrafast laser pulses are conductive to the processing of hard-to-machine
materials such as wide band gap materials, difficult to process by conventional tools.
Normally, wide band gap materials are transparent to visible and near-infrared light as
the photon energy is insufficient to excite an electron from the valence band to the
conduction band by linear absorption. However, the extremely high intensities created
by amplified ultrafast laser pulses cause nonlinear effects which lead to significant

absorption of the photons.

The energy transport in femtosecond laser ablation can be separated into two
stages: a first part in which the photon energy is absorbed by electrons and a second
part where the absorbed energy is distributed to the lattice, leading to material

removal. Photon absorption can be classified as linear absorption and nonlinear
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absorption. Linear absorption generally obeys the Lamberts-Beer law [10], according
to which the absorption of a specific wavelength through a material is a function of
the material path length and it is independent of the incident laser intensity. Using
ultrafast lasers, nonlinear absorption is significant in al materials, no matter it is
transparent or opaque to a particular wavelength. The schematic view of these
mechanisms is shown in Figure 1.1. Two physical mechanisms are involved for free
electron generation [11] in femtosecond laser ablation: avalanche ionization
(collisional impact ionization) and photoionization (multiphoton ionization or tunnel
ionization). The kinetic energy of a free electron becomes sufficiently high by
absorbing photons. Part of the energy may transfer to a bound electron by collisionsto
overcome the ionization potential [12]. This process is called collisional impact
ionization [13]. Consequently, the free electrons absorb photons and produce more
free electrons from bound electrons. Such series of the impact ionization processes is
called avalanche ionization [14], that depends on the free electron density and is
exponentially proportional to the laser intensity. The avalanche ionization process can

occur for wide band gap materials at an intensity of laser below 10 W/cn.
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Figure 1.1. Schematic view of the mechanisms involved in the femtosecond laser
ablation process

Multiphoton ionization occurs when a bound electron gets free from the
valence band by absorbing several photons with atotal energy of photons greater than
the ionization potential [15]. Multiphoton ionization can be significant when the laser
intensity is above 10"W/cm? Tunneling ionization can be considered when the
intensity is higher than 10™W/cm? [16, 17]. Free electron density is assumed to
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saturate at a critical density ng, at which ablation occurs [18], and it is taken as the

free electron density at which plasma oscillation frequency equals the laser frequency:
N = TmMeC/E%)? Eqg. 1.1

where m, is the electron mass, c is the speed of light, e is the electrical charge of the
electron, and A is the laser wavelength. At critical density, transparent wide band gap
materials are completely opague, and the laser energy is absorbed mainly through

inverse Brehmstralhung in a similar way electrons do in metals.

During the femtosecond pulse duration, electrons have no time to transfer
energy to other ions or out of the bulk material. Most of the pulse energy is firstly
deposited into electrons in a small depth of the material by the laser electric field,
what is called the skin layer |, that can be estimated by:

L=a=(1+1+ 1) Eq.L2

—od N r =P J

where « is the absorption coefficient at the critical density, w is the laser frequency,
and r is the refractive index at the critical density. The absorption coefficient can be
estimated from the Fresnel formula

0= — Eq. 1.3

(1+r%+ 2

Where the refractive index can be calculated as

o= i_( _"J_J Eq 14

Where we is the electron plasma frequency, apart from the avalanche ionization and
the photoionization, there are two other mechanisms involved in the femtosecond
laser ablation: therma vaporization [19], where the electron-phonon collisions
increase the local temperature above the vaporization point, and Coulomb explosion
[20], where excited electrons escape from the bulk material and form a strong electric
field which pulls out the ions within the impact area. In thermal vaporization the
emitted species are likely to have similar kinetic energies, the volume of the material

removed per pulseis of the order of micrometers, and the ablated surface generated is
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rough. In Coulomb explosion, ions of different materials have similar momenta, the
majority of the removed ions have a faster speed than those removed in thermal
vaporization, the volume of material removed is of the order of tens of nanometers,
and the ablated surface tends to be smooth.

Another parameter that we have to take into account is that in wide band gap
materials, laser ablation can occur only when the fluence is higher than a certain value
at a given pulse width. The threshold fluence is the laser fluence at which lattice
instabilities of such magnitude are induced that the system is irreversibly damaged
and at least a mono layer of material is removed [21]. A significant characteristic of
femtosecond laser ablation of dielectricsis that its threshold fluence is higher than the

predicted by the law of the square root of the pulse width [22].
Fo, = T, Eqg. 1.5

where Fy, is the threshold fluence and z, is the laser pulse width.

This is because the femtosecond laser ablation of wide band gap materia is
dominated by ionization. Thus, the electron temperature dominates over the electron-
phonon temperature, and the heated volume is governed by the photon absorption
depth instead of therma diffusion depth. Since the photon absorption depth is not
proportional to the square of the pulse width, the threshold fluence deviates from this

law.

According to this assumption, that the laser ablation initiated when the free
electron density reaches to the critical density, the threshold fluence can be considered
as the minimal fluence required to create the critica density. Based on this
assumption, the theoretical threshold (Fy,) logarithmically depends on the value of the
critical density [23]:

In ["f] Eq. 1.6

where ng is the number of seed electrons generated by the multiphoton ionization

process, determined by
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ng = [ P(Ddt Eq.17
where P(1) is the photoionization expressed as:
P(I) = 6y ()Y N, Eq. 1.8

where dy is the cross section of the N-photon ionization process, h is reduced plank

constant, and N is the atoms density in the solid.

From the material removal mechanisms, in Coulomb explosion, it is assumed that the
threshold fluence is the minimal fluence required to create an electric field high
enough for electrons to overcome the summation of the binding energy of ionsin the
lattice (g,), density of conductive electrons (ng), and the ionization potential (Up)).
According to this assumption, the threshold fluence in wide band gap materials can be
expressed as:

Fop =

e |

(g, + Ug;) ‘fﬂj Eq. 1.9

The ablation depth is governed by the photon absorption depth, that is typically longer
than the thermal diffusion depth during the femtosecond pulse. It is assumed that the
actual fluence at the ablation depth d is equa to the absorbed threshold fluence,
F(z=d) = (1-r)Fy. Based on this assumption, the ablation depth can be estimated by:

d=-in(—) Eq. 1.10

where F isthe laser fluence.

In this thesis, femtosecond laser pulses are utilized for the surface patterning

of nonlinear optical dielectric materials.
1.2. Diffraction gratings

Diffraction is the apparent bending of waves around small obstacles and the
spreading out of waves through small openings. The same effects occur when light
waves travel through a medium with a varying refractive index while diffraction

occurs whenever propagating waves encounter such changes. Its effects are generally
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most pronounced for waves where the wavelength is roughly similarly to the
dimensions of the diffracting objects. If the obstructing object provides multiple,
closely spaced openings, a complex pattern of varying intensity can result. Thisis due
to the interference of different waves generated at the obstructing objects, each of one
converted to a wave front. The word diffraction was firstly introduced by F.M.
Grimaldi to record accurate observations of the phenomenon in 1665 [24]. The first
diffraction grating was made by the American astronomer David Rittenhouse in 1785,
who reported the fabrication of a half-inch wide grating with fifty-three apertures
[25].

Grating normal

‘%& o \-\%“‘ Lecy, (3
N \“é\ée

Figure 1.2. Schematic view of reflection grating containing the incident beam and
different diffracted beams

A diffraction grating is an optical element with a precise pattern of
microscopic periodic structures that is used to diffract light. Usually this pattern is a
corrugated surface of grooves (surface-relief grating), though some gratings are
formed by the periodic variation of the refractive index inside the grating itself.
Diffraction gratings play an important role in the field of science and technology,

including laboratory spectroscopy, optical telecommunications, filtering, etc.

When a monochromatic light is incident on a grating surface, it is diffracted
into discrete directions. The light diffracted by each groove combines to form set of
diffracted wave fronts. The usefulness of a grating depends on the fact that there
exists a unique set of discrete angles along which, for a given spacing A between
grooves, the diffracted light from each facet is in phase with the light diffracted from

any other facet, leading to constructive interference.
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Diffraction by a grating can be visualized from the geometry displayed in
Figure 1.2 which shows a ray of light of wavelength A incident at an angle o and
diffracted by a grating (of groove spacing A, also called pitch) along a set of angles
(Bm)- These angles are measured from the grating normal, which is shown as the
dashed line perpendicular to the grating surface at its centre. The sign convention for
these angles depends on whether the light is diffracted on the same side or the
opposite side of the grating normal to respect the incident light. In Figure 1.2, which
shows a schematic representation of a reflection grating and defines the typical angles
used in their optics, the angles a > 0 and B, > 0 (since they are measured counter-
clockwise from the grating normal) while the angles By <0 and 8.1 < 0 (since they are

measured clockwise from the grating normal).

n  Grating normal
1SRy +|-,

Figure 1.3. Schematic view of diffraction, for planar wavefronts. Two parallel rays,
labeled 1 and 2, are incident on the diffraction grating with groove spacing A at wave
front A. Upon diffraction, the principle of constructive interference implies that these
rays are in phase at diffracted wave front B if the difference in their path lengths,
Asina + AsinB, isan integral number of wavelengths.

If we analyze the interference of two parallel rays (ray 1 and ray 2 in Figure 1.3) of
light incident on a surface-relief diffraction grating in a reflection configuration, the
geometric path difference between light from adjacent grooves is seen to be Asina +
AsinB. Since B < 0, in this case the term Asin is negative, as can be seen in Figure
1.3. The principle of constructive interference dictates that only when this difference
equals the wavelength of light, or some integral multiple thereof, light from adjacent
grooves will be in phase (leading to constructive interference). At all other angles the

waves originating from the groove faces will interfere destructively.



UNIVERSITAT ROVIRA I VIRGILI

MICROSTRUCTURATION OF NONLINEAR OPTICAL MATERIALS:
CHARACTERIZATION, AND APPLICATIONS
Raj Kumar Golconda

METHODOLOGIES,

Diposit Legal:

T.

55-2013

The grating equation can be written as:
Mk = A( Sina. + sinB) Eqg. 1.11

This equation governs the angular locations of the principal intensity maxima when
light of wavelength A is diffracted from a grating of groove spacing A. Here misthe
diffraction order (or spectral order), which is an integer. For a particular wavelength

A, all values of m for which m\/A < 2 correspond to propagating diffraction orders.

Generally several integers m will satisfy the grating equation. We call each
of these values a diffraction order. The physical significance of this is that the
constructive reinforcement of wavelengths diffracted by successive grooves merely
requires each ray be retarded in phase with each other; this phase difference must
therefore correspond to a real distance (path difference) which equals an integral
multiple of the wavelength. This happens, for example, when the path difference is
equal to one wavelength, in which case we speak of the positive first diffraction order
(m=1) or the negative first diffraction order (m = -1), depending on whether the rays

are advanced or retarded as we move from groove to groove

As we have seen, the grating eguation allows light of wavelength A to be
diffracted into both negative and positive orders as well. Explicitly, spectra of all
orders mexist for which

22N <M < 2A, Eqg. 1.12

This sign convention for m requires that m > 0 if the diffracted ray liesto the
counter-clockwise side of the zero order (m = 0), and m < O if the diffracted light lies

to the clockwise side of the zero order.

Diffraction gratings can be classified according to severa criteria: the
geometry of light incidence and collection, the material with which they have been
fabricated, their efficiency behavior, the manufacturing method, their working spectra
interval, etc. Here we will use only reflection and transmission gratings fabricated on
the surface of nonlinear optical dielectric materials by the ultrafast laser ablation and
chemical etching methods. The gratings are considered as phase-only gratings to
analyze the modulation shapes they produce on the diffracted beams. Such gratings

work by retarding the wavefronts as a function of position and these gratings absorb
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no light energy. So that the total amount of diffracted light can reach 100% when

summed over all the orders.

Reflection gratings are much more common than transmission grating
systems. Optical systems can be folded with reflection gratings, which reflect as well
as disperse, whereas transmission grating systems are in-line and therefore usually of
greater length. Moreover, reflection gratings are not limited by the transmission
properties of the grating substrate, and can operate at much higher angles of
diffraction. Reflection gratings provide much higher resolving power than equivalent
transmission gratings, since the path difference between neighboring beams (i.e.,

separated by a single groove) is higher in the case of reflection gratings.

In certain types of instrumentation, transmission gratings are much more
convenient to use than reflection gratings. The most common configuration involves
converting cameras into simple spectrographs by inserting a grating in front of the
lens. Another application, where high speed lenses and transmission gratings can be
combined advantageousdly, is in the determination of spectral sensitivity of
photographic emulsions. However, transmission gratings are limited to spectral
regions where the materials from which they are fabricated are transparent. Their
main drawback is that they do not fold the optical path conveniently as reflection
gratings do. Moreover, to avoid total internal reflection, their diffraction angles
cannot be extreme. Even though the surface of the substrate is usually antireflection
coated, interna reflections from grating-air interfaces leads to some backward-
propagating orders (i.e., the transmission grating will also behave as a weak reflection
grating), and this limits the maximum efficiency achievable in these gratings to about
80 %.

Diffraction from gratings is of capital importance in the fields of integrated
optics, holography, optical data processing, and spectral analysis. The diffraction
gratings have applications in beam coupling, beam coding, beam deflection, beam
expansion, beam shaping, beam splitting, coherent light generation, data processing
and modulation, multiple beam generation, pulse shaping, pulse compression,
multiplexing, de-multiplexing, Q-switching, mode locking, signal processing, and

spatia light modulators among others. [26-35.]
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1.3. Nonlinear optics

Nonlinear optics is the study of optical effects arising from the interaction of
intense coherent optical radiation with matter in the nonlinear regime. Optical
frequency conversion was the first of these phenomena, firstly discovered by Franken
and co-workers in a quartz crystal illuminated by a ruby laser at a wavelength of
694.2 nm in 1961 [36]. This was an important milestone experiment for the
investigation of several nonlinear optical effects, including sum-frequency generation,
stimulated Raman scattering, self-focusing, optical rectification, four-wave mixing,
and many others that rise same to novel concepts and applications such as fiber optics,
optical spectroscopy, optical switching, quantum optics, telecommunications, signal

processing, etc.

In an optical medium, electrons are displaced from their normal orbits by the
oscillating electric field (E’) of an incident light wave, generating in this way

oscillating dipoles formed by the electrons and the remaining ions. The macroscopic

manifestation of the oscillating dipoles is the oscillating polarization or dipole

moment per unit volume F.In regime of conventional optics, the P is simply

assumed to be linearly proportional to E:

P(t) = g,y P E(t) Eq. 1.13

where & is the free-space permittivity, and »* is the susceptibility of a given medium.
Shortly after discovery of second harmonic generation (SHG), several other coherent
optical frequency mixing effects (such as optical sum-frequency generation, optical
difference frequency generation, and optical third harmonic generation) were
observed. All these new effects could be reasonably explained by replacing the linear

term on the right hand side of Equation 1.13 by a power series

P() = o7 E* () + 7 E* (0 + O E°(0)]

= POt + P2 @t)+ PO (t) +.... Eq. 1.14
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3

where, Y, 2, and »® are the first-order, second-order, and third-order

susceptibilities and so on, respectively. For simplicity we take the fields 5(t) and

E(t) to be scalar quantities. In general, the nonlinear susceptibilities depend on the

frequencies of the applied fileds, but under present assumption we take them to be

constants.

Sum-frequency generation (SFG) is a nonlinear optical process in which
from two input photons incident of low energy on nonlinear medium, a new high
energy photon can be generated. If an incident intense optical field contains two
monochromatic components of frequency w,, @, and propagate through a second
order nonlinear crystal, a coherent radiation at the sum frequency of wz = w1+ w, may
be obtained.

Figure 1.4 describes this process.

on
—_— (2) o5 = oy + o
—

Figure 1.4. Geometry of the sum frequency generation

For alaser beam whose electric filed strength is expressed as
E(t) = Ee ™ +cC Eq. 115

The nonlinear polarization component can be expressed as according to equation
1.14 or explicitly as

PA(t) =26,y PEE" + (e, PE% 2" +cc)  Eq. 116

The second order polarization consists of a contribution at zero frequency (the first
term) and a contribution at frequency 2w (the second term). The second term
contribution can lead to the generation of radiation at the second harmonic frequency
and the first term contribution does not lead to the generation of electromagnetic

radiation because its second time derivative vanishes.
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In this process, a special case is when the two input photons have the same frequency

i.e., w1 = w, = w, thenthe SHG occurs. w + o = 2w.

0] ;
—_— X(l’} 20

0]

Figure 1.5. Geometry of the second harmonic generation
Figure 1.5 shows a schematic representation of the SHG process.

We assume that the medium is lossless both at the fundamental frequency ®;
and at the second harmonic frequency w, = 2w;. The total electric field within the

nonlinear medium to be given by
E(zt) = E,(zt) + E,(z.t) Eq. 1.17

Where each component is expressed in terms of complex amplitude E; (2)

and dowly varying amplitude A; () according to

— —iojt
E,(zt)=E;(2e " +cc, Eq. 1.18

ikjz
where E (2 =A(2e Eq. 1.19

where the k; is the propagation constant and refractive index are given b
kj = nja)jlc, n = [6‘(1)601‘] vz Eqg. 1.20

The nonlinear polarization is expressed as
PM(zt)=P(zt)+ P,(zt) Eq. 1.21
and P(zt)=P (¢ +cc, j=12  Eq122

The expressions for the polarization amplitudes are
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P(2) = 4¢,d4 E,E, =4e,d AL A €™ Eq 123

P,(2) = 26,d E? = 2¢,d 4 A’e™™ Eq. 1.24

The solution of coupled —amplitude equation for sum frequency generation, we find
that

d 2i w?d L
dAz& = klc;ﬁ A A e Eq. 1.25
1
dAz iw22deff 2 LiAkz
'}52— ::-—E;E;?—'/\_e Eq. 1.26
where Ak = 2k Ko Eq. 1.27

From the slowly varying amplitude approximation

d 2iwid :
dA; = ksczeﬁ A A Eq. 1.28
3

In phase matching consideration, the amplitudes A; and A, of the input fields
can be taken as constants on the right hand side of the equation 1.28. This assumption
is valid whenever the conversion of the input fields into the sum frequency field is not

too large.
For a special case 4k=0 Eq. 1.29

The amplitude Az of the sum-frequency wave increases linearly with z, and
consequently that its intensity increases quadratically with z. This condition is known
as perfect phase matching. When the condition (equation 1.29) is not satisfied, the

intensity of the emitted radiation is smaller than for the case of 4k = 0.

The amplitude of the second harmonic frequency at the exit plane of the

nonlinear medium is given by equation 1.28 fromz=0to z= L, then
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2id , w?AZ L
A(L)= — 2 A j e dz Eq. 1.30
3C 0

Where intensity of the second harmonic wave is given by the time averaged

poynting vector, which for our definition of field amplitude is given by
I, = 2n.e,dA|° Eq. 1.31

The intensity of the second harmonic wave along the length L is given by

l,, Eq. 1.32

20%d5 >, (sinAkL/2)
=5 (o) — "~
n,,N,ce, AKL/2

20" o

From this equation it can be seen that the intensity is maximized for the phasematched

condition Ak =O0. If the process is not phasematched, the driving polarization at 2w

goes in and out of phase with the generated wave E(Za)) and conversion oscillates

as afunction of L with a period: L. = n/Ak, the parameter L., defining the length of the

nonlinear medium providing the maximum SHG efficiency (coherence length).

The phase drift naturally resulting from the difference in phase velocities due
to material dispersion must be compensated by some phasematching means.
Birefringent phasematching (BPM) and quasi-phasematching (QPM) are the two
different methods used to achieve phase matching in nonlinear materials. The first
time a nonlinear process showed efficient SHG was using birefringence
phasematching [37, 38], in which the difference in phase velocity of two orthogonally
polarized waves was used to balance the difference due to dispersion. An alternative
approach, QPM was suggested independently by Armstrong et al. and Franken et al
[39, 40]. QPM uses a periodic modification of the properties of the nonlinear medium
to correct the relative phase at regular intervals without matching phase velocities. A
particularly effective structure is one in which the sign of the nonlinear susceptibility
is periodically reversed throughout the medium. By changing the sign of the nonlinear
susceptibility after every coherence length, the phase change of nonlinear polarization
wave is shifted by =, effectively rephasing the interaction and leading to monotonic

power flow into the harmonic wave.
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An alternative to these processes is the use of gratings that are not simply
periodic in either the propagation or transverse directions allowing tailoring of the
nonlinear interaction in ways that are not possible in BPM media, and generating the
second harmonic through new mechanisms such as non-collinear schemes [41], as

will be described in the next section.
1.4. Diffraction in nonlinear optical materials

In connection with nonlinear optics, there are some other subjects also
studied, i.e., nonlinear transmission, reflection, refraction, and absorption. Along with
these there is an interesting phenomenon, diffraction in nonlinear optical materials, or
nonlinear diffraction, also to be included in nonlinear optics. Nonlinear diffraction
[42] isakind of non-collinear phase matching [43] that is observed in pure form when
the reciprocal lattice vector describing the spatial modulation of the nonlinear
susceptibility of the medium does not coincide with the direction of propagation of
the fundamental and the generated radiations. This is based on the QPM phenomenon,
and was firstly demonstrated in a NaH,4Cl multi-domain sample with periodic spatial
modulation of the nonlinear susceptibility, where effective SHG in non-collinear
directions was observed by Freund in 1968 [44]. In that case SHG occurs at angles of

incidence and diffraction for which the nonlinear analogue of Bragg's law is satisfied:
Koo -2Ky —Gpq =0 Eg. 1.33

where G4 is the reciprocal lattice vector, with p, g € Z. For each reciprocal vector
Gpq and a prescribed k,, there is at most a unique angle of propagation for the SH
such that Eq. 1.33 is satisfied. In the 1D case for a real space lattice period A of the
reciprocal lattice has a period of 2r/A.

The experimental study was carried out in naturaly laminated crystals
exhibiting non regularity and dispersion of nonlinear domains [45-46], as well asin
artificially created nonlinear one-dimensional ¥ gratings [47-49] and annular x®
gratings [50, 51]. Nonlinear diffraction has also been reported in the second and third
harmonic generation in the presence of a transient optical induced one dimensional
(1D) grating [52]. Efficient backward SHG was observed by the nonlinear diffraction
phenomenon in a 3D silicon-opal photonic crystal [53]. By employing the concept of

nonlinear Bragg diffraction, second harmonic conical waves were generated by two
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dimensiona annular nonlinear photonic structures [54]. Bragg diffraction occurs at
incident angles close to the Bragg angle, in contrast Raman-Nath diffraction occurs at
an arbitrary angle of incidence. Nonlinear Bragg diffraction with multi-order
generation of second harmonics in contribution to the Raman-Nath diffraction has
been observed in a periodically poled 1D lithium niobate crystal [55]. In Figure 1.6,
the additional spots are observed only in a nonlinear diffraction grating by
longitudinal phase matching conditions which are contributed by the Raman Nath
diffraction. The angular positions of the additional spots are defined only by the ratio
of the wavelength to the grating period as in Raman-Nath diffraction.

Figure 1.6. Nonlinear diffraction patterns generated in a 1D QPM grating in a
periodically poled lithium niobate crystal [55].

Recently, nonlinear diffraction was produced by a virtual fundamental beam
in 1D and two dimensiona (2D) dimensional quadratic gratings of lithium niobate
and lithium tantalate crystals [56], and also in random nonlinear photonic structures of
strontium tetraborate [57].

In the case of surface relief diffraction gratings, a periodic modulation of the
second order susceptibility ¥, and a periodic modulation of the linear susceptibility

x associated to a periodic modulation of the refractive index, can be obtained.

I_‘{b,blti,ﬁ] 'ﬁ?ﬂll;.ﬂl

(b)

Figure 1.7. Images of the SHG for different incident angles 6y (a) 6p= 0° (b)6 o=
0.7° in a surface relief diffraction grating fabricated by ultrafast alser ablation in a
KH,PO, crystal [58].
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In this type of diffraction gratings it has been demonstrated that by changing
the incident angle of the fundamental beam, collinear (see Figure 1.7 (&) or non-
collinear phasematching (see Figure 1.7(b)) can be achieved among certain diffraction
orders [58]. The several second harmonic rings generated by non-collinear
phasematching between fundamental scattered light within and at the surface of the

crystal.

Similarly, it has been reported the generation of multiple second harmonic
beams on diffraction gratings inscribed on B-BaB,O, crystal by femtosecond laser
ablation [59], and the corresponding recorded image is shown Figure 1.8. The
brightest £1 diffraction orders are generated due to the noncollinear phasematching
conditions and +2 diffraction orders of the second harmonic beam are overlapped

with the + 1 diffraction orders of the fundamental beam.

Figure 1.8. Multiple second harmonic beams generated in a surface relief diffraction
grating fabricated by ultrafast laser ablation on a -BaB,O, crystal [59].

The control of laser radiation can be obtained by patterning the micro-structures on
1D and 2D diffraction gratings by femtosecond laser ablation on a Nd-doped LiNbO;
crystal was also reported by G.A.Torchiaet a [60].

1.5. Localized emission with luminescent nanoparticles

In recent years, control and localization of electromagnetic radiation is of
increasing interest for the development of compact, versatile and multifunctional
devices through micro-structured patterned materials in the field of photonics [61,
62]. New approaches have been explored for enhancing the resonant optical processes
in photonic devices by matching the periodic dimensional structures with the
wavelength of incident light. The optical properties of light can also be manipulated
and controlled by filling the micro or nanostructured materials with other materials
such as polymers [63], semiconductors [64], dye molecules [65], molecular
nanoparticle materials [66], etc. Among the various approaches adopted so far, an

aternative has been demonstrated recently for controlling and localizing the
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electromagnetic radiation by embedding lanthanide doped nanoparticles in patterned
structures with micrometer dimensions [67]. Trivalent lanthanide ions present a rich
optical spectra and a high quantum efficiency that allowed to demonstrate new
functionalities for the materials in which they have been embedded in the fields of
biological and medical applications. However, the optical properties of lanthanide
ions doped nanoparticles embedded in patterned microstructures have been minimally
explored [68]. For instance, embedding high refractive index optically active
lanthanide ions doped nanoparticles in ordered microstructures inscribed on a lower
index material would give an additional possibility to confine the emitted light that
can provide brighter emissions [69]. Apart from this, the use of microstructured
nonlinear optical materials to embedded luminescent nanoparticles in them, might
also provide multifunctional devices capable to generate additional electromagnetic

radiations through nonlinear optical processes.

The control and localization of the emission radiation generated by
luminescent nanoparticles spatially at the micro-meter scale and embedding them in
2D micro-structured patterns inscribed on the surface of nonlinear optical materials
would show interesting new possible applications such as RGBY laser phosphor
display devices.

Display technology plays a crucial role in how information is conveyed. A
picture is a worth of thousand words, so this technology simplifies information
sharing. The cathode ray tube (CRT) was the first device which revolutionized display
industry. However, a vast research on display technology has increased demand for
displays that rival and surpass CRTs parameters such as picture quality, size, and
power consumption. CRT displays use scanning electron beams in a vacuum tube to
excite color phosphors in red, green and blue colors on the screen to emit colored
light to produce color images. Although CRT displays can produce vivid colors and
bright images with high resolution, the use of CRTs places severe technical
limitations, such as difficult to set possible geometric configuration of electron gun
axes and aperture positions in the CRT displays and leads to dramatic decline in
demand for CRT displays. Later, liquid crystal displays (LCD) devices replaced CRTs
due to their light weight, low operating power, and compact design. So, this
technology allowed to design numerous devices such as digital watches, cell phones,

laptops and small screened electronics. Display technology has extended to design
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other display devices such as organic light emitting diodes (OLEDs), digital light
processing technology, plasma displays, liquid crystal displays (LCDs), light emitting
diodes (LEDs) displays, and field emission displays (FEDS).

The modern displays have direct configuration where the screen itself
contains light emitting color pixels to directly form color images on the screen.
However, these direct emitting displays avoid the optical lens systems for projecting
images. In projection display systems, white light sources are used where beams are
filtered and modulated to produce images in red, green and blue colors. Alternatively,
three light sources in the red, green, and blue may be used to directly produce three
beams in red, green and blue colors and the three beams are modulated to produce

multi-color images.

Demand for high quality displays has driven to the evolution of a new
approach made to innovate high quality RGB displays with laser phosphor display
(LPD) technology. LPD is a new category of large format digital display technology,
with a low power consumption, and long lasting performance and brilliant picture
quality. LPDs consist in three main parts, such as the laser engine, the laser module,
and the phosphor panel. The phosphor panel (display screen) comprises a substrate on
which parallel phosphor stripes are made of different phosphors that emit RGB colors
by absorbing light at a particular excitation wavelength in the UV, emitted by the
laser engine. The laser module is used to project and scan the laser beam onto the
screen producing color image generated by the phosphor stripes deposited on the
substrate.

The main attractive feature of this LPD technology is that the phosphor
pixels can be any shape, from small squares to long ribbons. In theory LPD can
change images faster than LCD and LED technologies as well, making it an
invaluable option for many areas such as space and weather stations, trading

exchanges, broadcasting, airports and security settings.

In this thesis, we contributed to the development of LPD technology by
embedding lanthanide doped nanoparticles which emit RGBY colors, inside patterned
2D microstructures inscribed on the surface of nonlinear optical materials. These
RGBY colors can be produced simultaneously by using the single excitation

wavelength with NIR laser source. Another important aspect of this approach is that it
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can aso be applicable for producing high resolution images through RGBY LPD

technology due to the small size of the pixels we propose.

1.6. Generation of visible light by upconversion processes

The lanthanide ions are a series comprises the fifteen metallic chemical
elements occupy special place in periodic table with atomic numbers 57 through 71,

from lanthanum through lutetium.

47'5d "0 .
Eu™ ‘qb'

loz

D ——

D,
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interactions coupling splitting

Figure 1.9. Effect of the crystal field on energy level splitting of the Eu** ion

The ground state electronic configuration of rare earth atoms consists of a core
which is identical to xenon, plus additional electrons in higher orbits. In xenon, the
shells with quantum numbers n=1, 2, 3 are completely filled. The shell n=4 hasits s,
p, and d subshells filled, where as the 4f subshell capable of accommodating 14

electrons is completely empty.

However, the n=5 shell has acquired its first 8 electrons, which fill the 5s and 5p
orbits. Moving from La® to Lu** elements, the 4f-shell of lanthanides, which is
situated inside the 5s and 5p orhitals, is being filled from O to 14 electrons.

The Russel-Saunders coupling allows the representation of the electronic states of
Dieke diagrams for lanthanides, as a function of the total angular momentum (L), the
spin multiplicity (25+1), and the total angular quantum number (J) the following
expression ®*IL; where L=3; I;, S = %5 and J=L+S, L+S-1, L+S-2,...., | S-L|.



UNIVERSITAT ROVIRA I VIRGILI

MICROSTRUCTURATION OF NONLINEAR OPTICAL MATERIALS:
METHODOLOGIES, CHARACTERIZATION, AND APPLICATIONS
Raj Kumar Golconda

Diposit Legal: T. 55-2013

ﬂu?.:
= -- — —i7 o
— — H&
— Dy i,
— ﬂp'l-';‘ — — '_‘?'I:
— - - 5 2— — - A— —;Rl\ﬂ
— = = " e _Ej?
—_ - =  aam = In
— — — — '1- —
- B _—— ok 1_‘(‘:,,._3
_:E | = — Dy T TG, THg,
= 'l —
i . f— D Gy 5
2 I b, — 77 ! ﬁl" F, g
R - = = Bl =6 =y
é i —_= .- — —I i, — =K ’1"?-1”— i,
v 9 - 4 o ) —_
e Ll | 2
S 2 ><‘ 1] ;I_. N h].‘! 02 3 -"||‘:
g [ I 1:- == - =
2 | D, »Eﬁsz! t G, =0 2
2 L] S A
@ [ el %
: ‘?.-- == |:II'.II."‘ 5'1 —JF!
Eare s T S —— :
: Hoo = = 3 IE [ i A
— ﬁlr T2 — :I:
r . 17 pees 2 A
1= 'Gy -_:z"' —H,, . L —
L —_—0 ”;
L I 4 _"'E Fyyn . t -
Fyos lg Hyen . : W
L | T —— [ 1372 %
—3 = =i S 12 = A
L o _n
3 =2 e < LT, l X 1= 7
w2 —s " J—
(12 5 —r 4 )
L i QU 2 —;'
0 E T M PHey F, B TF. Mg, Sl 4 W,
sp Hy Tl Tk s B 3 3r ol Thea Hg o Fop

58 59 60 61 62 63 64 65 66 67 68 69 70
Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb

Figure 1.10. Energy level diagram of lanthanide ions (Dieke diagram)

Given L = 1,2,34... the spectroscopic terms are S(L=0), P(L=1), D(L=2),
F(L=3)...respectively [70].

The electronic configuration of lanthanide ions is energetically split in spectroscopic
terms, levels and states because of (i) electronic repulsion (ii) spin-orbit coupling (iii)

ligand field splitting when they are bound to a solid (in a coordinating environment)
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as showed in Figure 1.9, for EU*, as a representative |lanthanide ion, and in the Dieke

energy level diagram of lanthanide ions, shown in Figure 1.10.

The selection rules state that electronic transitions must accomplish involve the
promotion of electrons without a change in their spin (AS =0) and with a variation of
either the total angular momentum and the total angular momentum gquantum number
of one unit at most (AL = £1,0; AJ = +1,0). Relaxation of these rules can occur when
the lanthanide ions are surrounded by other ions and ligands in molecules and solids
that create an electric field around these ions (crystal field in crystalline solids) even
though it must be remarked by their scarce efficiency to lessen the prohibition, as

confirmed by weak Ln ions absorption coefficients and long luminescence lifetimes.
1.6.1. Upconversion processesin lanthanideions

The concept of upconversion in ion-doped solids was first proposed by
Bloembergen in 1959 [71] and demonstrated experimentally by Auzel in 1966 [72].
Auzel described a method to detect infrared radiation by converting it into visible
light. With the invention of the laser, the upconverting processes could be more
thoroughly studied [73]. Upconverting materials are fabricated by doping the
materials with active lanthanide ions. Upconversion processes involving ions have
been observed in many types of solid hosts, including crystals [74], and wave guides
[75]. The upconversion processes involve energy transfer between lanthanide ions of
the same kind as well as different kind of ions. The first ion being excited is called

sensitizer, and the ion to which the energy is transferred to is called an activator.

A number of different mechanisms are involved in the upconversion
process. These mechanisms can be described with the use of physically existing
energy levelsin Lnions. The first mechanism is the excited state absorption (ESA), in
which a photon with energy hvy (h is plank constant and v is photon frequency) is
absorbed by an ion embedded in a crystal matrix, promoting the electronic transition
from the ground level (E;) to a metastable intermediate level (E,) as can be seen
Figure 1.11. Then, it may absorb a second photon hv; and rise up to an even higher
level (E3) (seein Figure 1.11). There, when this superexcited electron drops back to
the E; ground state, the energy may be relaxed in a radiative manner, yielding an

emitted photon with energy hvs, where v3 is larger than v;.
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Figure 1.11. (a) Schematic representation of the ESA process, where upward arrows
represent direct excitation of an electron to a higher energy level, downward arrows
represent radiative relaxation (b) Schematic representation of the ETU process,
where dotted downward arrows represent non-radiative relaxation, dotted curve
arrows represent energy transfer, and dotted upward arrows represent indirect
excitation of an electron

The upconversion emission originating from ESA was not easily observed,
mainly owing to the fact that the second photon must be captured by an electron at the
intermediate level (E,), and the population there is usually rather low. There are three
factors determining the population at the metastable excited state: the power of the
excitation source, the lifetime of the metastable state, and the absorption cross section
of the ions. The ESA process istypical of upconversion processes involving only ions

of the same kind.

The energy transfer upconversion (ETU) is another important upconversion
mechanism besides ESA. The ETU mechanism involves energy transfer between two
adjacent ions, namely a sensitizer and an activator. After the excitation of the
sensitizer, the energy can be transferred to the activator, promoting an electronic
transition from level E; to E, (when the activator is in the ground state), or from level
E, to E; (when the activator isin the intermediate state), while the sensitizer is relaxed
to its ground state. This processistypical of upconversion processes involving ions of
different kinds. Introducing sensitizers can be used to enlarge the absorption cross-
section of the activator, because the sensitizers help to capture photons and promote
electrons of the activator to the super excited state (Es). In this process, the energy
transfer process is independent of the excitation power, and can be quite efficient
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under optimized conditions. The schematic view of ETU process is shown in Figure
1.11 (b).

1.6.2. Activelanthanideionsused in thisthesis

In this thesis, we analyzed the luminescence properties and the upconversion
possibilities of different lanthanide ions such as ytterbium (Yb*), erbium (Er*"),
thulium (Tm*"), holmium (Ho*") and europium (Eu*") in two different matrices, the

monoclinic double tungstates and the Gd,Os, that we will present later.

Ytterbium is ideally well suited for diode pumping since it has a very simple
energy level scheme consisting only of two manifolds: the ground 2F, state and an
excited %Fg, state, which are separated approximately by 10,000 cm™. It shows a
broad emission bandwidth, which enables tunable laser emissions and allows to
generate ultrashort pulsesin mode locked lasers. Furthermore, the lifetime of its upper
state is long which maximizes the electronic energy storage by pumping. Yb* ions
are widely used as sensitizer ions for increasing the absorption of light from other
ions such as Er**, Tm*, and Ho**. Since it poses a high absorption cross section in the
0.9 to 1.1 um spectral range. On the other hand, Yb** exhibits a quasi three level laser
mechanism, which tends to lead to a low laser threshold and it is the ion called to
replace Nd®* based lasers, since it does not suffer from reabsorption losses, and it has

alow thermal load.

Erbium has arich energy level structure, showing different sharp spectral lines
depending on the host material in which it is embedded. Erbium ions have a
characterstic emission at 1.5 pm wavelength from the *l13, —*l15, transition that is
used for optical communication devices. Due to the low absorption cross section in
the spectral range around 980 nm, it limits the pump efficiency of this ion. To
increase this efficiency, Yb®* can be used as a ion sensitizer ion due to the high
energy overlap between the *l11, level of Er* and the ?Fs, level of Yb®* as can be
seen Figure 1.10 (Dieke diagram). The green wavelength emission through
upconversion from Er® ion from the “Sy,—*l15, transition is interesting for phosphor
displays, high density optical storage, biomedical diagnostics, and sensors of
applications [76, 77].
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Thulium has also numerous energy levels. For Tm*", laser operation has been
demonstrated in many host materials with high efficiency [78, 79]. Tm* can also be
used as a sensitizer ion for other optically active lanthanide ions, because it has an
extraordinary ability to transfer part of the energy to other neibouring lanthanide ions
[80-82] such as Ho**, Gd*', and Pr** etc. The most characterstic emission of Tm** in
the blue arises from the 'G,—>H; transition. The emission wavelength of Tm** ions
in the near infrared region is at 1.5 pm from the *H,—>F, transition, which is very
interesting for telecommunication purposes and at around 1.8 pm from the *F, —>Hg
transition, which is used in remote sensing of the atmosphere (LIDAR devices) and in

developing medical laser technologies.

Holmium shows considerable potential as an active ion for laser generation
and nearly fourteen stimulated emission channels have been discovered for the Ho®*
ion as activator in different hostsin the 0.55 to 3.99 um range [83]. The emission near
2 um from the °I; —°l transition is specially interesting because it belongs to the eye-
safe spectral region [84-86]. On the other hand, its emission from the °S,+°F,—°lg
transition around 0.5 pm is interesting due to the present requirement for short
wavelength emitting solid state lasers. Using the holmium ion as an active laser ion,
green, blue or red upconversion emission can be obtained in different host materials

[87-89].

Europium has a simple energy level structure, where the ground state and the
main emitting state are not degenerated which allows using this ion as a probe [90-
92]. The emission lines typically occurs from the lowest excited state level (°Do) to
the ground level 'F; (where J =0-6). There are transitions associated to the higher
levels Fs and Fg, but they are very difficult to detect due to their low intensity [93].
The strongest red emission at ~ 610-620 nm occurs from Dy —'F, transition, which
makes this ion interesting in the applications of fluorescent lamps and other

optoelectronic devices [94].
1.7. Materialsused in thiswork

In this thesis, we structured by different techniques the surface of crystals of the
KTiOPO, (KTP) family and LiNbO; crystals. These crystals have received enormous

attention in the last four decades, since they show high nonlinear optical behavior, and
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have been extensively used for frequency doubling of Nd:Y AG laser radiation at 1064
nm, high conversion efficiency, with negligible absorption both at 1064 nm and 532
nm [95,96].

1.7.1. KTiOPO4

KTP crystals have attracted the particular attention of researchers owing to

their excellent nonlinear optical properties along with its interesting features:

Large nonlinear optical coefficient [97]. (dszs~17.4 pm/V)

High laser damage threshold [98]. (~1.5-2.2 GW/cm? @11 ns, 1064 nm)
High electro-optic coefficient [99]. (rs3 ~ 35 pm/V)

Large spectral wavelength range [100]. (0.35- 4.5 pm)

o~ ®Dd P

Nonhygroscopic, chemically and thermally stable

KTP crystal was first synthesized in 1890 [101] and later its crystal structure
was determined by Torjdjman et a belonging to the orthorhombic system with the
non-centrosymmetric space group Pna2; [102]. The unit cell has the following lattice
constants a = 12.819 A, b = 6.399 A, ¢ = 10.584 A [103]. However, shortly
afterwards large nonlinear susceptibility was discovered in KTP and since then it has

been intensively employed for various nonlinear optical processes[104].

Apart from a material to double the frequency of Nd:YAG lasers, KTP isaso used in
optical parametric amplification systems with high output power, short pulse width,
high repetition rate, and excellent operational stability for applications in ultrafast
time-resolved spectroscopy [105], nonlinear pulse propagation in optical fibers, and
carrier dynamic studies in semiconductors [106]. These crystals are also widely used
in many laser applications such as electro-optic modulation [107] and deflection,
acousto-optical modulation [108], optical wave guides [109], and integrated optical
devices[110].

1.7.2. RbTiOPO,4

RbTiOPO, (RTP) is an isostructura compound to KTP. The lattice
parameters of RTP measured by Thomas et . are a = 12.974 A, b = 6.494 A, ¢ =
10.564 A. RTP was the first discovered isostructural to KTP [110].
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RTP crystals present also interesting properties:

Large nonlinear optical coefficient [111]. (dzs~ 17.1 pm/V)

High laser damage threshold [112]. ( 0.9 GW/cm?® @ 15 ns, 1064 nm)
High electro optic coefficient [111]. (rss~ 36.3 pm/V)

Broad spectral width [113] (0.35 —4.5 pm)

Non hygroscopic, chemically and thermally stable

o M w DN P

RTP is a good candidate for optical parametric oscillator (OPO) pumped at
1064 nm because its efficiency is comparable to that of KTP. Moreover, RTP absorbs
the generated idler wavelength less than KTP, this can be an advantage in the case of
high average power operation. Compared with other crystals, RTP can be operated at
low voltage in electro-optics applications due to its high electro-optic coefficients and
without piezoelectric ringing at high repetition rates [114]. At low switching voltage
RTP is important in applications where the power supply has to remain as small as
possible like in space applications. The absence of piezoelectric ringing allows Q-
switching at frequencies in the 100 kHz range while maintaining short pulse lengths.
Finaly, RTP proves to be also a good choice for electro-optic Q-switch applications
at high repetition rate compared to other materials [115].

1.7.3. LiNbO3

Lithium niobate (LiNbO3) is one of the most used crystalline dielectric
materials at the present days in the electronics and optoelectronics industry. It is also
important for optical communications, as it is a key material for many types of

electro-optic modulators [116].
The interesting properties of LiNbO; crystal are

High nonlinear optical coefficient [117]. (ds3~31.5 pm/V)
2. Large optical damage threshold [118]. ( 0.5-2 GW/cm® @ 10 ns, 1064
nm)
High electro-optic coefficient [119]. (ra3 ~31 pm/V @ 633 nm)
Broad spectral width [120]. ( 0.32 -5 pm)

The structure and properties of LiNbO; were reported by H. Megaw in 1954
[121]. Its crystalline form is a solid materia chemicaly very stable at room
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temperature, that crystallizes in the trigonal system with the non-centrosymmetric
space group R3c. The unit cell has the following lattice constants a = 5.15 A, ¢ =
13.864 A [122].

The broad spectral window of LiNbO; provides a wide spectral window for
photonic applications. The nonlinear optical properties of LiNbO; have also made it
an increasingly popular material for optical frequency conversion. The high second
order y* nonlinearities of LiNbOs;, have made it possible to demonstrate wave
modulators [123], optical switch arrays [124], wavelength converters [125], and
tunable mid-IR coherent light sources. The development of periodically poled LiNbO;
and other ferroelectric optical crystals such as KTP or LiTaOs, has enabled the
production of visible laser sources, optical parametric oscillators and optical signal

processing devices avoiding the light limitations of phase-matching.
1.7.4. Monaclinic potassium double tungstates; KRE(WOy);

The choice of the host lattice for the active lanthanide ions determines the
distance among the doping ions, their relative spatial position, their coordination
numbers, and the type of anions surrounding the dopant. The properties of the host
lattice and its interaction with the doping ions therefore have strong influence on the

UpCONVErsion process.

Monaoclinic potassium rare earth double tungstates (KRE(WO,), or KREW,
(RE = Yb, Gd) crystallize in the monoclinic system with space group C2/c [126] with
unit cell parameters a = 10.590/10.652 A, b = 10.290/10.374 A, ¢ = 7.478 /7.582 A,
and = 130.70/130.80 for KYbW [127] / KGdW [128]. KREW are widely known as
hosts for active ions to constitute a solid-state laser material. The advantages of this
family of materialsis that they can be doped with optical active lanthanide ions even
at high concentrations without concentration quenching effects, and that active
lanthanide ions show high absorption and emission cross-sections in these matrices
[129].

1.7.5. Gd;03

Gadolinium oxide (Gd,Os) has two most common structures: monoclinic

with space group C2/m and cubic with space group 1a3. We have worked with the last
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cubic one, since it is the most stable one at room temperature. There are two types of
gadolinium sites in the cubic structure, both with a coordination number of 6 but with
different geometry of the surrounding oxygen atoms [130]. Gd,O; is another
promising host matrix for upconversion because of its good chemica durability,
thermal stability, and low phonon energy (phonon cut off ~600 cm™). In addition,
Gd,O3 can be easily doped with active lanthanide ions [131,132].

1.8. The aim of thisdoctoral thesis

The objectives of this doctoral thesis were divided into two parts. The first
part mainly focused on the fabrication and characterization of diffraction gratings on
the surface of nonlinear optical materials. The second part was focused on the
localized emission of light from luminescent nanoparticles embedded inside the

microstructures generated on the surface of the nonlinear optical materials.

Top Seeded Solution Growth-Slow Cooling (TSSG-SC) technique was
chosen to grow single crystals of the KTP family (basically KTP and RTP), because
these crystals melt incongruently. Ultrafast laser ablation was used to fabricate
surface relief diffraction gratings on the surface of these crystals. To have a better
understanding of the interaction between ultrafast lasers and matter, a detailed
structural characterization of these fabricated diffraction gratings was carried out in
this thesis. We also carried out a detailed study of the optical properties of these
diffraction gratings.

On the other hand, we also used the selective chemical etching technique to
fabricate diffraction gratings on the surface of a periodically poled LiNbO; crystal that
we characterized in the same optical way than previous samples.

To explore the localization of emission of light from luminescent
nanoparticles embedded inside microstructures generated on the surface of nonlinear
optical materials, we used the sol-gel method to synthesize luminescent nanoparticles
of KYb(WO,),, KGd(WO,), and Gd,O; doped with Yb*, Er**, Tm**, Ho*" and Eu**,
and we embedded them on the holes fabricated by ultrafast laser ablation on the
surface of the KTP crystals. Then, we characterized their luminescent properties using
upconversion mechanisms by pumping them at 980 nm to get visible emissionsin the

red, green, blue and yellow regions of the el ectromagnetic spectrum.
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The dructure of this manuscript is the following. The details of the
experimental techniques used in this doctoral thesis are described in Chapter 2. In this
chapter we summarized the fundamentals and experimental conditions of the
techniques we used. The Top Seeded Solution Growth - Slow Cooling method
(TSSG-SC) was used for growing RTP and KTP single crystals. The surface relief
diffraction gratings were fabricated on the surface of these crystals by ultrafast laser
ablation and by the selective chemical etching technique. The structural,
characterization was carried out by using X-ray diffraction and by micro-Raman
scattering.. The morphology of the samples was investigated by electron microscopy,
optical microscopy, and confocal-interferometric microscopic techniques. The
diffraction properties of the surface relief diffraction gratings were characterized by
FT-IR Bragg diffraction measurements and by diffraction measurements after
illuminating them with a laser source at different wavelengths. We also described the
sol-gel technique used to synthesize the luminescent nanoparticles and the
characterization of these nanoparticles in terms of optical emission through

upconversion mechanisms.

In Chapter 3, the results obtained on the crystal growth of KTP and RTP bulk
single crystals are described in detail, together with the morphological

characterization of the as-grown crystals.

Chapter 4 deals with the fabrication and morphological characterization of
the diffraction gratings. The structural changes that the single crystals suffer after
ultrafast laser ablation and after thermal annealing are discussed in detail.

Chapter 5 deals with the optical characterization of diffraction gratings
inscribed on the surface of the nonlinear optical materials. This chapter begins with
the determination of the period of the diffraction gratings by optical means and an
analysis of the diffraction of the incident beam as a function of wavelength and
polarization. Later we discussed about the determination of shape of the fabricated
channels from the diffraction properties of the sample, and we analyzed the
diffraction of the second harmonic beam generated by the same samples. Finally, the

last section was devoted to characterize the diffractions as 1D photonic crystals.

The synthesis and characterization of luminescent nanoparticles are discussed in

chapter 6 together with the characterization of the composites that we formed with
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them and the micro-structured nonlinear optical materials. In the first section we
analyzed the synthesis of luminescent nanoparticles by the sol-gel process, and their
structural characterization, and spectroscopic properties. In the next section, we
discussed about the morphological characterization of the as-fabricated
microstructured patterns and the preparation of the luminescent nanocomposites by
embedding the luminescent nanoparticles in them. Finally, the spectroscopic

characterization of these composites is analyzed.

All these chapters have been linked to the research papers we prepared
during these four years and that we publish or submit to different international
journals or conference proceedings. In these papers, parts of the results obtained are
already presented, so we decided not to duplicate their contents in this thesis. For
instance, the results of chapter 3 about the conditions of the growth of KTP and RTP
bulk single crystals by the TSSG-SC technique have been reported in papers I-VI.
The results obtained in chapter 4 about the structural and morphological
characterization of the diffraction gratings were reported in papers|lil, 1V, V, VII. The
structural changes that the materials suffer due to the ablation process and annealing
or chemical etching processes were reported in paper VII. The results presented in
chapter 5, regarding the period of the diffraction gratings by optical means and the
determination of the shape of the channels were reported in papers I,I1,V. The
diffraction of the second harmonic beam generated by 1D and 2D diffraction gratings
were reported in paper I11. The results represented in chapter 6, about the localization
of emission light from embedded luminescent nanoparticles in microstructured KTP
single crystals were reported papers VI, IX. Findly, the interparticle energy transfer
among oxide luminescent nanocomposites through the energy migration upconversion

mechanism was reported in paper VIII.
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CHAPTER

TWO

Experimental Techniques

In the present chapter, the experimental techniques used in this work are
described. An overview of the basis and the description of the procedure involved in
each experimental technique and equipments are presented. These can be classified in
to two groups: (i) the techniques used for the fabrication of diffraction gratings and
photonic composites and (ii) different techniques to characterize these diffraction
gratings and photonic composites. In the first part of this chapter, the single crystal
growth (Top Seeded Solution Growth, TSSG, from high temperature solutions), the
cut and polishing of bulk single crystals, the ultrafast laser ablation, the selective
chemical etching and the synthesis of nanoparticles are described. In the second part,
the structure analysis (X-ray diffraction, micro-Raman scattering), morphology
analysis (Confocal microscopy, Environmental Scanning Electron Microscopy,
Transmission Electron Microscopy, Atomic Force Microscopy), spectroscopic
characterization (optical absorption and transmission, Fourier Transform Infra Red

spectroscopy), and diffraction analysis will be described.
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2.1. Crystal Growth of bulk single crystals by the TSSG
Method

2.1.1. Fundamentals

The Top-Seeded Solution Growth (TSSG) method is one of the methods
included in the high temperature solution (HTS) techniques for the growth of bulk
single crystals. The important advantage of crystal growth from high temperature
solutions, or flux growth, that is another way to name this growth technique, is that it
allows crystals to grow below their melting temperatures [133]. These methods have
to be used when crystals melt incongruently or when there exists a phase transition
below their melting temperature [134]. These methods can also be used when the
crystals melt at very high temperatures [135]. The crystal growth process by high
temperature TSSG — Slow Cooling (TSSG-SC) method is based on the concepts of
solubility and supersaturation. At a given temperature, a limited amount of a
substance dissolves in a particular solvent. The amount dissolved defines the
solubility at that temperature. The supersaturation refers that the solution contains
more dissolved solute than is predicted by the solubility limit without precipitation of
the solute. The TSSG technique cannot be used at room temperature because the
solvent solidifies at room temperature. So that, high temperature solution methods
must be used when the materials suffer from polymorphic transitions below

crystallization temperature or when they melt at high temperatures.

The key issues for growing bulk single crystals by the Top Seeded Solution
Growth method are:

1. Selection of the correct flux composition for the single crystal to be
grown: structural, thermal, and optical properties that have to be
accomplished by the solvent

2. Effective homogenization of the solution should be achieved, ideally, by
increasing temperature.

3. Optimized hydrodynamic conditions for mass transport and controlled
growth of a crystal can be achieved, for instance by suitable seed
rotation, which helps to keep the melt blended when the crystal is
growing and to maintain the same temperature at the crystallization

front, which will depend on the temperature gradient in the solution.
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4. Temperature gradient inside the solution is an important parameter for
the growth of the crystal. If the gradient is not high enough it may
produce spurious crystallization in areas of the solution out of the crystal
seed. Larger temperature gradients may lead to crystal redisolution or
cracking.

5. Growth experiments have to be performed with the knowledge of the
appropriate solubility data. The driving force for high temperature
solution growth is supersaturation of the solution. This supersaturation
can be created by slow cooling of the solution, by evaporation of the
solvent or by increasing the solute concentration at constant temperature.

To obtain single crystals with large dimensions, and to improve the quality of
the grown crystals, a rotation, and pulling of the growing crystals out of the solution
can be applied, which enhance mass transport conditions in the solution and avoid
supersaturation gradients. The TSSG-SC method has several advantages compared
with other growth techniques such as the Czochralski, Bridgman, and hydrothermal
methods, since crystals can be grown in a fluid with a lower viscosity than the melt,
and most importantly, thermal strain is minimized due to the relatively low growth
temperature, the much smaller thermal gradients used in these methods compared
with classical methods based on growth from melts, and the free growth into a liquid.
So that, these factors make this method proceed to grow crystals near thermodynamic
equilibrium conditions, in a way that minimizes the superficial energy, developing
facets.

The disadvantage of this method is that it uses of low growth rates, in general
hundreds of times slower than the growth rates used in melt based growth methods.
Along with this, the difference in linear growth rates among the different faces of the
crystal, which lead to chemical and structural inhomogeneities in the crystal, hampers
the industrial production of crystals grown from high temperature solution methods.
However, this technique has a great deal of interest in the field of solid state

technologies, mainly in microelectronics and optoelectronic device applications.
2.1.2. Experimental set-up

Figure 2.1 shows the schematic representation and the picture of the system

used to grow KTP and RTP single crystals by using the TSSG-SC method. It includes
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a single-thermal-zone vertical tubular furnace, the crystal seed attach, rotation, and
pulling systems, the crucible and its support, and the temperature
controller/programmer. The heat is produced by a Kanthal resistance heating wire
which is rolled around an alumina tube. The whole system is thermally insulated from
the environment by means of insulator refractory bricks of alumina and an external
metallic steel cover that can also be seen in the cross section of the furnace provided
in the schematic representation. The temperature in the furnace is measured with an
S-type thermocouple Pt/Pt-Rh 10% (partially protected by covering it with an alumina
tube) and placed near the resistances of the central zone of the furnace to guarantee a
reliable and stable measurement. The temperature in the furnace is controlled by a
Eurotherm 903 controller/programmer that allows to control the temperature with a

precision of 0.01 K. It is connected to a thyristor that controls the power of the

furnace.
1. Thermal insulator
2. Metallic shell cylinder
3. Kanthal heat coil
4. Aluminarod L
5. Crystal seed -l ToDC power supply
6. Platinum crucible 12
7. Aluminadisk + cylinder
8. Type S thermocouple 11
9. A.C. current conductor
10. Aluminatop
11. Bell clamp
12. Motor
13. Micrometer
14. Handle pull
15. Temparature controlle
<«<— 1
10 g >
< 1
8

6

v

3

7

Figure 2.1. Schematic view of the verticular tubular furnace used in the bulk single
crystal growth experiments.
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The mechanical part of the growth device, which consists of a series of high-
precision mechanisms attached to two different stepper motors and a bell clamp, are
placed above the furnace, and supports, vertically displaces, and rotates the crystal
seed during the crystal growth process. It comprises a vertical metal structure that is
extremely rigid and stable from which an alumina rod is hung. The speed of rotation
and the speed of pulling can be modified according to the voltage provided by the
power source. The seed is attached to a platinum holder, which is also attached to an
alumina rod, both which are laced with thin platinum wire. The attach system can be
moved up and down to locate the crystal seed precisely in contact with the surface of
the solution. This movement can be monitored with a micrometric comparer for better

precision with an accuracy of 0.01 mm.

To identify the best location for the crucible filled with the solution inside
the furnace, an alumina rod, which can be manually handled upwards and downwards,
was used to place the crucible at the right position.

The temperature profile of the solution in the furnace is shown in Figure 2.2.
When the platinum crucible filled with the solution is located inside the furnace, the
thermal gradient of the solution must be measured and optimized to assure a suitable
thermal gradient in the solution while keeping the surface of the solution colder than
the bottom of the crucible. This can be achieved by adjusting the height of the
crucible support to place it in the right thermal zone of the furnace.

The experimental procedure followed in this work for growing bulk single
crystals by the TSSG-SC technique is the result of previous works carried out at the
Physics and Crystallography of Materials and Nanomaterials, FICMA-FICNA, group

of the Universitat Rovira i Virgili, URV, in Tarragona.
2.1.3. Experimental procedure

For the TSSG-SC growth process, it is very important to have an accurate
knowledge of saturation temperature (T), that is the temperature below which the
crystal starts to grow. The solution should be homogenized before starting to
determine T,. The saturation temperature can be defined as the highest temperature at
which the seed crystal remains undissolved, and the lowest temperature at which no
spontaneous nucleation occurs. To have an estimation of Ts, nucleation on a Pt wire

can be analyzed. To obtain the desired orientation of the crystal, the crystal seed has
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to be selected with the same structure of the material to be grown before introducing
into the solution, so that the substance precipitating from the solution grows around
the seed crystal to form a larger single crystal keeping the crystallographic orientation
of the seed. The crystal seed should be placed at the coldest point of the solution on
the surface of the solution just at the centre of the platinum crucible. The temperature

profile of the solution inside the furnace is shown in Figure 2.2.
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Figure 2.2. Temperature profile of the solution inside the furnace

If the growth process is started at T>T,, The crystal seed will dissolve and will
lose contact with the solution. If the growth process is started at T<T;, the
spontaneous nucleation and growth will prevail over the top-seeded growth, resulting
in numerous small crystals visible on the surface of the molten system. The saturation
temperature T, can be determined precisely by placing the seed in contact with the
surface of the solution and controlling the temperature at which neither growth nor
dissolution of the seed is observed. The best way to do that is, by using a starting
temperature T above T and then decrease the temperature until Ty is reached, in other
words, only dissolution of the crystal seed should be observed before reaching Ts. In
this way, it allows to dissolve the outer layer of the crystal seed, thus the crystal
growth process can proceed from a structure with less crystal defects. The
growth/dissolution of the crystal seed is controlled with an accuracy of ~10 um with a
Mitutoyo micrometer comparer fixed at the mechanical structure of the furnace that
allows vertical travelling of the rod, which supports the crystal seed (see in figure
2.1).
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After determining the T, the seed is placed in contact with the surface of the
solution and a rotation of the seed over its axis is applied. Later the slow cooling of
the solution is applied to create supersaturation in the solution. From T;, the
temperature is decreased by 15 K typically at a rate of 0.1 K-h™. To obtain single
crystals with larger sizes the interval of cooling can be increased and a pulling rate
can also be applied during the crystal growth process. In the case of our growth
experiments the crystals were pulled up of 0.5 mm after every 12 h from the surface
of the solution during the crystal growth. The mixing of the solution must be good in
order to maintain a good homogenisation of the solution and to obtain macroscopic
defect free crystal. When the slow cooling programme is finished, the grown crystal is
extracted slowly from the solution, 1 mm every 5 min in our case, and placed slightly
above the surface of the solution. Then, the furnace is cooled down to room
temperature at 15 K-h™.

As the typical growth period runs for a couple of weeks, the ability to
observe the quality of the growing crystal can lead to substantial saving of system run
time since it allows to decide to abort a growth run that has been spoiled by

spontaneous nucleation.
2.2. Cutting and polishing of crystals

To prepare the samples for the fabrication and characterization of diffraction
gratings, and laser phosphor displays, the KTP and RTP single crystals were

crystallographically oriented, cut and polished.

Prior to cut the crystals, they should be free of defects and seed fragments. To
do this, the crystal is fixed to a sample holder with wax. The lapping of the
undesirable zone of the crystal was made with a polishing machine Logitech PM5.
The face of the crystal with the seed was lapped with alumina powder of 9 um
(hardness~7 mohs), followed by a smooth polishing with 1 pm alumina powder. After
removing the origin of the seed and surrounding defects, the crystal was placed on a
goniometer and oriented with the desirable direction to cut the KTP and RTP
substrates. This was done by using a Minitom Struers Accutom diamond disk saw.
The diameter and thickness of the disk were 75 mm and 0.125 mm, respectively. As a
reference to correctly orient the crystals, we used their morphology. The morphology

of the crystals was discussed in detail in chapter 3. Finally, the samples were polished
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in the Logitech PM5 polisher with an oscillatory arm. This enables accurately rotate
and pressurise the samples depending on the hardness of the material to be polished.
Figure 2.3 (a) and (b) show that the used diamond saw and Logitech PM5 polisher for
cutting and polishing the crystals, respectively. As abrasive substances, alumina
powders with grain size of 9, 3, 1 and 0.3 um were used.

The final quality of the polishing was measured using parameters such as
roughness, flatness and parallelism. The roughness (rms) ~ 50 nm and flatness ~ 14 m

values of the samples were measured by confocal optical imaging profiler (see section

2.7.1) through an extended profile measurement.

(a) (b)
Figure 2.3. Images of (a) the diamond disk saw and (b) the Logitech PM5 polisher
used in this work
The parallelism was measured by self-collimator, between opposite faces of

the sample using the two reflections on the opposite faces of the sample. These
equipments were available at Physics and Crystallography of Materials and
Nanomaterials, FICMA-FICNA, group of the Universitat Rovira i Virgili, URV, in

Tarragona.

2.3. Synthesis of the luminescent nanoparticles
2.3.1. Sol-Gel: the modified Pechini method

Sol gel technology is a typical nanotechnology process because all gel
products may contain nanoparticles or nanocomposites [136]. In this sense it plays a
principal role in the development of modern nanotechnology for the preparation of
new materials. The modified Pechini method is used to synthesize potassium-rare
earth tungstates (KRE(WO,), or KREW), and Gd,O3; nanoparticles. Stoichiometric
amounts of the oxides of the elements contained in the nanoparticles were first

converted to their nitrate forms by dissolution in concentrated HNO;. Later the excess
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of HNO; was evaporated to obtain nitrate precipitates by slow heating. In the next
step, the tungstates, and an aqueous solution of ethylenediaminetetraacetic acid
(EDTA), used as the chelating agent in a specific molar ratio (Cy) to prepare metal-
EDTA complexes, were mixed and added to them to nitrate precipitates. The molar

ratio Cy was defined as

[EDTA]
M = Te—— Eqg. 2.1
[METAL]

which describes the degree of the chelation process of the metal in the organic
product. Afterwards, ethylene glycol (EG), the sterification agent was added in molar
ratio (Cg), which describes the degree of sterification between the chelating agent and

the ethylene glycol:

C: = —[EDTA] Eq. 2.2
[EG]

In this process, the molar ratios of Cy, and Cg are used in the ratio of 2:1,
respectively. The resulting solution was heated slowly to obtain the precursor resin,
which is rigid polyster net that reduces any segregation of metals. The following stage
is the two step calcinations procedure using furnace.

1. Calcination at 573 K for 3 hours, during which the precursor resin
decomposes to provide the precursor powder.

2. The calcinations procedure depends on the nanocrystals. Each material was
calcined at a certain temperature and for a particular length of time in
accordance with the previous studies.

Component + HNO: EDTA solution EG

[0 Jewl e s

Nitrates precipitate M-EDTA complexes

StiringHeating
1073 K -'l@ ratsi3 :E
[ N

Precursor resin

KREW :RE; 0y Precursor powder
Nanocrystals

Figure 2.4. Schematic diagram of the synthesis method used to obtain nanoparticles
of luminescent by the sol-gel Pechini method
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The schematic view of the synthesis of nanoparticles by modified sol-ge

pechini method is shown in Figure 2.4.
2.4. Deposition of metallic nanoparticles

The radio frequency (RF) sputtering technique was used to deposit the
metallic nanoparticles on the surface of the diffraction gratings. RF sputtering
involves running an energetic wave in the radio frequency range through an inert gas
to create positive ions. The target material is stuck by these ions and broken up into a
fine spray that covers the substrate. During RF sputtering process, the target material,
substrate, and RF electrodes are located in a vaccum chamber. Then, the inert gas,
which is usually argon gas depending on the size of the target material’s molecules, is
directed into the chamber. The RF power source is then turned on, sending radio
waves through the plasma to ionize the gas atoms. Once the ions begin to contact the
target material, it is broken into small pieces that travel to the substrate and begin to
form deposition. RF sputtering systems require higher powers and lower pressures
when compared to other sputtering methods, such as DC sputtering. This allows for
fewer collisions between the target material particles and the gas ions, creating a more
direct pathway for the particles to travel to the substrate material. The combination of
this decreased pressure, along with the method of using radio waves instead of direct
current for the power source, makes RF sputtering ideal for target materials that have

insulating qualities.

Ar, Ny, TMS Vacuum
i Feedthraugh

mnemnm ge| *
Generated | Filament Power
Plasma Supply
4

(@) (b)

Figure 2.5. (a) Schematic view of the RF sputtering equipment and (b) image of the
used equipment of RF sputtering
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In this work, we used RF sputtering system (AJA Intrnational, Inc. ORION-
8-HV model) to deposit the metallic gold nanoparticles on the surface of the KTP
microstructures at a pressure of 3 mTorr and a power of 75 W during 15 sec. The
schematic view and the image of the used equipment are shown in Figure 2.5. This
equipment is available at the Servei de Recursos Cientifico i Tecnics, Universitat
Rovira i Virigili.

2.5. Techniques for the structuration of the surface of
nonlinear optical materials

2.5.1. Ultrafast laser ablation

The rapid advances in the generation and amplification of ultrashort pulses
have opened up many new possibilities in laser-matter interaction and materials
processing [137]. The extreme short pulse width also makes it easy to achieve very
high peak laser intensity with low pulse energies. Recently, micro-fabrication of
materials, including metals, ceramics, glasses, plastics, and crystals has been achieved
using focused ultrashort laser pulses [138-141]. This technique is a versatile tool for
inducing microstructures and a possible way to perfect the laser micro-processing of
ultra hard materials, that lead to a notable improvement in technological
developments. The technological potential of ultrashort laser pulses is based primarily

on localization of energy, minimizing the thermal damage to the materials.

Ultrafast laser ablation compared with traditional fabrication techniques
such as lithographic techniques, or electron beam writing, has a number of
advantages: (i) it uses simpler and less expensive device production equipment,
avoiding photolithography and clean room facilities; (ii) it enables rapid prototyping,
since the device pattern can be easily changed by simple software control, with
sufficient cost reduction with respect to standard techniques using photolithographic
steps and requiring the production of a mask; (iii) it is intrinsically a three-
dimensional (3D) technique, since refractive index changes can be induced in any
point in the bulk material within the given depth (10 um — 10 mm) from the surface;
this capability can be exploited to implement novel device functionalities which are
impossible with standard fabrication techniques [142]. These features are extremely

attractive for various applications, such as micro-fabrication of polymeric materials,
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structuring of dielectric materials and metallic surfaces, and laser treatment of
biological tissues.

The processing of dielectric materials by ultrashort pulses is a topic of
intense investigations for at least two reasons. The first one is that short pulses
excitation appears to be a valuable tool for efficient and well controlled material
removal and modification of material properties such as the refractive index. Second,
understanding the interaction of ultrashort pulses with high band gap materials
requires a good description of physical mechanisms involved, such as strong field
excitation, multiphoton ionization, and charge/heat diffusion in lattice. These
mechanisms have been discussed in detail in chapter 1. The schematic view of the
equipment we used for ultrafast laser ablation experiments is shown in Figure 2.6,

together with a picture of it.

= | Halfwave plate

Polarizer

Shutter
Neutral density

| filters

¥ Beam Splitter

cusing lens

Femtosecond laser
(120fs @795nm,1KHz) |

(@ (b)
Figure 2.6. (a) Schematic view of the ultrafast laser ablation set-up used in our
experimentsand (b) a picture of the same equipment.

The ultrafast laser ablation set-up we used comprises a halfwave plate, a
polarizer, and neutral density filters to reduce the intensity of the laser pulses before
the focusing lens. We used a commercial Ti:Sapphire oscillator (Tsunami, Spectra
Physics) and a regenerative amplifier system (Spitfire, Spectra Physics) based on
chirped pulse amplification (CPA) for the fabrication of 1D and 2D diffraction
gratings on RTP and KTP crystals. This femtosecond laser system is available at the
Centro de laseres pulsados, ultra cortos, ultra intensos (CLPU), Salamanca (Spain).
The system delivers linearly polarized 120 femtosecond pulses at a wavelength of 795

nm with a repetition rate of 1 kHz. The sample was placed on a motorized 3D
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translation stage in order to achieve optimal focussing on the surface of the target.
One dimensional (1D) and two dimensional (2D) diffraction gratings were fabricated
on the surface of KTP and RTP samples. The details of the experimental conditions

were given in paper |-V.
2.5.2. Selective chemical etching

Chemical etching is a simple and widely used technique to reveal the domain
structure in ferroelectric materials. Etching techniques are required for a reliable
fabrication of deep (micro and sub-micrometer) structures or straight walled
structures [143]. The existing etching methods can be classified into two categories:
wet (chemical) etching and dry (ion) etching. In ferroelectric materials, such as
LiNbO3, and in crystals of the KTP family ferroelectric domains can be visualized
these micro-structures can be fabricated by wet chemical etching [144,145].
Ferroelectric domains of opposite spontaneous polarization present different etching
speeds when dipped in some acid mixtures [146]. This property has been used to
reveal the domain pattern at the surface of periodically poled crystals [147]. The
selective chemical etching process provides further capabilities for versatile surface
engineering of domain engineered crystals, allowing the production of deep, high

aspect ratio structures, with side walls that can be extremely smooth [148].

Wet chemical etching of periodically poled LiNbO3 crystals at room
temperature, is generally performed in a 1:2 ratio molar weight of hydrofluoric (HF)
and nitric (HNOs) acid [144]. The molten KOH: KNO; 2:1 M ratio mixtures have
been extensively studied for this purpose in crystals of the KTP family [145]. In both
cases, the corresponding etchants selectively attacks the negative (001) face of the
crystal at etch rates of around 1 um.h™ while the positive (001) face is left relatively
unetched and the used temparture around 363 K.

The chemical etching is a key technique to fabricate smooth patterning
structures on the surface of ferroelectric materials compared with the structures
fabricated from the laser assisted patterning methods. In this thesis, the ultrafast laser
ablation was used to fabricate relief structures on the surface of KTP and RTP
samples. In these relief patterned structures, a high roughness was observed. So that,

we used chemical etching to reduce the roughness of these structures.
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More recently, the fabrication of periodic 1D and 2D surface structures in
congruent LiNbO; by periodic electric field poling and selective wet chemical etching
under appropriate conditions have also been reported with feature sizes and periods
down to submicron and nanoscale range [149-151]. The list of etchants and the
experimental conditions used are shown in Table 2.1.

Table 2.1. The list of etchants and experimental conditions

Sample Etchant Temperature
(2DM) (K)
LiNbO3 HNO;:HF 368
RTP KOH:KNO; 353

2.6. Structural characterization

X-ray diffraction is a non-destructive analytical technique which provides
detailed information about the structure of crystalline substances, including unit cell
dimensions. An X-ray diffractometer consists of three basic elements such as the X-
ray tube, the sample holder, and an X-ray detector. The schematic view of the X-ray

diffractometer and the set-up used in this work are shown in Figure 2.7.

X-ray diffraction is based on constructive intererference of monochromatic X-
rays and a crystalline sample. These X-rays are generated by a cathode ray tube,
filtered to produce monochromatic radiation, collimated to concentrate it, and direct it
towards the sample. The interaction of the incident rays with the sample produces
constructive interference (and thus a diffracted ray) when conditions satisfy Bragg's

law

2d sinf = n\ Eq. 2.3
This law correlates the wavelength of the X-rays (A) to the diffraction angle (20) and
the lattice spacing (d) in a crystalline sample. Diffracted waves from different atoms
can interfere with each other and the resultant intensity distribution is strongly
modulated by this interaction. The powder X-ray diffraction is most widely used X-
ray diffraction technique for characterizing materials. The sample is usually in a

powdery form, consisting of fine grains of single crystalline material. The term
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powder means that the crystalline domains are randomly oriented in the sample. This
technique can be used when the powder size is below1000 A. The diffraction pattern
consists concentric rings with different intensities corresponding to the diffraction of
various d spacings in the crystal lattice. The positions and intensities of the peaks are
used for identifying the underlying structure or phase of the material. The peaks in an
X-ray diffraction pattern are directly related to the atomic distances.

Bruker-AXS D8-Discover diffractometer equipped with an open Euler ring
working with Schulz geometry with parallel incident beam (Gobel mirror) and a
vertical goniometer. The system was also equipped with a collimator for the X-ray
beam of 500 um and a General Area Detector Diffraction System (GADDS) detector.
The GADDS detector was 30 x 30 cm? with a 1024 x 1024 pixel CCD detector. Cu (A
= 1.54056 A) radiation was obtained from a copper X-ray tube operated at 40 kV and
5 mA. The X-ray diffraction pattern of the samples studied in this work were obtained
using the K, line of copper available at the Servei de Recursos Cientifics i Tecnics,
Universitat Rovira i Virgili, Tarragona. This system works with the Bragg-Brentano
parafocusing geometry and a 6-6 configuration. As represented in Figure 2.7 (a), the
source and the detector move synchronously, always symmetrically, where as the
sample is kept fixed. To obtain the pattern of reflection from all possible planes of the
sample, the & angle of the source and the detector is varied.

In this work, the first step after cutting and polishing the crystal substrates of
KTP and RTP samples, was the verification of the orientation of the desired

crystallographic plane by powder X-ray diffraction.
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Figure 2.7. (a) schematic view of X-ray diffractometer (b) X-ray diffractometer
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First, a 20 scan was recorded on the samples in order to check the orientation
of the substrate. The orientation of the sample is defined by three angles with respect
to the diffraction plane: the complementary incident angle (), the rotation angle
between the intersection of the plane of the sample and the plane of the diffraction (),
and the rotation angle around the normal axis to the plane of the sample (¢). Data
were recorded in three different steps with the area detector by performing w-scan
with a frame width of 15° in the 6 range in between 5-45° with an integration time of

60 s/frame.
2.7. Microscopic Characterization Techniques
2.7.1. Confocal profilometry

Confocal imaging profilers have been used in the non contact surface
metrologyfield. They are both capable of accurately and reliably measuring surface
topographies on the scale millimetres to nanometres. In a confocal microscope the
light coming from the light source crosses a pinhole, where it is divided in many rays.
This set of beams is reflected by a beam splitter towards the objective lens which is
located upon the sample. Each light ray transmitted by the objective arrives at the
surface of the sample in different points located at different heights (due to the
topography of the sample’s surface). The plane that contains the surface of the
sample, and that is simultaneously perpendicular to the beam, is called the focal
plane, thus, many focal planes exist, as beams may that arrive to the sample. Every
focal plane reflects the light, which again crosses the objective lens and the dichoric

mirror until it reaches the detector pinhole.

The schematic view of a confocal microscope is shown in Figure 2.8. Those
rays coming from the different focal planes that are focused just before the detector
pinhole are called the in-focus light rays (i.e. confocal). Thus only the in-focus light
rays can pass through the pinhole before reaching the detector. The sample is scanned
vertically (z-direction) in steps so that the light rays arising from the different focal

planes of the sample passes through the lens.

For the purposes of this work a Sensofar PLu2300 optical imaging profiler that can

also be used as microscope was employed mainly for:
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1. Inspection of the surface quality, by means of optical images and
topographies. by taking extended profiles of the as fabricated diffraction

gratings

2. Groove depth and width measurements by either extended profiles or

extended topographies.

Detector

TPin hole

Beam splitter
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(a) (b)
Figure 2.8. (a) Schematic view and (b) picture of the confocal microscope used in
this work.

This equipment is available at the Physics and Crystallography of Materials
and Nanomaterials, (FICMA-FICNA) group of the Universitat Rovira i Virgili
(URV), in Tarragona.

2.7.2. Environmental Scanning Electron Microscopy (ESEM)

The scanning electron microscope (SEM) uses a focussed beam of high-
energy electrons to generate a variety of signals at the surface of solid specimens to
reveal information about the sample including external morphology and chemical
composition. These signals include secondary electrons, back-scattered electrons and
X-rays. In this work we used secondary and back-scattered electrons for imaging
samples depending on the requirement. The secondary electrons are sample atom
electrons that they can can be ejected by interactions with the primary electrons of the

beam.

Back-scattered electrons are primary beam electrons that have been scattered

back out of the sample by elastic collisions with the nuclei of sample atoms and an
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energetic electrons of the beam scatters an inner shell electron from the sample. The
secondary electrons are most valuable due to their lower energy for showing high
resolution images of morphology and topography on samples while back-scattered
electrons are most valuable due to their higher energies for illustrating contrasts in

composition in multiphase samples.
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Figure 2.9. Environmental Scanning electron microscope (a) Schematic view (b) the
used equipment

In this study we used an Environmental Scanning Electron Microscopy
(ESEM) FEI QUANTA 600. The schematic view of the ESEM and image of the used
equipment are shown in Figure 2.9. This technique is very similar to standard SEM
but contains a low pressure of gas in the sample chamber, where the primary electrons
travel across the gas phase and interact with the surface of the sample, which release
secondary electrons that interact with the gas phase producing additional secondary
electrons. The primary electrons interact with the gas molecules producing ions and
additional electrons. In this way, the gas phase function as an amplifier of the electron
signal from the sample. The ESEM retains all of the performance advantages of a
conventional SEM. One main advantage of using ESEM is that it is not necessary to
cover the nonconductive samples with a conductor medium, such as gold or silver,
and their original characteristics can be observed for further manipulation. The ESEM

can image wet, dirty and oily samples. The contaminants do not damage or degrade
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the image quality. It eliminates the need of sample preparation, particularly the need
for conductive coating, makes it possible to investigate specimen in dynamic
processes, such as tension, compression, heating, cooling, melting and sublimation.
We used 60 mTorr low pressure vacuum at 20 kV. This system is available at the

Servei de Recursos Cientifics i Tecnics, Universitat Rovira i Virgili, Tarragona.
2.7.3. Transmission Electron Microscopy (TEM)

The transmission electron microscopy (TEM) is microscopy a technique
where a beam of electrons is transmitted through an ultra thin specimen, interacting
with the specimen as it passes through. An image is formed from the interaction of the
electrons transmitted through the specimen; the image is magnified and focused onto
an imaging device, such as a fluorescent screen, on a layer of photographic film, or to
be detected by a sensor such as a CCD camera. The main use of this technique is to
examine the specimen structure, composition or properties of sub-microscopic details
so that this technique is significantly involved in numerous fields such as material

science, chemistry, biological components etc.

Figure 2.10 shows the schematic view of the TEM set-up and a picture of the
equipment we used in this work. The TEM utilizes a focused beam of electrons
instead of light, which increases greatly the resolving capabilities. In this TEM
system, there are essentially three types of lenses used to obtain the final image.
These are condenser, objective, and projector lenses. The function of condenser lenses
is to concentrate and focus the beam of electrons coming from the filament on to a
sample to a uniformly illuminate it. The objective lens and its associated apertures
are the heart of the TEM. These are used to form the initial enlarged image of the
illuminated portion of the specimen in a plane that is suitable for further enlargement
by the projector lens. When the electrons pass through the sample, some electrons are
passed through the dense atoms in the sample and only some deflected. These
scattered electrons generally make their way down in the column and contribute to the
image. So, in order to eliminate these scattered electrons to form the image, an
aperture is placed at the objective lens. Smaller apertures are used to deviate those
electrons to form the image. Finally the projector lens is used to magnify the image on

the phosphor screen. For higher magnifications the intermediate lenses can also be



UNIVERSITAT ROVIRA I VIRGILI

MICROSTRUCTURATION OF NONLINEAR OPTICAL MATERIALS:
CHARACTERIZATION, AND APPLICATIONS
Raj Kumar Golconda

METHODOLOGIES,

Diposit Legal:

T.

55-2013

used to obtain an image. TEM produces high resolution with two dimensional images

at a maximum potential magnification of 1 nm resolution.
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Figure. 2.10. Transmission electron microscope system (a) schematic view and (b)
picture of the used TEM equipment

TEMs offer the most powerful magnification with high quality images, and
provide information on element and compound structure. These are able to yield
information of surface features, shape, size and structure. However, TEM has some
disadvantages compare with conventional microscopy techniques. TEMs are more
expensive systems and require a laborious sample preparation. It needs high vacuum
to operate and samples are limited to those that are transparent to electrons, able to
tolerate the vacuum chamber and small enough to fit in the chamber. In our present
study we used a JEOL model-1011 TEM equipment with a current accelerating
voltage of 100kV. This equipment is available at the Servei de Recursos Cientifics i

Tecnics, Universitat Rovira i Virgili, Tarragona.
2.7.4. Atomic For ce Microscopy (AFM)

The Atomic Force Microscope (AFM) is one of about two dozen types of

scanned-proximity probe microscopes. All of these microscopes work by measuring a



UNIVERSITAT ROVIRA I VIRGILI

MICROSTRUCTURATION OF NONLINEAR OPTICAL MATERIALS:
CHARACTERIZATION, AND APPLICATIONS
Raj Kumar Golconda

METHODOLOGIES,

Diposit Legal:

T.

55-2013

local property, such as height, optical absorption or magnetism, with a probe or tip
placed very close to the sample. The concept of resolution in AFM is different from
radiation-based microscopes because AFM imaging is three dimensional. AFM can
achieve a resolution of 10 pm and, unlike electron microscopes, it can image samples

in both air and in liquids.

The principle behind AFM is very simple. A sharp tip is scanned over a
surface with feed back mechanisms that enable the piezo-electric scanners to maintain
the tip at a constant force (to obtain height information) or height (to obtain force
information) above the sample surface. AFM operates by measuring attractive or
repulsive forces between the tip and the sample. In its repulsive mode the AFM
measures the local sample height. In its attractive or non-contact mode the AFM
derives topographic images from measurements of attractive forces although the tip
does not touch the sample. The schematic view of an AFM system and a picture of the

equipment we used are shown in Figure 2.11.

cantilever

Tip/ni*,g_ A\ _Sample surface
( J
(@) (b)

Figure 2.11. Atomic force microscope (a) schematic view of the system (b) image of
the used AFM equipment

The tapping mode overcomes problems caused by friction, adhesion,
electrostatic forces and others of conventional AFM scanning methods by
alternatively putting the tip contact with the surface to provide high resolution, and
then lifting the tip off the surface to avoid dragging it across the surface. This mode
allows high-resolution topographic imaging of sample surfaces that are easily
damaged, loosely held to their substrate or difficult to image by other AFM

techniques.
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Unlike SEM, AFM provides extraordinary topographic contrast, direct height
measurements and unobscured views of surface features. In this work, we used a Pico
SPM Il (Pico+) AFM equipment to characterize the topography and side walls height
of the channels of the chemically etched LiNbO; sample, with the scanning speed of
the tip at 0.5 pum/sec, 0 V sample bias, 20% gain and 1.376 V set point voltage. This
is available at Servei de Recursos Cientifics i Tecnics, Universitat Rovira i Virgili.

Tarragona.

2.8. Spectroscopic Techniques

2.8.1. Optical absorption and transmission measur ements

Absorption is the energy extracted from the electromagnetic wave and
transformed into another type of energy when the electromagnetic wave passes
through the material. The information about the material properties, such as
absorption and transmission, can be obtained when a material interacts with an
electromagnetic radiation. When a beam of light (photons) is incident on a material,

the intensity of light is expressed by the Lambort’s- Beer law [152, 153].

I = lgexp (-at) Eq.2.4

Where |, is the intensity of the incident light before passing through the material, t is
the thickness of the material, 1 is the intensity of transmitted light through the
material, and « is the absorption coefficient.

The optical density (OD) of the sample is measured by a double ray

spectrophotometer as a function of wavelength A. The OD is given by
OD = -log(l/1g) = log(ly/1) Eq. 2.5

Using the Equations (2.4) and (2.5), a can be expressed as

o = OD ! Eq. 2.6
dlog
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Since a depends on the concentration of the absorbent centres, a more convenient
parameter for describing the absorption process is the absorption cross-section (Ggps)-
Then the absorption coefficient o can be correlated with the absorption corss-section
by
a = ogs N Eq. 2.7
where N is the density of absorbent centres. In this expression, « is given in cm™, N
in atoms; cm™ and o, has units of atoms; cm? or simply cm?.
Transmission is the property of a substance to permit the passage of light,
with some or none of the incident light being absorbed in the process. If some light is
absorbed by the substance, then the transmitted light will be a combination of the

wavelengths of the light that were transmitted and not absorbed.
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Figure 2.12. UV-Vis-NIR spectrophotometer: (a) Schematic view and (b) image of
the used equipment.

Absorption and transmission studies were carried out in a Varian Cary 500
Scan spectrophotometer, available at the Physics and Crystallography of Materials
and Nanomaterials (FICMA-FICNA), group of the Universitat Rovira i Virgili,
Tarragona. This is a double ray spectrophotometer with an effective spectral range
from 0.25 to 3 pm and allows to measure optical densities from 0 to 10. This
spectrophotometer has two monochromators that can separate 1200 lines/mm in the
UV-visible region and 300 linessfmm in the IR region. The light sources of the
spectrophotometer are a deuterium lamp in the UV region and a quartz halogen source
in the visible-IR region. The light is detected by a photomultiplier (PMT) in the UV-
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visible region and a lead sulphide (PbS) detector in the IR region. When we expected
differences due to the polarisation of the incident beam, we used a Glan-Thompson
quartz polarizer, located before the sample, to eliminate any polarisation induced by
the optical components of the spectrophotometer and ensure that we were working
only with a polarised component of the incident light. The schematic view and a
picture of the system are shown in Figure 2.12. In all experiments we set an aperture
to ensure that the measurement beam was absorbed or transmitted with no crystal-
edge obscuration. A reference measurement was taken before the crystal sample was
placed in the beam path. In this work we measured the absorption and transmission

spectral properties of RTP samples and luminescent composites.
2.8.2. Photoluminescent measur ements

Photoluminescence is the spontaneous emission of light from a material
under optical exicitation. When light of sufficient energy is incident on a material,
photons are absorbed and electronic excitations are created. Eventually, these
excitations relax and the electrons return to the ground state. If radiative relaxation
occurs, the emitted light is called photoluminescence. This emitted light can be
collected and analyzed to yield a wealth of information about the photoexcited
material. The photoluminescence spectrum provides the transition energies, which can
be used to determine electronic energy levels. The luminescent intensity gives a
measure of the relative rates of radiative and nonradiative recombination. A typical

photoluminescence experimental set-up is shown in Figure 2.13.
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Figure 2.13. Schematic view of the photoluminescence experimental set-up we used in
this work
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Unpolarized photoluminescence spectroscopic measurements were carried
out on KTP diffraction gratings in which we embedded KYh(WO,), nanoparticles
doped with Er*®. These experiments were performed by using a Ti:Sapphire laser
modulated at 30 Hz, and an InGaAs diode laser with a repetition rate of 10 Hz. In
both laser excitation sources, the wavelength used was 980 nm. The fluorescence was
recorded in a 90° configuration and was dispersed by a double monochromator (Jobin
Yvon-Spex Hr 460), with a focal length of 46 cm, a spectral resolution of 0.05 nm and
different grating elements (1800 g/mm, 600 g/mm, and 300 g/mm) depending on the
wavelength range to be dispersed. In these experiments we used different kinds of
detectors: for example, for visible emission wavelengths we used a Hamamatsu
PMTR928 photomultiplier tube, and for detecting emission wavelengths between 800
nm and 1700 nm we used a Hamamatsu R5509-72 NIR photomultiplier tube. The
lock-in technique was used to amplify the collected signal with a Perkin ElImer DSP-
7265 lock-in amplifier, and a computer was used to process the data. This
experimental set up is available at the Physics and Crystallography of Materials and
Nanomaterials, (FICMA-FICNA), group of the Universitat Rovira i Virigili,
Tarragona.

Micro-spectroscopy measurements of the luminescent nanocomposites were
also carried to have a better resolution of the photoluminescence spectra and to record
intensity maps of the luminescence generated by the sample. The schematic view of

the experimental set-up we used is shown in Figure 2.14.
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Figure 2.14. Schematic view of the micro-spectroscopy experimental set-up used in
this work
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A Ti:sapphire tunable laser (Tsunami, Spectra Physics) was used as the
excitation source emitting at 980 nm. The NIR laser beam was focused into the
sample by using a x10 microscope objective with a numerical aperture (NA) of 0.25.
The NIR excitation intensity was controlled by using variable neutral density filters
and it was measured by placing a calibrated powermeter after the focusing objective.
The same objective was used to collect the back-scattered visible fluorescence. After
collection, this fluorescence was coupled into a fiber-coupled high-resolution
spectrometer equipped with a calibrated diffraction grating and a CCD camera. This
experimental set-up is available at the Departamento de Fisica de Materiales,

Universidad Auténoma de Madrid, Cantoblanco, Madrid.
2.8.3. Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared (FTIR) spectroscopy has been a workhorse
technique for materials analysis in the laboratory since a couple of decades. In
infrared spectroscopy, IR radiation is passed through a sample. Some of the infrared
radiation is absorbed by the sample and some of it passes through (transmitted). The
resulting spectrum represents the molecular absorption and transmission creating a
molecular fingerprint of the sample. FTIR represents a fingerprint of a sample with
absorption peaks which correspond to the frequencies of vibrations between the bonds
of the atoms, that is different for each compound. Therefore, infrared spectroscopy
can result in a positive identification (qualitative analysis) of every different kind of
material. In addition, the size of the peaks in the spectrum is a direct indication of the

amount of material present.

We recorded the transmission of RTP diffraction gratings in the range
between 2500 cm™ and 4500 cm™ ( A = 2.2 pm to 4 pm) using with a FTIR, FT/IR-
680 Plus Fourier Transform Infrared Spectrometer available at the Servei de Recursos
Cientifics i Tecnics, Universitat Rovira i Virgili, Tarragona. The average

measurement was 32 scans with a resolution equal to 2 cm™.

In addition to these transmission measurements on the RTP diffraction
gratings, we also used a Bruker-Vertex 70 FT-IR equipment to determine the lattice
properties of photonic structures based on the Bragg’s diffraction in the near- and

mid-infrared spectral range. The generated incoming light from an halogen tungsten
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lamp, illuminated perpendicularly the sample and we collected the diffraction spectra
at a set of angles ranging from 24° to 60° in 2° steps. The diffracted light was
collected by a reflective mirror fixed on the movable arm of the system and detected
with a the liquid nitrogen cooled DLATGS detector in the spectral from 7500 cm™ to
400 cm™ (A = 1.3 pm to 25 um).The specular reflection at an incident angle of 12
was taken as a reference. This equipment is available at the Departament d’Enginyeria

Electronica of the Universitat Rovira i Virgili and it is shown in Figure 2.15.

(@) (b)
Figure 2.15. (a) FTIR-Spectrometer Bruker-Vertex 70 with (b) the reflectivity
accessory.

2.8.4. Raman scattering

Raman scattering is used as a tool in spectroscopic studies. It involves the
inelastic scattering of light from a crystal. The Raman effect belongs to a class of
nonlinear optical processes that can be called quasi-resonant. Although one of the
fields is in resonance with the atomic or molecular transitions, the sum or difference
between two optical frequencies equals the transition frequency. Raman scattering is
one of the physical processes that can lead to spontaneous light scattering, means,
light scattering under conditions such that the optical properties of the material system

are unmodified by the presence of the incident light beam.
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Figure 2.16. Energy level diagrams describing Rayleigh, Raman Sokes, and Anti-
Stokes scattering

Generally, there are three different scattering phenomenon such as Brillouin,
Rayleigh and Raman scattering, that can be observed with the interaction of light with
matter. The difference is that Rayleigh scattering considers only random and
incoherent thermal fluctuations, in contrast with the correlated, periodic fluctuations
(phonons) of Brilliouin scattering and Raman scattering phenomena, involving
inelastic scattering processes of light with vibration and rotational properties of

matter.

Spontaneous Raman scattering was discovered in 1928 by Raman [154]. To
observe the effect, a beam of light illuminates a material sample and the scattered
light is observed spectroscopically. The scattered light generally contains frequencies
different from those of the excitation source, i.e., contains Stokes and anti-Stokes
lines.

(@ A molecule with no Raman active modes absorbs a photon with the
frequency vo. The excited molecule returns back to the same basic
vibrational state and emits light with the same frequency vy, as in excitation
source. This is called an elastic Rayleigh scattering.

(b) A photon with frequency vy is absorbed by a Raman-active molecule which
at the time of interaction is in the basic vibrational state. Part of the photon
energy is transferred to the Raman-active mode with frequency v, and the
resulting frequency of scattered light is reduced to vq - v, what is called the

Stokes frequency.
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(c) A photon with frequency vy is absorbed by a Raman-active molecule, which,
at the time of interaction, is already in the excited vibrational state. The
excessive energy of the excited Raman-active mode is released, the molecule
returns to the basic vibrational state and the resulting frequency of scattered
light goes up to vy + vy This Raman frequency is called anti-Stokes
frequency.

These differences of Raman scattering can be understood through the use of the
energy level diagrams as the one shown in Figure 2.16. Anti-Stokes lines are typically
much weaker than the Stokes lines because, in thermal equilibrium, the electronic
population in level n is smaller than the electronic population in level g by the
Boltzmann factor exp(-hw/kT). Here g is the ground state and n” is a virtual state. The
ability of lasers to produce light of extremely high intensity makes them especially
attractive sources for Raman spectroscopy of molecules by increasing the intensity of
the anti-Stokes components in the Raman effect. Each resulting pair of lines equally
displaced with respect to the laser line, reveals a characteristic vibrational frequency

of the molecule.
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Figure 2.17. (a) Schematic view of the micro-Raman experimental set-up and (b)
picture of the equipment used.

Raman scattering measurements were carried out using a micro-Raman
system Renishaw-InVia spectrometer equipped with a confocal microscope Leica
2500 and a CCD camera as detector. The schematic view and used equipment is
shown in Figure 2.17. Micro-Raman spectroscopy is an ideal non destructive and
accurate tool for materials characterization at the micrometer scale. Radiation of an
Ar laser (A = 514 nm and 25 mW) was focused by microscope objectives on the
surface of the samples. A back-scattering scheme was used to collect the Raman
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signal through a confocal hole, allowing the extraction of the light scattered from an
extremely small region of the sample with a spatial resolution of about 1 um using a
long working distance microscopic objective x100. In addition, polarized micro-
Raman scattering investigations were also carried out to investigate the structural
modifications on single crystals and a polycrystalline region of the samples This
micro-Raman equipment is available at the Servei de Recursos Cientifics i Tecnics,

Universitat Rovira i Virgili, Tarragona.

2.9. Optical Diffraction

The measurement of the diffraction patterns generated by the 1D and 2D
diffraction gratings in transmission and reflection configurations was performed
without polarization by using a He-Ne laser, that operates at 633 nm with a power of
3 mW. The spot size of the He-Ne laser was reduced to 1 mm using a circular
aperture and localized with a lens with focal length of 13 cm. The diffraction patterns
were observed on a screen. This set up is available at the Physics and Crystallography
of Materials i Nanomaterials (FICMA-FICNA), Universitat Rovira i Virigili,
Tarragona. We also recorded the intensity profiles of transmission diffraction orders
generated by our samples using a CCD camera (DCU series, Thorlabs). In this
experiment, density filters were used to reduce the energy of the incident laser beam

because of high sensitivity of the CCD camera.

To understand the effect of polarization on 1D diffraction gratings, we also
recorded the linear diffraction patterns in the reflection configuration using a He-Ne
laser, and controlling the polarization with a half wave plate to reduce the power of
the laser and two polarizers, located at before the sample, and the detector,
respectively. The schematic view of the used experimental set-up is shown in Figure
2.18.

To record diffraction as a function of the wavelength, we also recorded the
diffraction patterns of 1D diffraction gratings at wavelengths ranging from 400 to 700
nm using an optical parametric oscillator (Sure light-Continuum) with a repetition rate

of 10 Hz, and a pulse width of 5 ns.
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Figure 2.18. Schematic view of diffraction experimental set-up used for polarization

configurations.

The sample was mounted on an angule rotation stage controlled by a
computer, with an angle resolution of 2°. The generated diffraction patterns were
captured using a web camera and the intensity profiles of these diffraction patterns
were recorded by using a conventional image-J software. A schematic view of the
experimental set-up we used shown in Figure 2.19. This experimental set-up is

available at the Neel institute, Grenoble (France).

He-Ne .\
ebcam
Lens
ND oD
Sample / n l
T OPO

Motor _
controller slit

Figure 2.19. Schematic view of diffraction experimental set-up

The diffraction patterns at the second harmonic wavelength (in the visible
range), generated by the samples were obtained by illuminating the RTP and LiNbO;
1D gratings at 1064 nm with a pulsed Surelite Nd:YAG laser with 7 ns pulse width

and 10 Hz repetition rate. The energy per pulse was around 50 mJ. The second
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harmonic diffraction was measured in the reflection geometry. This configuration
allows minimizing the SHG contribution coming from the (unpatterned) bulk of the
crystal. We placed the sample on a XYZ positioning stage mounted on a rotating
stage to set the desired angle of incidence of the fundamental light on the diffraction
grating. The sample was placed close to the focal point of a 100 cm lens used to focus
the infrared pulses. The beam was incident onto the diffraction grating at a fixed angle
(between 42° and 60°) with respect to the surface normal. This angle was optimized
for each sample to avoid components of internal reflections from the other faces of

the crystals in the measured second-harmonic diffraction patterns.

The generated second-harmonic light was filtered from the diffracted and
diffuse fundamental beam with the use of heat-absorbing filters and an interference
filter centred at 532 nm and its intensity was measured using a photomultiplier tube
(H5783) that was rotated around the same rotation axis of the rotating stage on which
the sample was mounted. This experimental set up is available at the Institut de

Ciencies Fotoniques (ICFO), Barcelona.
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Figure 2.20. Scheme of the experimental set-up used for recording the second
harmonic diffraction (SHD) patterns.

In addition to these measurements, the same scheme of the set-up was used

to record the intensity profiles of the generated nonlinear diffraction patterns using
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web camera at the Neel institute, Grenoble (France). Figure 2.20 shows a scheme of
the experimental set-up used for recording the nonlinear diffraction patterns.

To understand the effect of polarization on the generated second harmonic
radiation from the surface of the diffraction gratings, we used different polarization
configurations at the incident and diffraction beams. We recorded the nonlinear
diffraction patterns generated from the surface of the 1D diffraction gratings
illuminating them with a Nd: YAG laser at 1064 nm. We also recorded the intensity
profiles of the generated nonlinear diffraction patterns. These measurements were

done at the Neel Institute, Grenoble (France).

‘Figure 2.21. The nohlineax diffraction experimental set-up
We also analyzed the influence of the wavelength of the incident beam on

the diffraction patterns obtained for the second harmonic by tuning the fundamental
beam from 350 nm to 1250 nm using the OPO and recording the intensity of the
diffracted SH with a silicon photo diode and an oscilloscope. The picture of the
experimental set-up we used is shown in Figure 2.21. These experiments were

perfomed at the Neel Institute, Grenoble (France).
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CHAPTER

THREE

Crystal growth of KTiOPO, and
RbTiOPO, single crystals

Crystal growth is the part of crystallography that studies how to produce a
crystalline structure. Crystals had developed along with technological development in
the 20" century. There is an ongoing demand for crystals for their physical
properties. In fact, it is hard to imagine the reinforcement of the electronics and
optical industry, if large and defect free crystals could not be produced. The structural
characterization of the crystals will play a promising role in determining their
physical properties, in our case putting more stress in their optical and spectroscopic
properties. Crystals have become prominent for their applications in many exciting
fields, such as it is the photonic industry. These are still showing great promising
interest for providing us in the near future with many breakthroughs that will change
the direction of technological advances in a wide range of applications. In this
chapter, the summary of the crystal growth experiments and the morphology obtained

for the crystals will be discussed in detail.
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3.1. Crystal Growth

We grew bulk KTiOPO, (KTP) and RbTiOPO, (RTP) single crystals in
fluxes containing WO; by the Top-Seeded Solution Growth (TSSG) technique and
slow-cooling method of the solution. The pros and cons and the description of the
used TSSG-SC technique for the preparation of KTP and RTP crystals were discussed
in chapter 2. A complete crystal growth experiment process would take quite a long

time, between two to three weeks on average.

The growth of the KTP and RTP crystals in WO; containing fluxes is more

advantageous than crystals growing in self fluxes:
1. The time of homogenization was shorter.
2. The cooling interval applied can be larger.
3. It allows us to obtain bigger size crystals.
4. The low viscosity of the solution enables to accelerate the growth process

The main advantage of the WOj; containing fluxes is that those are less viscous than
self fluxes. This allows to obtain a better homogenisation of the solution by only
using the temperature gradient of the solution. Furthermore, this gradient can be
smaller than those applied in self fluxes. The reduction of the viscosity also allows the
structural units to be incorporated easily to the growing crystal, and minimizes the
thickness of the boundary layer created by the concentration gradient around the
crystal. A thinner boundary layer around the crystal is more advantageous, the
incorporation of more structural units on the growing crystal can be increased and it is
also possible to obtain large size crystals. This, together with the reduction of the
metastable zone defined as the temperature difference between the supersaturation
and a temperature at which the crystal starts to grow created by the supersaturation
during the crystal growth process allows to extend the cooling interval in the solution.
All these result in the growth of bulk single crystals with better quality than those that

can be routinely obtained from self fluxes in this family of materials.
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3.1.1. KTiOPO4

The phase diagram for tungsten containing fluxes systems to grow KTP
crystals was determined by lliev et al. [155]. When WOjs is present in the solution, the
region of the crystallization of KTP [156] shifts to compositions richer in K,O and the

solution viscosity was found to decrease with increasing concentrations of WO;.

P20s
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Figure 3.1. Concentration region and temperatures of spontaneous crystallization of
KTP in solutions containing 30 mol % WOs,.

Simultaneously, the increase of the concentration of WO; (>40 mol %) in the
solution leads to a decrease in the solubility of KTiOPO,. We decided to use a
solution containing 30 mol% of WO, because it is a good compromise between a low
viscosity for the solution and still a relatively high solubility for KTP. From Figure
3.1, it is observed that the concentration region of KTP is surrounded by regions of
(@) K4P,0; phases crystallizing from solutions with low TiO, content, (b) the phase
KTi,(POy)s crystallizing from solutions rich in P,Os and TiO,, and (c) the phase TiO,
crystallizing from solutions rich in K,O and TiO,.

To grow our desired bulk KTP single crystals, we prepared solutions by
mixing the required amounts of K,CO;, NH4H,PO,, TiO, and WOs, used as initial

reagents. The composition of the solution to prepare KTP crystals was the following



UNIVERSITAT ROVIRA I VIRGILI

MICROSTRUCTURATION OF NONLINEAR OPTICAL MATERIALS:
CHARACTERIZATION, AND APPLICATIONS
Raj Kumar Golconda

METHODOLOGIES,

Diposit Legal:

T.

55-2013

in mol % K,CO; = 42, P,O5 = 14, TiO, = 14 and WO3; = 30. This solution is marked
in the blue color in Figure 3.1. We used Pt cylindrical crucible of 125 cm® to prepare
the solutions with a weight of around 120 g.

In all our experiments, we used c-oriented crystal seeds of KTP to grow KTP
bulk single crystals. The crystal seeds were cut using a diamond disk saw and these
crystal seeds were laced with the platinum wire at the end of an alumina rod and
placed at the centre of the surface of the solution with the c-direction, normal to the
surface of the solution. The used crystal seed dimensions were typically 2 x 2 x 5 mm
along the a, b, and c crystallographic directions, respectively. Before placing the
crystal seed at the end of an alumina rod, we made small grooves on the (100) and
(010) planes of the crystal seed that enabled us to lace the crystal seed to the alumina
rod using thin Pt wires.

While growing the bulk single crystals, the most common problem that can
be encountered is the formation of inclusions of the solution, which introduces
undesirable strain in the grown crystal. Such inclusions are due to the high
temperature gradients present because of poor thermal characteristics of the solution
or its high viscosity. Avoidance of solution inclusions in advanced stages of growth
requires a crystal orientation configuration and rotation pattern that does not gives rise
to stable region of non-circulating growth solution. In all our crystal growth
experiments, stirring was applied by rotating the seed and the growing crystal to avoid
this problem at a constant angular speed of 45 rpm.

After determining the saturation temperature of the solution, we applied a
cooling programme by decreasing the temperature of the solution by 10-20 K at a
cooling rate of 0.1 K-h™%. Finally, the system was cooled down to room temperature at
a rate of 15 K-h™. Using these experimental conditions we successfully grew KTP
single crystals in fluxes containing 30 mol % WQOs.

The experimental conditions of HTTSSG-SC technique were discussed in
detail in some of the papers included in this thesis (paper 111, 1V, V). The results of the
crystal growth experiments are summarized in this chapter to understand them in

detail.

The most significant results obtained from the experiments with different
intervals of temperature cooling as well as the crystal dimensions, saturation

temperatures, weight of the obtained crystals, and their quality are listed in Table 3.1.
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In the Table 3.1, we observe that crystals obtained in experiments from 9 to 14; grew
at lower temperature as compared with the previous experimental results. In the case
of these experiments, a new KTP solution was prepared due to the contamination of
the previous solution.

Table 3.1. Growth data associated with KTP single crystals

A B C D E F G H |

1 1238.3 c 20 0.1 13.41 x 15.46 x 13.47 4.39 - Inclustions
2 1238.5 c 20 0.1 13.22 x 13.26 x 14.25 3.94 - Good

3 1240.5 c 20 0.1 14.32 x 18.50 x 18.46 8.36 - Very good

4 1235.5 c 50 0.1 13.40 x 17.20 x 20.01 7.61 1 Very good

5 1229 G 20 0.1 6.32 x 8.52 x 9.94 1.10 = Inclusions
6 1229 c 40 0.1 13.41 x 16.53 x 18.78 5.36 1 Very good
7 1229 G 50 0.1 13.55 x 15.87 x 23.30 9.55 1 Good

8 1232.1 c 50 0.1 13.77 x 18.47 x 20.30 8.06 1 Very good

9 1214.9 © 40 0.1 11.58 x 13.75 x 17.09 7.11 1 Very good
10 1219.3 c 24 0.1 10.63 x 14.89 x 15.28 4.17 1 Good

11 1214.3 G 30 0.1 13.47 x 18.87 x 12.68 6.13 1 Very good

12 1204 c 22 0.1 11.53 x 18.33 x 13.18 4.72 1 Very good
13 1204.7 © 30 0.1 13.47 x 18.87 x 12.68 6.03 1 Good
14 1196.7 c 40 0.1 9.54 x 13.56 x 21.48 7.94 1 Very good

A: Number of experiment. B: Saturation temperature (K). C: Seed crystallographic
orientation. D: Cooling interval (K). E: cooling rate (K-h™) F: Dimensions along the
a, b, and c crystallographic directions, respectively (mm). G: Crystal weight (g). H:
pulling rate (mm/day). | : Quality of the crystal.

In all above crystal growth experiments, we found that the largest crystals
can be obtained by increasing the cooling interval programme as well as slowly

pulling (from 4, 6-14 crystals in Table 3.1) the crystal from the surface of the solution
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simultaneously. The pulling process will be discussed later in this chapter. The larger
the cooling interval applied to the crystal growth experiments, the bigger the size of

the crystals obtained.
3.1.2. RbTiOPO,4

Along with bulk KTP single crystals we also grew RTP crystals in flux
containing WO; by the TSSG technique. To prepare bulk RTP single crystals, the
composition of the solution was made with (mol %) Rb,0O; = 44.24, P,O5 = 18.96,
TiO, = 16.80 and WO3; = 20. The weight of the prepared RTP solution was ~140 g.
Figure 3.2 shows the crystallization region of RTP in a solution contained 20 mol %
WOQO;. The composition of the solution we prepared is marked with the star in this
Figure. As neighbouring phases to RTP we found Rb;TizO (P,0;) (PO,); for solutions

containing low concentration of TiO, and high concentration of P,Os.

Rb20: P205: Tidz
30:70: 0

0.3 07

RbTiFO3

Tid2 [rutile]

0. A A A A A 0.1
0.0 0.1 0.2 04 0.5 08
Rbz0 : P205 : TiOz 0.3 Rbz0 : P205 : TiOz
90:10: 0 TiO2 [MO1 %] e 30:10:860

Figure 3.2. Concentration region RTP in solutions containing 20 % WOs,.

When the concentration of P,Os is low, however, the RbTiPO; appears.
Finally the TiO, phase crystallizes from solutions rich in Rb,0 and TiO, [148]. It has
also been reported that the saturation temperature decreases slightly when the

concentration of WO; increases especially to above 20%.
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Similar experimental conditions were used to grow RTP crystals as like KTP
single crystals. The results of RTP single crystal growth experiments are briefly
summarized in this section.

The grown RTP crystals with containing WO; fluxes by TSSG-SC were
listed in Table 3.2.

Table 3.2. Data associated to the growth of RTP single crystals

A B C D E F G H
1 1160.7 c 20 0.1 11.10x14.05%26.30 7.99 Very good
2 1162.9 c 22 0.l 14.95x15.16x15.87 5.71 Very good
3 1187.4 © 30 0.1 17.29%x18.74%20.45 9.36 Very good
4 1190 c 47 0.1 17.29x18.74%20.45 13.94 Good
5 1187.4 c 40 0.1 17.86x20.03%x21.54 12.32 Good

A: Number of experiment. B: Saturation temperature (K). C: Seed crystallographic
orientation. D: Cooling interval (K). E: Cooling rate (K). F: Dimensions along the a,
b and c crystallographic directions, respectively (mm). G: Crystal weight (g). H:
Quality of the crystal

In all the above crystal growth experiments, we obtained larger crystals by

increasing the cooling interval program.
3.2. Crystal structure of KTiOPO,4 and RbTiOPO,4

Crystals of the KTP family belong to the orthorhombic system with the
space group Pna2;. The crystal structure of KTP was firstly determined by Tordjman
et al. in 1974 [157] .There are 64 atoms in a unit cell in the KTP lattice. This 64 atom
group separates into four subgroups of 16 atoms each, and within each sub group
there are two inequivalent K sites, two inequivalent titanium sites, two P sites, and ten

inequivalent oxygen sites. Two of the latter oxygen sites represent bridging ions
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located between titanium ions, while the other eight are contained in PO, groups

where they link one Ti and one P ion.

The KTP structure is characterized by helical chains of distorted TiOg
octahedra linked two corners. These chains bridged along the c¢ crystallographic
direction by PO, tetrahedra, forming an infinite PO4-TiO4-PO,4-TiOg-lattice array. The
K* lattice sites are in the channels of the framework. These channels are along the
(001) direction, along which K" easily diffuses via the vacancy mechanism being
responsible for the high ionic conductivity of KTP along this direction [158]. K+ ions
are either 8 or 9 coordinated with oxygens, and they are denoted by K(1) and K(2),
respectively. Each of the TiOg distorted octahedra contains a short Ti-O double bond
and a long Ti-O bond which are commonly assumed as primarily responsible for the
optical nonlinearity [159]. Those oxygens are denoted usually as OT(1) and OT(2).
Stimulated Raman measurements show that, in KTP, the strongest vibrations occur in
the direction collinear with the distortion of TiOg octahedra [160]. Table 3.3 shows
the atomic coordinates of all the atoms of the KTP. The structure of these crystals is
quite effective for the development of new nonlinear optical materials based on KTP
and its isomorphs, that has contributed to a better understanding of the structural
properties of this family of crystals.

Table 3.3. Atomic coordinates and equivalent isotropic displacement parameters of
KTiOPO, from X-ray single crystal diffraction [ 161].

Atom X Y y/ Uiso (A2)
K(1) 0.37807(8) 0.7806(1) 0.6880(9) 0.0246(5)
K(2) 0.10526(7) 0.6990(1) 0.9332(1) 0.0142(5)
Ti(1) 0.37290(4) 0.5001(1) -0.00040(8) 0.0075(3)
TiQ) 0.24658(6) 0.2695(5) 0.74836(9) 0.0072(3)
P() 0.49808(8) 0.3363(1) 0.7397(1) 0.0061(4)
P2 0.18079(7) 0.5020(1) 0.4872(1) 0.0085(4)
0(2) 0.4859(2) 0.4867(5) 0.8497(2) 0.009(1)
o) 0.5103(2) 0.4657(5) 0.6170(2) 0.010(2)
0(3) 0.4004(2) 0.1986(4) 0.7208(2) 0.010(1)
0(4) 0.5934(2) 0.1930(4) 0.7589(2) 0.007(1)
0(5) 0.1126(2) 0.3106(4) 0.4585(2) 0.011(2)
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0(6) 0.1113(2) 0.6918(4) 05117(3) 0.012(1)
o(7) 0.2525(2) 0.5402(5) 0.3718(2) 0.010(2)
0@ 0.2528(2) 0.4619(5) 0.6008(2) 0.012(2)
oT(1) 0.2248(2) 0.9653(4) 0.3561(2) 0.008(1)
oT1(2) 0.2232(2) 0.0413(5) 0.6097(2) 0.009(2)

Table 3.4. Atomic coordinates and equivalent isotropic displacement parameters of
RbTiOPO, from X-ray single crystal diffraction [110].

Atom X Y z Use (A7)
T() 0.37284(6) 0.4998(1) 0.00081(9) 0.0066(3)
Ti(2) 0.24836(7) 0.2678(1) 0.74858(9) 0.0067(3)
P(1) 0.4997(1) 0.3332(2) 0.7422(1) 0.0070(4)
P(2) 0.18035(9) 0.5014(2) 0.4884(1) 0.0079(4)
Rb(1) 0.38504(4) 0.78347(8) 0.67465(7) 0.0205(2)
Rb(2) 0.10537(4) 0.69184(9) 0.92598(8) 0.0176(2)
o(1) 0.4862(3) 0.4786(7) 0.8535(4) 0.008(1)
0@2) 0.5141(3) 0.4604(7) 0.6199(3) 0.009(1)
0@ 0.4024(2) 0.2026(5) 0.7207(3) 0.009(1)
0(4) 0.5949(3) 0.1943(6) 0.7616(4) 0.011(1)
0(5) 0.1141(3) 0.3109(6) 0.4583(3) 0.009(1)
0(6) 0.1128(3) 0.6894(6) 0.5174(4) 0.012(1)
o(7) 0.2505(3) 0.5423(6) 0.3729(3) 0.009(1)
o16) 0.2522(3) 0.4576(6) 0.6010(4) 0.011(1)

oT(1) 0.2218(3) 0.9607(6) 0.3564(4) 0.008(1)

oT(2) 0.2226(3) 0.0437(7) 0.6097(3) 0.009(1)
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Figure 3.3. View of the structure of the RTP crystal with a projections parallél to (a)
[100] (b) [010] and (c) [001] directions.

RTP is an isomorphic material to KTP and it is viewed as a particularly
useful member of the KTP family. The lattice parameters for the KTP and RTP
crystals are very close, so that the PO, tetrahedra have much more influence on the
lattice constants than the monovalent cations K™ or Rb*. Table 3.4 shows the atomic
coordinates of all the atoms of the RTP. The crystal structure of RTP, which is
equivalent to that of KTP, is shown in Figure 3.3 along the a, b, and c

crystallographic directions.
3.3. Morphology of KTiOPO,4 and RbTiOPQO, crystals

The external shape of the crystals depends on their internal structure.
Therefore, the spatial group of symmetry, the cell parameters and atomic positions
affect to the shape of the crystals. On the other hand, there are several other
parameters that could affect the morphology of the crystals, such as the solution
composition, the thermal profile of the furnace, the temperature gradient of the

solution inside the crucible, etc. In the representation of the external morphology of a
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crystal there can be seen a whole family of plane faces forming a polyhedron. Every
one of the faces is associated to a family of Miller indexes (hkl). The orientation of
crystal face is adequately described by three integers (hkl) which are prime in
reference to each other. The importance of the face (hkl), is related with its growth
rate, that can be correlated with the crystallographic spacing, dyy through the Wulff
theorem [162] and the Donnay and Harker law [163]. The higher the dy, the lower
the growth rate of this face, and thus the larger the surface of this face in the final
crystal.

The calculated dy values for KTP crystals are summarized in Table 3.5 ordered

from the higher to lower values. To calculate the spacing, the following expression

can be used

dra = 1/
where [yl = \/(ha* +kb +Ic")-(ha” +kb" +Ic”) for the orthorhombic
system

The selected calculated dy,q values for KTP are shown in Table 3.5

Table 3.5. Sdlected dy values of the KTP crystals

{hki} KTP
dna (R)
(200) 6.407
(110) 5.728
(011) 5.490
(201) 5.495
(002) 5.308

From the Donnay-Havker law and using strictly the Wueff theorem with the
dn calculated in Table 3.5, the resulting morphology of the crystal is that shown in

Figure 3.4 (a). However, the external morphology of KTP crystals was studied
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independently by Voronkova and Yanovski [164] and Pavlova et al. [165]. This
morphology was significantly different that the one shown in Figure 3.4 (a), and it is
shown in Figure 3.4 (b). The morphology of the KTP crystals grown in self fluxes
varies and these crystals show 14 facets belonging to four families of crystallographic
planes namely {110}, {100}, {011}, and {201} [164]. The {201} and {011} forms
form sharp caps along the c axis, whereas the {011}, and {110} forms form less sharp
caps along the b axis. The typical morphology of a KTP crystal is shown in Figure
3.4. The morphology is symmetrical. It resembles the mmm symmetry, which is
higher than the internal structure (mm2 symmetry) of KTP.

@00 o

110) (100) | (110)

Figure 3.4. The morphology of the a-oriented KTP single crystal
The experimental conditions were not changed during all our crystal growth
experiments but the morphology of the crystals changed, probably due to the different

cooling program applied.
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Figure 3.5. Pictures and schematic drawings of the as-grown KTP bulk single
crystals
Figure 3.5 shows morphology of the grown crystals and the corresponding

schematic drawings of the dominant faces of the KTP crystals. We see that the typical

faces of the crystals appeared {100}, {110}, {011}, {O]i} {201}, {201}. It represents

that there is no change in the morphology of the crystals grown in tungsten containing
solutions when compared to those grown in self fluxes. Pictures of the as-grown KTP
bulk crystal and the corresponding schematic drawings of the morphology are shown

in Figure 3.5.

Figure 3.6 shows some pictures of the as-grown RTP bulk single crystals
obtained from the TSSG-SC technique in this work and their corresponding schematic
drawings showing their morphology. The morphology of RTP bulk single crystals is

very similar to that of KTP crystals. Figure 3.6 shows the typical faces of these

crystals corresponding to the {100}, {110}, {011}, {Oli} {201}, and {ZOi}forms.
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Figure 3.6. Pictures and schematic drawings of the asgrown RTP bulk single
crystals.

However the crystals grow in larger size along the c-direction compared with the sizes
along the a and b directions. The similar morphological features were shown in RTP

crystal when compared with KTP crystal morphology.
3.4. Pulling effect

Slow cooling rate is one of the key parameters which can be applied to obtain
high quality crystals during the TSSG-SC crystal growth process and it has been
extensively reported by several research groups [166-168]. In this procedure large
size bulk single crystals with a prescribed orientation and shape can also be grown by
slowly from pulling the crystal from the solution while it is growing. The KTP and
RTP crystals were slowly pulled out of the solution at a rate of 1 mm per day. Figure
3.7 shows the images of the crystals obtained by applying the pulling process. The
crystal pulling process is more advantageous economically for growing larger size
crystals. The crystal pulling process can control the diameter of the crystal during the

growth process by adjusting the speed of the growth temperature of the solution, and
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the rate of pulling. The length of the crystal can also be increased in the growth

direction by the pulling process.

Figure 3.7. Pulling effect on the morphology of bulk single crystals of (a) KTP (b)
RTP

The morphology of the crystal, obtained from the pulling process is slightly different
than the morphology of the crystals obtained without pulling. In Figure 3.7, we can

see that the surface of the crystal faces {100}and {ilO}show few steps after applying

the pulling process. The faces {110}and {110} were prolonged, while the {100}face

of the crystal was slightly diminished. However, these issues are not a major problem
for the use of these crystals for optical applications and will not effect the fabrication
of diffraction gratings from these crystals and their optical characterization.
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CHAPTER

FOUR

Fabrication and morphological
characterization of diffraction gratings
on the surface of nonlinear optical
materials

Surface relief diffraction gratings fabricated in connection with nonlinear
optical media have been of interest in recent years because of their potential
applications in photonics. In this chapter we discuss about the fabrication of surface
relief diffraction gratings on nonlinear optical materials by ultrafast laser ablation and

selective chemical etching methods, and their morphological characterization.
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4.1. Fabrication of diffraction gratings by ultrafast laser
ablation

We fabricated 1D and 2D diffraction gratings on the surface of RTP and
KTP nonlinear optical materials. The experimental details of the fabrication process
were discussed in Chapter 2. 1D and 2D micro-structural patterns were recorded on

RTP and KTP substrates with different lattice spacing.

RTP-1 sample consisted of 1D channels in the area of 3 x 3 mm? To
fabricate it we focused the laser beam by means of a 50 mm achromatic lens using
pulse energy of 0.78 pJ, which provided a peak fluence of ~6.1 J.cm™?. The 1D
microstructure was fabricated on the (001) surface of RTP-1 sample, where the
focused laser beam moved following straight lines parallel to the b crystallographic
axis at all across the sample surface and with a constant scanning speed of 130 um/s
avoiding iterative passes along the same line. For this scanning speed, the number of
pulses contributing to the ablation of a point within the sample surface was
approximately 40. We have estimated the ablation threshold fluence following the
procedure described on diamond and titanium nitride [169], giving 1.44 + 0.18 J.cm™
for 40 pulses. For multishot conditions (> 100 pulses) the value for the threshold
decreases to 1.18 + 0.15 J.cm™ (incubation factor & =0.783) [170]. In RTP-1 sample

lattice spacing between the grooves is 15 um.

RTP-2 sample consisted of 1D channels with a spatial period of 20 um in the
area of 3 x 3 mm?, For structuring it, the used focusing optics was a x10 (0.22 NA)
microscopic objective. A 6 mm diameter circular aperture was placed before the
objective in order to slightly increase the spot size at focus. The pulse energy before
the aperture was 0.27 pJ leading to a peak fluence at focus of ~3.2 J.cm™. The writing
procedure was identical than for the RTP-1 sample and the scanning speed was set to
75 pum.s™ with a separation between lines of 10.5 pm and 9.5 um, alternatively. Under
these conditions, the number of pulses contributing to the ablation of a point within
the sample surface was around 55. The total processing time took approximately 4h to
fabricate the both RTP samples.

We followed a similar procedure for the fabrication of two different 2D
micro-structures on the surface of KTP crystals. For KTP-1 sample that consisted of

2D square array of channels in the area of 3 x 3 mm?. The 2D structure consisting of
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two perpendicular arrays of grooves on (010) surface, parallel to the a and c
crystallographic axes, respectively. The laser beam was focused by a x10 objective
lens with NA 0.30. It was achieved by moving the sample at a constant speed of 75
pum.s™ which means a number of pulses per spot (2 ~3 pm) of 40. A circular aperture
6 mm and some neutral filters were placed before the focusing lens in order to reduce
the pulse energy to 0.48 pJ and produce a lattice pitch of 8.54 um. The sample KTP-2
consisted of a square array of circular pores with a pitch of 8.85 um. In this case, the
sample was moved to the selected positions and then irradiated with 100 pulses. A
circular aperture of 5.5 mm and some neutral filters were placed before the focusing
lens in order to reduce the pulse energy to 0.39 uJ and achieve the desired pore
diameter. The total processed area was 3 x 3 mm? and took approximately 8.5 h to

fabricate the samples in both cases.

The experimental conditions used in the fabrication of 1D and 2D microstructures on

the surface of RTP and KTP crystals are summarized in Table 4.1.

Table 4.1. Fabrication conditions of 1D and 2D microstructures on RTP and KTP
samples.

Parameter RTP-1(1D) | RTP-2(1D) | KTP-1(2D) | KTP-2(2D)
Pulse energy (uJ) 0.78 0.27 0.48 0.39
No. of pulses 40 55 40 100
Scanning speed (um) 130 75 75 75
Beam diameter 6 6 6 55
(mm)
Processed time (h) 4 4 8.5 8.5
20 (two sub
periods 9.5,
. . 10.5)
L attice spacing (um) 15 8.54 8.85

As we can see in this table, the 1D and 2D diffraction gratings have been

fabricated using different experimental

conditions.

This conditioned their
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morphology. The depth of the fabricated channels depends on the energy of the beam,
pulse duration, no. of pulses, and the used wavelength. In Table 4.1, we showed the
key parameters which influence the ablation of the material. The pulse width is used
to obtain large peak power and to minimize thermal conduction to the surrounding
material. In the case of our samples, the beam diameter was controlled efficiently to
avoid the excessive ablated regions on the surface of the samples. Thus, for instance
in the RTP-2 sample, we observed that the depth of the channel was larger than that
obtained in the channels inscribed in the RTP-1 sample. This is due to the slow

scanning speed and the use of a larger number of laser pulses.

4.2. Morphology of the fabricated 1D and 2D diffraction
gratings

The morphological characterization of the fabricated diffraction gratings was
done by using the optical imaging profiler PLu 2300. The 3D confocal images of the
fabricated diffraction gratings of the RTP and KTP samples are shown in Figure 4.1

Figure 4.1. Confocal images of the diffraction gratings fabricated by ultrafast laser
ablation (a) RTP-1 (b) RTP-2 (c) KTP-1 (d) KTP-2

The confocal images of the diffraction gratings of all the samples were

recorded with a x20 microscopic objective in the long range order where we can see a
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higher number of channels. In Figure 4.1, we can see the long range ordering and the
high degree of periodicity of the diffraction gratings fabricated by ultrafast laser
ablation. Looking carefully at the Figure 4.1 (b), the image of the RTP-2 sample, the
two different periods of the diffraction grating can be observed. In Figure 4.1 (c) the
orthogonal array of channels of the KTP-1 sample is not showing a high degree of
periodicity due to the difficulty of laser writing procedure. The 2D confocal images
and their corresponding surface profiles of these diffraction gratings are reported in

Figure 1 in paper IV.

The fabricated 1D and 2D diffraction gratings of RTP and KTP samples were
also observed by optical microscopy analysis. The optical microscopy images of 1D
RTP-1 and RTP-2 samples are shown in Figure 2 in paper V. From this analysis, the
long range order was observed indicating a high degree of periodicity of the 1D RTP-
1 and RTP-2, and KTP-2 2D diffraction gratings. From these images, it can be
appreciated that while the periodicity was constant in the RTP-1 sample with an
estimated lattice parameter of 14.92 um in average, determined from the high
magnification images of the sample, the periodicity of the RTP-2 sample was sub-
modulated into two different sub-periods of 9.5 um and 10.5 um approximately of a
spatial period of 20 um imposed by alternative grooves of the diffraction grating.
Similarly, in the case of KTP-1 and KTP-2 samples, we observed that the periodicity
of the diffraction gratings estimated using high magnification images of optical
microscopy are 8.91 pum and 9.02 pum, respectively. In this case, the KTP-2 sample

shows a higher degree of periodicity.

Apart from this optical microscopy image analysis, a technique with higher
spatial resolution is needed in order to investigate the structure morphology of the
diffraction gratings at a local level. In this sense SEM has been the ideal tool for a
more in detail morphological characterization of the diffraction gratings at the
micrometer scale. Thus, the morphological characterization of the as-fabricated RTP
and KTP diffraction gratings has also been done using by SEM. The recorded SEM
images of the 1D and 2D diffraction gratings are reported in Figure 2 in paper V.
This Figure shows top views of the 1D and 2D diffraction gratings fabricated on the
surface RTP and KTP crystals, respectively, by ultrafast laser ablation. The insets in
Figure 2 in paper 1V, show high magnification images of the corresponding samples.

From these micrographs, we can still appreciate the high periodicity of the fabricated
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structures. However, in this analysis we observed that the width of the grooves is not
the same for all the samples. This is due to the result of the tight focusing conditions.
If the focal plane does not match the surface of the sample, even slightly, the pulse
energy distribution is modified at the area where the fluence is above the ablation
threshold. In the case of the RTP-1 sample, the region where the fluence exceeded the
ablation threshold fluence (multishot conditions) has a diameter of approximately 5
pm. However, in the case of the RTP-2 sample, the diameter of the groove was
around 3.3 pm. Even though, the beam diameter was controlled efficiently in both of
the samples, due to the focusing conditions and difference in the peak fluence at the
focused area. It results that an excessive region was ablated in the case of the RTP-1

sample compared to the ablated area in the RTP-2 sample.

In the KTP-1 sample (see Figure 2 (c) in paper V), the roughness of the
grooves is very high, and the squares that should be formed between the grooves are
much distorted as a result of the laser writing procedure. So, this difficults the
determination of the exact width of the channels as well as the lattice period in this
orthogonal array microstructure. The higher magnification image of the KTP-1
diffraction grating shows the distorted squares formed on the sample between
channels. Figure 2 (d) in paper IV shows the top view of the fabricated conical pores
on the surface of the KTP-2 sample. The higher magnification image of the KTP-2

sample shows that the fabricated conical pores are slightly distorted.

Figure 3 (a) in paper 1V shows cross-section image of the channels inscribed
on the RTP-1 diffraction grating. The roughness of the lateral walls of the RTP
diffraction gratings was estimated to be around 0.4 um. The depth of the channels
inscribed on the RTP-1 diffraction grating ist =5 + 0.4 pum and the maximum width
is 5 — 55 pum. The cross-section images of the channels inscribed on the RTP-2
diffraction grating is shown in Figure 3 (b) in paper 1V. From these images, the depth
of the RTP-2 sample ist = 7 £ 0.4 um and the maximum width is 3.3 — 3.5 um. Due
to the low peak fluence used in the processing of these samples, we did not observe
the formation of deposition of material at the edge of the grooves, neither splattered
material, as it happened with moderate peak fluencies in LiNbO3. From these images
we also observed that the shape of these fabricated grooves inscribed on the surface of

the RTP samples is a VV-shape.
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Similarly, we also recorded the cross sectional images of the KTP-1 sample.
Figure 3 (c), (d) in paper 1V revealed that the widths of the channels in square pattern
of the 2D diffraction grating is different along the a and c crystallographic directions.
The width of the channels along the a direction is larger than along the c direction due
to the anisotropy of the material that leads to different ablation thresholds depending
on the crystallographic directions in the crystal, since the laser fluence did not change
during processing. The widths of the channel in the KTP-1 sample, along the a and ¢
directions are 5.60 um and 3.51 pm, respectively. The fact that the damage threshold
is different in different directions is not surprising in crystals of the KTP family. In
this family of materials it has been found that some physical properties are quite
similar when measured along the a and b crystallographic direction, and
significatively different from those measured along the c¢ crystallographic direction
[171]. In the KTP-1 2D square pattern, the depths of the channels inscribed along
perpendicular directions are also different, due to the material anisotropy. We
observed here that the depth of the ablated channel along the a direction is 6.1 pum,
while the depth of the channel along the c direction is 3.5 um. These images revealed
that the shape of the channels is V-shape. Figure 3 (e) in paper 1V shows the recorded
lateral views of the inscribed conical pores on the KTP-2 sample and the depth of the
conical pores was 4.3 um. From these images we observed that the shape of the
conical pores inscribed on the surface of the KTP-2 sample is conical. We also found
here that the different laser pulse energy used for KTP-1 and KTP-2 samples resulted
in a different diameter for the pores of the KTP-2 sample when compared to the width

of the channels of the KTP-1 sample.

We also recorded 2D conical pores on the surface of the KTP-3 sample.
Nine different sets of circular pores each in a square array were inscribed at 1 sec, 5
sec and 10 sec irradiation time with a pulse duration of 120 fs, and an output pulse
energy was 300 pJ with a central wavelength of 799 nm, by femtosecond laser
ablation process on the (001) surface of the KTP sample. The morphological
characterization of the inscribed conical pores on the surface of KTP-3 sample by
ultrafast laser ablation was carried by using ESEM analysis and revealed a high
degree of periodicity. Figure 1 in paper IX shows a ESEM image of the inscribed 9
sets of 2D conical pores on the surface of the KTP-3 sample. The higher

magnification images are shown to the corresponding set of the images irradiated with
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1sec (1% row), 5 sec (2™ row), and 10 sec (3" row), respectively. In this analysis we
observed that the diameter of the conical pore was different in different set of images,
due to the change of different laser irradiation times at different set of images while
processing the sample. These images show that the diameter of the conical pores is
around 28 um, the period is around 50 um, and the roughness at the edges of the
conical pores is very small when compared for instance with the other microstructures
fabricated by ultrafast laser ablation on the surface of crystals of the KTP family and
described in chapter 4. A composition of different ESEM micrographs showing these

conical pores is shown in Figure 1 in paper IX.

4.3. Fabrication and morphological characterization of
diffraction gratings by selective chemical etching

Selective chemical etching is a technique which has the effect of distinguishing
the presence of optically invisible ferroelectric domains in periodically poled LiNbO;
because of their significantly different etching rates. The technique of etching
ferroelectric domains predefined by the technique of electric field induced poling of
LiNbO;, can be used to effectively structurate a range of very smooth, well defined
micrometer scale spatial structures. The description of this method was discussed in
Paper I. We used the same technique to fabricate diffraction grating on the surface of
LiNbO; sample. The most common wet selective etchant reported for ferroelectric
domains of the LiNbO; has been a mixture of hydrofluoric acid (HF) and nitric acid
(HNOs3), which attacks the negative -Z face of the LiNbO; at a rate that is appreciably
higher than the positive +Z face [172]. At room temperature, in a 1:2 mixture ratio of
HF and HNO; acids, the —Z face experiences etch rates of ~1 pm.h™, whereas the +Z
face remains unetched [173]. Even at temperatures up to 368 K, where the —z etch rate
increases to ~30 um.h™, the +z face appears not to be etched at all, apart from at
isolated sites where defects or dislocations may occur [174]. Furthermore,
independent of the mixture composition, the etch depth increased linearly with respect
to the etching time [175].

We used a commercially available periodically poled LiNbO; crystal sample
from INO, 0.5 mm thick, with a period of 5.4 um. The sample was etched in a
HF:HNO; = 1:2 ratio acid mixture for 30 min at room temperature. After etching, the

surface was observed by optical and electronic microscopy.
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Optical microscope images were recorded after finishing the chemical
etching process to visualize the ferroelectric domains pattern on the surface of the
LiNbO; sample. Figure 4.2 shows the optical microscope images of the diffraction
grating fabricated by selective chemical etching on the surface of the LiNbO; sample.
Figure 4.2 (a) shows the image taken with a 5x objective while Figure 4.2 (b) shows a

higher magnification of the same diffraction grating taken with a 50x objective.

(a) (b)

Figure 4.2. Optical microscope images of the LiNbO; sample: (a) image taken with a
x5 objective, and (b)image taken with a x50 objective, with the lattice constants
dimensions measured.

We see two different types of periodicities in Figure 4.2 (a). One pattern with a large
period consisting in the distance between the different columns that can be observed
in Figure 4.2 (a) was generated by the mask used in the periodic poling process. The
other pattern is the one revealed by the selective chemical etching process applied and
consist on the different ferrelectric domains that can be observed in detail in Figure
4.2 (b). This pattern appears as very smooth walled. We estimated the lattice constant
using these optical microscope images. The estimated lattice constant of the

diffraction grating taken from these images was 5.13 pm.

The SEM micrographs showing the diffraction grating revealed by the
selective chemical etching process on the surface LiNbO; sample can be seen in
Figure 3 in paper I. If we compare the grooves with those generated by other
techniques, we observe that the walls of the grooves are smooth on the surface of the
LiNbO; sample. The high quality of the diffraction grating recorded on the surface of

LiNbO; sample is also evident in this SEM images. The roughness of the lateral walls
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and the bottom of the grooves is also very small when compared with the results

obtained by using the ultrafast laser ablation technique.

The lateral view of the diffraction grating recorded on the surface of the
LiNbO; sample is shown in Figure 4.3. The lattice constant of the grooves separated
by removing one of the ferroelectric domains is observed to be roughly 5.2 pm,
consistent with the data previously estimated from the optical microscope images.
The depth of groove is around 239.5 nm. These SEM images revealed that the
selective chemical etching technique can produce very smooth and high quality
diffraction gratings with a uniform structure. But if the important parameter is the
depth of the grooves, then the ultrafast laser ablation could be a better choice for

fabricating the diffraction gratings

10 pum

Figure4.3. Cross sectional SEM images of the channelsinscribed on the surface of a
periodically poled LiNbO; crystal by selective chemical etching (a)low magnification
image, and (b) high magnification image.

AFM images of the diffraction grating on the surface of LiNbO; sample were
also recorded and shown in Figure 4.4. These images confirm that the walls of the
grooves are smooth, and high degree of periodicity in the diffraction grating,

indicating a high quality.
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Figure 4.4. AFM images of the LiNbOz; sample (a) 2D image (b) 3D image

The selective chemical etching technique has also been used to improve the
quality of the inscribed diffraction gratings in crystals of the KTP family. A molten
mixture of KOH:KNOj; has been studied for this purpose. Here, we used this chemical
etchant to smoothen the lateral walls of the diffraction gratings fabricated by the
ultrafast laser ablation process. We performed the chemical etching process by
dissolving the mixture of KOH:KNO; = 2:1 M ratio in distilled water at 353 K, and

immersed the RTP-2 diffraction grating from 5 min to 1 h in this mixture.

To check the morphology of the etched RTP-2 diffraction grating, we
recorded SEM images at each etching time from 5 min to 1 h. We observed that the
edge of the groove is better defined with the chemical etching and the roughness of
the lateral walls of the channels is reduced. The best results were obtained for an
etching time of 15 min. The obtained results are shown in Figure 4 in paper V.
Beyond this etching time, the groove is becoming wider, and the different
ferroelectric domains start to be revealed on the surface of the sample, affecting the
groove structure after 1 h of exposure to the etchant. This indicates that the sample
was not constituted by a single ferroelectric domain, and that for long exposure times
we start to reveal the distribution of the ferroelectric domains on the surface of the
sample. By this analysis, it is clear that chemical etching with KOH:KNQO; can be
used to improve the quality of the features fabricated on the (001) surface of the RTP-

2 crystal by using the ultrafast laser ablation.
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4.4. Analysis of structural modifications on the diffraction
gratings

Micro-Raman spectroscopy is the only technique capable of mapping the
distribution of stresses in different materials with a good spatial resolution of around 1
pum. Micro-Raman scattering was used to analyze the structural modifications of the
RTP and KTP samples by the effects of the ultrafast laser ablation process while
processing the surface of the samples. The experimental details of the micro-Raman

scatting technique were discussed in detail in Chapter 2.
4.4.1. RbTiOPO4 (RTP)

We investigated the possible structural modifications in the ablated and
unablated areas of the RTP-1 and RTP-2 samples by recording the micro-Raman
spectra. Figure 5 in paper 1V, and Figure 2 in paper VII, show the recorded micro-
Raman spectra along the surface covering with an ablated and unablated areas of the
samples. In Figure 5 in paper IV, we found two different spectra for ablated and

unablated regions, respectively. In the unablated region the recorded spectrum
coincides with the spectrum reported for a polarized Z(Yy)Z geometry the RTP

single crystal [176]. These results are shown in Figure 3 (b) in paper VII.

The Raman spectrum recorded at the ablated areas coincided with that of
polycrystalline RTP, recorded for powdered RTP with sizes between 5 to 20 um.
These results are shown in Figure 3(c) in paper VII. These results indicate that there
exists a polycrystalline layer deposited on the ablated region of the RTP diffraction
gratings. This polycrystalline layer of RTP could possibly be formed by sublimation
of the material and later condensation on the surface of the single crystal during the
ultrafast ablation process. This layer is strongly attached to the surface of the grooves
and could not be removed by mechanical means. In fact we observed the ejection of
high quantities of material during the ablation process, and pent of it can be
rediposited as polycrystalline RTP. The corresponding images of the ejection of the
material during the ultrafast laser ablation are shown in Figure 4.5. This phenomenon

has not been reported for other nonlinear optical materials.
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(b)

©

Figure 4.5. Processing of the material during ultrafast laser ablation process (a)
before the ablation process, (b) during the ablation process, and (c) €ection of the
material from the sample.

These two different spectra show two peaks with maximum intensity located
at 758 cm™ and at 693 cm™ for the spectra recorded in the unablated and ablated
regions, respectively. We focused our attention on the peak located at 758 cm™, and
we established the volume of the material affected by the ablation process by plotting
the variation for the intensity of this peak along the surface and depth of the sample.
These results are shown in Figure 4 in paper VII. We compared the profile establish
with the Raman results, with that observed in SEM images of the same area. From
these results, we observed that the area affected by the ablation process is wider than
the ablated area. In the case of the RTP-1 sample, the profile established by Raman
scattering is 1.05 um wider at each side of the channel (see Figure 4 (a) in paper VIII)
while it is thinner in the case of the RTP-2 sample (see Figure 4 (b) in paper VIII).

This would indicate that it exist a layer of polycrystalline RTP at around the channel.
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Since the Raman spctra were collected every 0.5 pm, this would coincide with the
roughness determined from the SEM images recorded for this sample. In depth, we
observed that it exists an area of a thickness of 2.75 um for the RTP-1 sample, around
the channel that was affected also by the ultrafast laser ablation process, as it can be
seen in Figure 4 (c) in paper VII. This area also thinner in the case of the RTP-2
sample, as can be seen in Figure 4 (d) in paper VII. The schematic views of the
affected ablated areas along the surface and depth of the channels are shown in Figure

5 in paper VII, for the RTP-1 and RTP-2 samples, respectively.

Further, we extended our investigation to explore the possibility of removing
the polycrystalline layer of RTP and reveal the possible internal stresses generated
during the ultrafast laser ablation process on the RTP samples. To investigate this, the
RTP-1 sample was annealed for 5 h at 1173 K. Micro-Raman spectra were recorded at
the ablated and unablated regions of the annealed RTP-1 sample and these results
were shown in Figure 6, in paper VII. From these results, we observed that the peak
located at 693 cm™ in the ablated region is still present but it is not the most intense
peak of the spectrum, after the annealing process. The most intense peak is observed
at 142 cm™, also several new peaks with medium intensity appear at 638, 515, 394,
272 and 211 cm™. This spectrum corresponds to TiO, in its anatase form. To confirm
these results, we recorded X-ray diffraction patterns on the ablated area of the RTP-1
sample. The X-ray diffraction pattern was recorded under specific conditions to avoid
the diffraction of the (001) plane of the substrate, and maximizing in this way the
contributions from the polycrystalline layer on the ablated channels. The recorded X-
ray diffraction pattern was shown in Figure 7 in paper VII. The obtained X-ray
diffraction shows that there exists a mixture of TiO, in their forms of anatase and
rutile, and a minority phase corresponding to polycrystalline RTP. The most intense
peak corresponds to anatase, indicating that this is the majority phase in the mixture.
The phase transition in TiO, from anatase to rutile usually happens at around 1073 K
[177]. However, in small particles, the surface free energy and the surface stress play
a crucial role in rendering the phase stability of anatase, that depending on the
conditions can be stable up to 1173 K, coexisting then with rutile [178]. This would
coincide with the situation that we observed in our case. Then, it seems possible that
due to the lower temperature at which it happens the decomposition of RTP in this

case, we can stabilize the anatase phase, while from the previous studies in our group
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[179], we could only observe the formation of rutile, since the RTP decomposed at

much higher temperatures.

Again, we plotted profiles of t he channels by monitoring the intensity of the
peak at 142 cm™ from the Raman spectra along the surface of the unablated and
ablated areas, and along the depth of ablated areas of the annealed sample. The
corresponding profile is shown in Figure 8 in paper VIl using a SEM image of the
channel as background. These results show the thickness of the layer TiO, around the
ablated channels that was found to be 0.5 um at each side of the channel and 2 um

along the the depth of the channel. This profile is shown in Figure 9 in paper VII.

Since, we have not succeeded in removing the polycrystalline layer of RTP
on the ablated region by using an annealing process, we extended our investigation to
explore the possibility of removing this polycrystalline layer by selective chemical
etching channels in the RTP-2 sample. Figure 10 in paper VII, shows the recorded
SEM images of the selectively etched channels of the RTP-2 sample, with the times
going from 5 min to 1 h. These images revealed the widening of the grooves with the
etching time, and reduction of the roughness of the grooves with etching times going
from 5 min to 15 min. Later, we did not see any reduction of the roughness of the
lateral walls of the ablated channels, instead we observed the appearance of the
ferroelectric domain that constitute this sample structures after etching time larger
than 30 min (see Figure 10 (f) in paper VII). Micro-Raman spectra were recorded on
the ablated and unablated regions of the chemically etched RTP-2 sample. In that
case, the spectra use the same for the ablated and unablated areas (see Figure 11 (a)).
In that case we plotted the profile of the channels by monitoring the intensity of the
peak located at 758 cm™ along the surface and depth of the channels after the etching
process. We found that the channels are widened 1.65 pm at each side and 0.3 pm in
depth by the Raman signal. This difference between the profile obtained by Raman
scattering and that observed in the SEM images can only be explained in terms of

structural stress of the sample [180].
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4.4.2. KTiOPO4 (KTP)

We recorded also the Raman spectra of the KTP-1 2D diffraction grating.

The corresponding spectra are shown in Figure 4.6.

J.U ——ablated region
J‘M ——Unablated region

200 400 600 80 1000 1200

Intensity (Arb.Units)

Raman shift (cm™”)
Figure 4.6. Raman spectra recorded at ablated and unablated regions of the KTP-1
sample.
We observed no significant changes between the spectra recorded in the ablated and

unablated regions on the surface of the sample.

Instead, for the KTP-2 sample, we observed similar results than those
obtained in RTP-2 samples, as can be seen in Figure 5 (b) in paper 1V. We observed
that all the peaks appearing at the ablated region are more intense than the peaks
observed at unprocessed region. The differences in the Raman spectra between the
KTP-1 and KTP-2 samples might be related with the face on which the diffraction
grating were inscribed, the (010) face in the case of the KTP-1 sample and the (001)

face in the case of the KTP-2 sample.
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CHAPTER

FIVE

Optical characterization of the
diffraction gratingsinscribed on
the surface of the nonlinear
optical materials

Diffraction gratings, which are an integral part of many modern optical
systems, have been widely investigated and found to be applicable in lasers,
telecommunications,  diffraction optics, optical switches, etc. Therefore,
understanding the properties of the diffraction gratings. We fabricated on the surface
of nonlinear optical materials will be useful to evaluate their performance. With this
characterization of the diffraction grating we will be able to evaluate the conversion
efficiency of frequency doubling when illuminating them with intense laser radiation,
to characterize the potential fundamental and frequency doubled beams after the
diffraction grating, and to develop potential applications for these devices such as any
kind of beam manipulation or demultiplexing, particularly useful in

telecommunications.
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This chapter is organized as follows, in the two following sections we will walk
through the determination of the period of the RTP, KTP and LiNbO; diffraction
gratings by FT-IR Bragg’s diffraction (Sec. 1), and the qualitatively determination of
the quality of the diffraction by recording the linear diffraction patterns (Sec. 2). In
the next sections, we extend our investigation to determine the shape of the channels
by optical means (Sec. 3), and we also discuss about the generation of second
harmonic radiation from 1D and 2D diffraction gratings inscribed on the surface of
nonlinear optical materials (Sec. 4). Finally, in Sec. 5, we discuss about the modeling
and characterization of the as-fabricated diffraction gratings as potential 1D photonic

crystals.

5.1. Determination of the period of the diffraction
gratings by optical means

As we discussed in chapter 4, the SEM images revealed that the roughness of
the as-fabricated RTP and KTP diffraction gratings is very high. Due to the existence
of the roughness in the fabricated channels or grooves, it was very difficult to measure

the precise lattice constants of these diffraction gratings using only the SEM images.

Here we proposed to use a long range order technique to evaluate this
parameter. For this purpose Bragg-diffraction spectra of these samples have been
recorded by using a FT-IR spectrometer (Bruker-Vertex 70) equipped with a special
attachment that allows us to record the spectra by reflectivity. The details of this
experiment were given in Paper Ill. In all these measurements, the specular
reflection at an incidence angle of 12° was taken as reference. The incident light was
pointed perpendicular to the 1D and 2D samples surface and several diffraction
spectra were measured perpendicularly to the channels or grooves at collection angles

ranging from 24° to 60° in 2° steps.

To evaluate the period from the recorded Bragg-diffraction spectra, the
collected data were post-processed in several steps. Unwanted intensity maxima in
these spectra corresponded to a noise coming from the resolution limit of the detector
we used in the defined spectral range. To reduce this noise, the first step of the post

processing procedure consisted in calculating an average on the spectra. For all



UNIVERSITAT ROVIRA I VIRGILI

MICROSTRUCTURATION OF NONLINEAR OPTICAL MATERIALS:
CHARACTERIZATION, AND APPLICATIONS
Raj Kumar Golconda

METHODOLOGIES,

Diposit Legal:

T.

55-2013

wavelengths, the dependence of the intensity with the diffraction angle shows the
same tendency in all the samples. To remove this tendency we followed another step
that is a flattening procedure. The flattening procedure consisted of fitting the
intensity to a straight line for each wavelength and subtracting the resulting straight
line from the data. The flattening procedure could improve the spectra to recognize
clearly the different diffraction orders. The final step was used to evaluate the period
of the diffraction grating flattened data with a function where, at least, one adjustable

parameter was related to the period.

To evaluate the lattice constant, the Bragg-diffraction spectra were fitted to the 2-

variable function

2

1(2,sin0) = —iexp[(sin@—(m/A))/wn] Eq.5.1

n=1

where A is the lattice constant of the diffraction grating, mis the diffraction order, and
W, is the parameter that takes into account the width of the diffraction peaks [181]. By
fitting this function to the experimental data, we obtained a robust estimation of the
lattice constant of the diffraction gratings, since all measurements were taken into

account simultaneously.

Figure 5 in paper V shows the 2D intensity plots as a function of the wavelength and
the diffraction angle of the measured data for the 1D diffraction grating recorded on
the surface of the RTP-1 sample. In the same figure it is also shown the corresponding

calculated data by the fitted function, for the same sample.

Experimentally we observed three diffraction orders in RTP-1. The most intense peak
was referred as the zero order peak and appeared in the range between 4 and 8 um for

low values of sin 6 with a lower slope.
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Wavelength ( m) Wavelength (1 m)

(a) (b)

Figure 5.1. (a) 2D intensity plot as a function of the wavelength and the diffraction
angle corresponding to the 1D diffraction grating inscribed on the surface of the
RTP-2 sample with a spatial period of 20 xm by ultrafast laser ablation, and (b) 2D
calculated plot of the fitted function to the experimental data after considering one
diffraction order.

The first and second diffraction orders are observed at higher values of sin 6 with
higher slopes. These results fitted perfectly with the calculation from Bragg’s law
using Eqg. 5.1. The period for the RTP-1 sample was estimated to be 14.98 um, in
good agreement with the results obtained from optical and electronic microscope

images.

Instead, experimentally we observed only one diffraction order for the RTP-2
sample, as shown in Figure 5.1 (a). We believe that this might be due to the existence
of two sub-periods on the surface of RTP-2 sample that created interference patterns
that difficult the observation of higher diffraction orders by this method. Figure 5.1
(b) shows the 2D plot of the calculated data by the fitted function shown in Equation
5.1 for this sample.

With these results we estimated a period of 19.85 um for the RTP-2 sample,
indicating that this technique could not resolve the two sub-periods observed in this

sample by the optical and SEM images.
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Figure 5.2. (a) 2D intensity plot as a function of the wavelength and the diffraction
angle of the diffraction grating with a period of 8.9 um inscribed by ultra fast laser
ablation on the surface of the KTP-1 sample. (b) 2D calculated plot of the fitted
function to the experimental data after considering two diffraction orders. (c) 2D
intensity plot as a function of the wavelength and the diffraction angle of the
diffraction grating with a period of 9 um inscribed by ultrafast laser ablation on the
surface of the KTP-2 sample, and (d) 2D calculated plot of the fitted function to the
experimental data after considering two diffraction orders.

Similar measurements were performed on the KTP-1 diffraction grating
fabricated by ultrafast laser ablation. Figure 5.2 (a) and (b) show the experimental and
calculated data by the fitted function shown in Equation 5.1 for the KTP-1 sample,
respectively. From Figure 5.2 (a), we observed that only two diffraction orders were
obtained. The intensity of the diffraction orders decreases as the collection angle of
Bragg-diffracted light increases. For all wavelengths, this dependence of the intensity
with the angle 6 shows the same tendency. The estimation of zero order from 3 to 7
um by calculation from Bragg’s law coincided with our experimental results. From

the fitted function data, the evaluated period for the KTP-1 sample was 9.1 um, in
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good agreement with the values of the period for this sample estimated by optical and
electronic microscope images although this technique could not distinguish between
the values for the periods evaluated along different directions by the microscopy

techniques.
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Figure 5.3. (a) 2D intensity plot as a function of the wavelength and the diffraction
angle of the diffraction grating with a period of 5 um chemically etched on the
surface of the PPLN sample (b) 2D calculated plot of the fitted function to the
experimental data after considering two diffraction orders.

We also performed similar measurements on the KTP-2 sample for the precise
evaluation of the period of the diffraction grating. Similar results were obtained as
like in the KTP-1 sample. We observed only two diffraction peaks in the experimental
data. Figure 5.2 (c) and (d) show the measured and calculated data obtained for the
KTP-2 sample, respectively. The evaluated period from the fitted function data for the
KTP-2 sample was 9 um. These results are in good agreement with the estimated
lattice constant from optical and electronic microscopy. Again, however, this
technique gives an average value of the period, and it does not distinguish the

different periods observed along the different directions.

Finally, the same procedure has been applied to the diffraction grating
fabricated by selective chemical etching in the periodically poled LiNbO;3; (PPLN)

sample. The corresponding experimental and calculated data are shown in Figure 5.3.

The zero order peak was observed from 1 to 5 um, as expected from the

calculation from Bragg’s law. In this case, only two diffraction orders could be
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considered to estimate the period of the diffraction grating. The estimated period was

5.23 um and this value was in good agreement with the period measured by optical

and electronic microscope analysis.

The values of the estimated periods from FT-IR Bragg diffraction of the

different diffraction gratings fabricated by ultrafast laser ablation on RTP, and KTP

samples, and the diffraction grating fabricated by selective etching on the PPLN

sample are summarized in Table 5.1.

Table 5.1. Periods observed by optical microscopy and estimated by Equation 5.1 on
the different diffraction gratings fabricated in this work

L attice parameters L attice parameters

estimated from optical | calculated from Bragg's
Sample _ . : .

micr oscope images (Um) diffraction law (um)
RTP-1 14.92 14.98
RTP-2 9.4 and 10.48 (sub- 19.85

periods)

KTP-1 8.95 //a, 8.91//b 9.1
KTP-2 9.04 /la, 9.02 //b 9
LiNbO3 5.13 5.23

5.2. Diffraction of the fundamental beam

We also analyzed the characteristics of the diffraction pattern of a fundamental
beam in the visible, which will provide information about the quality of the
diffraction gratings we fabricated. The experimental details on how these diffraction

patterns were recorded were discussed in Sec. 2.7.1, Chapter 2.
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The recorded linear diffraction patterns on the RTP and KTP samples in the
transmission configuration are shown in Figure 4 in paper I11. On the screen, up to 11
diffraction orders, from +5 to -5 diffraction orders were generated by the RTP-1
sample (see Figure 4 (a) in paper Ill). The RTP-2 sample generated up to 15
diffraction orders from +7 to -7 diffraction orders (see Figure 4 (b) in paper I11). Also
in this sample, due to the sub-period existing in the diffraction grating, we observed a
modulation on the intensity of the diffraction spots. Even orders show a larger

intensity than odd ones.

Similarly in the case of the KTP-1 sample, we observed a large number of
diffraction spots. In this case the diffraction pattern is defined in two dimensions,
representing the square pattern of the diffraction grating inscribed on the (010)
surface of the sample formed by two orthogonal arrays of grooves. The corresponding
diffraction pattern was reported in Figure 4(c) in paper I11. Finally, the KTP-2 sample
had a pattern formed by conical pores forming a square grid on the (001) face of the

sample. The diffraction pattern for this diffraction grating was reported in Figure 4(d)

in paper Il1.

In all the samples, the large number of diffraction orders that were observed
indicate a good quality for the diffraction gratings fabricated, regardless the roughness
of the lateral walls of the grooves that we observed by SEM and the variation of the

width of the grooves with depth induced by the V-shape of the grooves.

Similarly, we proceeded to record the linear diffraction patterns of the
diffraction gratings in a reflection configuration using the same experimental set-up
described in Sec. 2.7.1 in chapter 2. The corresponding diffraction pattern of the RTP-
1 diffraction grating in the reflection configuration was reported in Figure 6(b) in
paper V. On the screen, we observed up to 9 diffraction orders, from -4 to +4
diffraction orders. To obtain a clear picture of the diffraction pattern in this reflection
configuration, the incident angle of the laser beam was set at 48° to respect the
perpendicular to the surface of the sample to avoid internal reflections from the
sample. In the RTP-2 sample, up to 11 diffraction orders were visible, from -5 to +5

diffraction orders. In that case the incident angle of the laser beam was set at 52° with
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respect to the perpendicular to the surface of the sample. Furthermore, the sub-
modulation of the period of the diffraction grating was again reflected in an
alternation of high intensity and low intensity diffraction spots in the pattern, as can
be seen in Figure 6 (d) in paper V. Finally, we also recorded the diffraction patterns
generated by the KTP-1 and KTP-2 samples in the reflection configuration and these

patterns are shown in Figure 5.4.

(a) (b)
Figure5.4. Linear diffraction patterns of the different diffraction gratings recorded in
a reflection configuration after illuminating the sample with a He-Ne laser.
(a) Diffraction grating on the KTP-1 sample (period 9.1 xm) formed by two
orthogonal arrays of grooves on the surface of the (010) face and (b) KTP-2 sample
(period 9 um) formed by circular pores forming a square grid on the surface of the
(001) face.

Figure 5.4 (a) shows the diffraction pattern generated by the KTP-1
diffraction grating recorded in a reflection configuration where the incidence angle of
the laser beam was set at 54°. It consist again on a 2D array of diffraction spots with a
square disposition. Similarly, we obtained a square grid pattern for the KTP-2 sample.
In that case the angle of the incident laser beam was set at 42°. The corresponding
diffraction pattern is shown in Figure 5.4 (b). In these pictures we observed a reduced
number of spots when compared to the diffraction patterns collected in a transmission

configuration due to the lower intensity of the reflected spots.

Finally, we recorded the linear diffraction pattern generated by the

diffraction grating inscribed on a periodically poled LiNbO; crystal by chemical
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etching. The recorded diffraction patterns are shown in Figure 5.5 in transmission and

reflection configurations.

(a) (b)
Figure 5.5. Diffraction patterns obtained in the LiNbO; sample in (a) transmission
configuration and (b) reflection configuration.

In the LiNbO; sample, the periodic ferroelectric domains were generated by
using an electrical poling process. In this method, a mask was used to generate the
desired grating pattern on the surface of the sample. Later, to reveal the ferroelectric
domains fabricated, the sample was selectively chemically etched. This fabrication
method produced two different diffraction patterns that are perpendicular to each
other as can be seen in Figure 5.5 (a). One with a short period (5.13 pum) due to the
ferroelectric domains of the sample revealed by selective chemical etching, that
generates more brilliant and highly spaced diffraction spots. The second one,
perpendicular to it, is due to the patterned and unpatterned regions in the sample due
to the mask used during the electrical poling process. In this case the period is much
larger (25 um), which generates less brilliant and closely spaced diffraction spots. On
the screen, we observed only up to 5 diffraction orders generated by the short period
of the sample, from -2 to +2 diffraction orders. It was difficult to capture all the lower
intensity diffraction orders due to their larger diffraction angles, although the quality
of the sample was better. Figure 5.5 (b) shows the diffraction pattern from the same
sample recorded in a reflection configuration. The incident angle of the laser beam on
the sample was set at 40° to avoid internal reflection. In that case, only the diffraction
pattern due to the diffraction grating generated by the selective chemical etching of
the ferroelectric domains of the sample was observed. On the screen from -3 to +2

diffraction orders were seen.
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Figure 5.6. Intensity profiles of the transmitted diffraction patterns recorded on the
(@) RTP-1, (b) RTP-2, (c) KTP-1, (d) KTP-2, and (e) LiNbO; samples, using the
transmission configuration set-up.

We also recorded the intensity profiles of the generated diffraction patterns
from the diffraction gratings measuring them in a transmission configuration. The
limited number of diffraction peaks observed was due to the low dynamic range of the
CCD camera we used to record these diffraction patterns. These intensity profiles are
shown in Figure 5.6. Figure 5.6 (a) shows the intensity profile of the transmission
diffraction pattern of the RTP-1 sample. Figure 5.6 (b) shows the corresponding
intensity profile for the RTP-2 sample. We see a clear difference on the intensity of

the peaks corresponding to the 1 diffraction orders compared with those
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corresponding to the +2 diffraction orders, due to the sub-modulation of the
periodicity of the diffraction grating fabricated on the surface of the RTP-2 sample.
Similar results were obtained in the case of the two orthogonal arrays of channels
fabricated on the surface of the KTP-1 sample and the corresponding recorded
intensity profile of the KTP-1 sample parallel to the a direction is shown in Figure 5.6
(c). Similar results were obtained in the case of the diffraction grating fabricated with
a square array of conical pores on the surface of the KTP-2 sample. The intensity
profile of the generated diffraction from the KTP-2 sample parallel to a direction is
shown in Figure 5.6 (d). Similarly we also recorded the intensity profiles of the
diffraction orders generated by the different lines of squares or holes in the KTP-1

and KTP-2 samples, respectively. These intensity profiles are shown in Figure 5.7.
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Figure 5.7. Intensity profiles of the transmitted diffraction patterns recorded on the
(a) KTP-1 and (b) KTP-2 samples.

In this Figure it can be seen that the position of the different diffraction orders
changes a little depending on the line at which we record the patterns, showing the

slight variation on the period of these 2D diffraction gratings.

In the case of the LiNbO; sample, only three diffraction orders were observed
and the recorded intensity profile of the diffraction pattern is shown in Figure 5.6 (e).
We used the intensity profiles to determine the shape of the channels in RTP-1 and

RTP-2 samples by optical means, as it has been detailed in section 5.3.
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5.2.1. Effect of the wavelength on the diffraction of the
fundamental beam

The diffraction patterns produced by the RTP-1 sample were recorded at
different wavelengths using as the illumination source an optical parametric oscillator
(OPO) (Continuum —Sure light) with a repetition rate of 10 Hz by tuning the

wavelengths from 400 nm to 700 nm.

These measurements were performed in a reflection configuration. The details of the
experimental set-up used were discussed in Chapter 2. We recorded the generated
diffraction patterns and their intensity profiles. In each diffraction pattern, only three
diffraction orders were captured due to the limited active area of the CCD camera we
used as sensor. The recorded diffraction patterns and their intensity profiles are shown

in Figure 5.8 with the corresponding wavelength of the incident beam.

In Figure 5.8, the diffraction images show that by increasing the wavelength
of the fundamental beam, the intensity of the +1 diffraction orders was decreasing and
their location was moving out of the range of the camera at higher wavelengths
because the diffraction orders are shifting to higher diffraction angles, as expected. At
all different wavelengths, the intensity of the zero order is higher than that of the other
two diffraction orders and the intensity of the -1 order is smaller than that of the +1

order.

The normalized intensity profiles of these diffraction patterns are over lapped
to check the variation of the intensity of the diffraction orders generated from the
RTP-1 sample, as a function of the wavelength and these profiles are shown in Figure
5.9. At longer wavelengths, the position of the higher diffraction orders (x1) is
shifting and as well as the intensity of these diffraction orders is also changing as a

function of wavelength.
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Figure 5.8. Diffraction patterns and their corresponding intensity profiles generated

by

the RTP-1 diffraction grating as a function of wavelength.
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The position of the zero order is the same at all wavelengths. The most

intense 1 diffraction orders are observed in the diffraction pattern generated at 480

nm.
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Figure 5.9. Normalized intensity profiles of the diffraction patterns generated by the
RTP-1 sample as a function of wavelength.

We also recorded the linear diffraction patterns and their intensity profiles at

different wavelengths on the KTP-1 sample.
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Figure 5.10. Diffraction patterns and their corresponding intensity profiles generated
by the KTP-1 sample as a function of wavelength.

In these measurements we observed only three diffraction orders at short
wavelengths and two diffraction orders at long wavelengths, due to the limited area of
the detector. The diffraction patterns and their corresponding intensity profiles are

shown in Figure 5.10.

In Figure 5.10, similar spectral features are observed as like in the RTP-1 sample. The
position of the order +1 was shifting with wavelength region to the long wavelength

region, as expected.

Similarly, the normalized intensity profiles of the diffraction orders are
plotted together and similar results were observed as like in the case of the RTP-1
sample. The corresponding intensity profiles are shown in Figure 5.11. The most

effective diffraction patterns were observed at 480 and 580 nm.
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Figure 5.11. Normalized intensity profiles generated by the KTP-1 sample as a
function of wavelength



UNIVERSITAT ROVIRA I VIRGILI

MICROSTRUCTURATION OF NONLINEAR OPTICAL MATERIALS:
CHARACTERIZATION, AND APPLICATIONS
Raj Kumar Golconda

METHODOLOGIES,

Diposit Legal:

T.

55-2013

Finally, we also recorded the linear diffraction patterns generated by the
KTP-2 sample at different wavelengths. We observed the same spectral features as
like in previous measurements. The recorded diffraction patterns and their intensity

profiles are shown in Figure 5.12.
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Figure 5.12. Diffraction patterns and their corresponding intensity profiles generated
by the KTP-2 sample as a function of wavelength.

The position of the £ 1 orders is shifting to longer wavelengths, as expected, when the
wavelength of the incident beam increases. Similarly the normalized intensity profiles

of the diffraction orders were plotted and shown in Figure 5.13.

From Figure 5.13, similar results were obtained as like in KTP-1 sample. The most
effective diffraction pattern was observed in the short wavelength region at 460 nm, at
which the intensity of the +1 diffraction orders are higher than that of the %1

diffraction orders observed at other wavelengths.
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Figure 5.13. Normalized intensity profiles generated by the KTP-2 sample as a
function of wavelength.

5.2.2. Effect of the polarization on the diffraction of the
fundamental beam

The intensity of diffracted light can vary significantly with the polarization
of the incident light. Diffraction measurements of the fundamental beam were
performed on the surface of the RTP-1 sample with polarized light to investigate the
effects of this parameter using a He-Ne laser at 633 nm with a power of 5 mW. In this
experiment, a half wave plate located before the sample to depolarize the laser beam
and two polarisers, one located before the sample and another in front of the detector,
were used to record the intensity profiles of the diffraction patterns generated by the
RTP-1 diffraction grating as a function of the polarization of the incident beam and
the diffracted beam, in a reflection configuration. The intensity of the incident beam
had to be reduced by rotating the half wave plate due to the high sensitivity of the
CCD camera.

Four different polarization geometries were used to record the generated
diffraction patterns from the RTP-1 sample. The plane of incidence is the plane
formed by the incident and exiting beams, and is perpendicular to the surface of the
sample. P-polarization refers to light that is polarized perpendicular to the surface of
the sample. S-polarization refers to light that is polarized parallel to the surface of the
sample. We also used light polarized at 45° of these directions. The four different

polarization geometries we recorded are P-P, S-S, 45-P, and 45-S where the first
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symbol indicates the polarization of the incident beam, and the second symbol
indicates the polarization of the collected diffraction beams. P-S or S-P geometries
did not provide any signal. The recorded diffraction patterns and their corresponding
intensity profiles are shown in Figure 5.14 with the different polarization

configurations used.

P-P | ‘ S-S

L=
al
o
[
o
o

[
(=
o
T
[=]
[=]
o

0

A VEEPY, Wi

0,05 0.10 0,15 0,20 0,05 0,10 0,15 0.20
Diffraction angle (radian) Diffraction angle (radian)

-

o

o
T
-
o
o

T

X

-

(=]

o
-
(=
(=]

Intensity(Arb.Units)

3
Intensity (arb.units)

o

250 250
- —_— 15._
£ 200 45-p £ 200 43-5
= E
2 0 =]
2 150 % a 150
< M <
é" 100 | f ‘ 2100
@ i =
S sol "1 1 5
£ 1 A L %0
0 n 1 L I o > . N =
0,05 0.10 0.15 0,20 005 o10 015 020
Diffraction angle (radian) Diffraction angle (radian)

Figure 5.14. Diffraction patterns and their corresponding intensity profiles generated
by the RTP-1 sample as a function of the polarization of the incident and diffracted
beams.

In Figure 5.14, we observed only three diffraction orders for all the different
polarization configurations due to low dynamic range of the 1D array CCD camera.
Bright and dark fringes are observed due to the constructive and destructive inference
of the light waves. We observed that the intensity of the recorded diffraction pattern
for S-S polarization configuration is showing higher intensity for the zero order when
compared with the other diffraction patterns obtained. We observed that the P-P

polarization configuration can be an efficient configuration because the value of the
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intensity ratio between zero order and 1 order was larger when compared with the

other polarization configurations.
5.2.3. Estimation of the diffraction efficiency

The diffraction efficiency for these samples was estimated by comparing the
intensity recorded at the zero order with that of the incident beam. In both cases, this
diffraction efficiency was found to be at around 0.1%. This value is not surprising
since the measurements were not performed at the optimum wavelength for these
diffraction gratings. However, comparing the quality of these RTP diffraction gratings
with those patterns inscribed in LiNbO; for which up to a 30% diffraction efficiency
has been reported and those inscribed in BaBO; with diffraction efficiencies between
50 to 60 %, one would expect to get similar results when using the optimum

wavelength.

5.3. Determination of the shape of the channels by optical
means

Diffraction patterns are sensitive to changes in the periodicity of the grating
or filling fraction. The filling fraction f is referred to as the fraction of the grating
period that is filled with the grating material. The value of the filling fraction must be
less than 1, since a value of 1 would mean that no diffraction grating exist on the
surface of sample. The filling fraction value can be determined from the intensity
profiles of the diffraction patterns we recorded. Furthermore, analysing in detail these
intensity profiles, we can also determine the shape of the grooves inscribed by

ultrafast laser ablation.

In order to model the shape of the grooves and to fit adequately the results,
the grating has been considered as a phase only grating, where the grooves introduce a

lower phase shift with respect to the parts of the grating without grooves.

We used two different geometries to model the shape of the grooves by this
method. Initially, we simplified the phase profile for a square shape with a height t (t
is also referred as depth of the groove), since we considered that a triangular shape

would not introduce much changes in the results.
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According to this model, Equation 5.2 defines the envelope profile for the

different diffraction orders observed in the case of the RTP-1 diffraction grating

considering a pure phase grating with a filling fraction f and a period A.

1+ f -{exp(i Zf(n—l)tj—l}

sin(r ) /(K )+ f -{exp(i 2;(n—l)t)—1}-sin(an)/(an{K 40

2
K=0

|(K)OL Eqg. 5.2

In Equation 5.2, n is the refractive index of the grating material, K are the

different diffraction orders, and A is the laser wavelength.

We could estimate a filling fraction f = 0.57 by fitting to the experimental
data obtained for the RTP-1 diffraction grating. This filling fraction indicates that
more than half of the diffraction grating inscribed in the RTP-1 sample is filled with
RTP, while the rest is filled by air.

To calculate the envelope profile in the case of the RTP-2 diffraction grating,

we defined the unit cell of the grating, considering it again as a phase grating, as:

i _9_f 9. f
exp(l(p)for[ > 2)A<x<( 2+2jA

thtjﬂ|(x):: eXp(hp)for(ég——%;JA.< X<:(€;4-7g]/\ Eq. 5.3

1otherwise between — A < X< A

where ¢=27(n-1)t/ 1. The parameters f and g are better defined in the Figure 5.15. This

unit cell is periodically repeated every 2A.

The envelope of the diffracted intensity in this case is defined as:
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sin(efi/2)” Eq.5.4

K )oc {] i
(k) 3_'”(“K)+(exp(i(p)—l)- f - cos(ngK /2) orK#0

7K nfK /

Using Equation 5.4, we estimated a filling fraction f = 0.815 for this sample. This
filling fraction indicates that more than three quarter parts of the diffraction grating is

filled by RTP in the RTP-2 sample, and only less than a quarter is filled by air.

L

A
v

Figure 5.15. Representation of parametersin the periodic structure of RTP-2 sample.

Further, we introduced to a more realistic vision of the channels according to
the images obtained by ESEM microscopy. We modelled the grooves by considering
a triangular shape. This modelling has been reported in paper V. In this case, an
analytic expression of the envelope of the diffraction order maxima would be very
complex, and we avoided it. With this new model and the corresponding fitting
envelope profile, the estimated filling fraction was f = 0.43 with a depth of the
grooves t = 0.45) for the RTP-1 sample. This filling fraction indicates that less than
half of the diffraction grating inscribed in the RTP-1 sample is filled with RTP, and
more than half is filled by air. In the case of the RTP-2 sample, we estimated a filling
fraction f = 0.75, and a depth t = 0.35A. We could also determine the fraction of each
sub-period in this structure (g, in Equation 5.3 and 5.4) that corresponded to a value
of 0.92. The exact value for g should be 0.95, according to the sub-periodicities
observed in the sample. However, no reasonable fit could be obtained with this value

of g, indicating also that these sub-periodicities are not exact.
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Since we observed significative differences in the determination of f and t
from the modelling of the shapes of the grooves according to a square or triangular
shape, we extended this study to clarify which should be the real shape of the grooves
according to these optical models in the case of the RTP-1 sample. For this we
extended the calculations to different wavelengths and plotted the intensity of the

different diffraction orders. The results are shown in Figure 5.16.
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Figure 5.16. Calculated intensity of the different diffraction orders at different
wavelengths for a (a) a square profile and (b) a triangular profile of the grooves of
the diffraction grating inscribed on the surface of the RTP-1 sample.

According to Figure 5.16, if the grooves had a square profile, the intensities
of the zero and first orders should cross at wavelengths below 500 nm. Instead, if the
grooves have a triangular profile, the intensities of the zero and first orders should not

cross in the range of wavelengths between 450-850 nm.

By plotting the intensities of the zero and first diffraction orders as a function of the
wavelength, using the data presented in Figure 5.8, we can see that the intensities of
these two diffraction orders did not cross at any wavelength (see Figure 5.17)
indicating that the correct shape of the grooves is triangular, in agreement with the
images obtained by ESEM.
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Figure 5.17. Experimental intensity of the 0" and 1% diffraction orders at different
wavelengths for the RTP-1 sample.

5.4. Diffraction of the second harmonic generated by the
sample (nonlinear diffraction)

5.4.1. Analysis of the RTP-1 sample

Nonlinear diffraction patterns can be generated when a diffraction grating
inscribed on a nonlinear optical material generates the second harmonic of the
fundamental beam with which the sample has been illuminated. We recorded the
nonlinear diffraction patterns generated by the different sample we prepared. For the
RTP1 sample, three peaks were observed in the nonlinear diffraction pattern
corresponding to the zero and +1 orders. The generated second harmonic nonlinear
diffraction pattern was compared with the diffraction pattern originating from the
fundamental beam. The zero order of the fundamental and second harmonic
diffraction patterns are located at the same diffraction angle and these patterns are
shown in Figure 5 in paper I11.

However, the most interesting feature of this diffraction pattern is that the
intensity of the -1 diffraction order peak is larger than the intensity of the zero order
peak, while the peak showing the smallest intensity is that corresponding to the +1

diffraction order, resulting in an asymmetric second harmonic diffraction pattern.
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Figure 5.18. SHG diffraction pattern and its corresponding intensity profile obtained
from the RTP-1 sample.

A more detailed study of the SHG diffraction pattern in a reflection
configuration is shown in Figure 5.18, confirming that the most intense peak in these

diffraction patterns is that corresponding to the -1 order.

We then, extended this study by illuminating the sample at different
fundamental wavelengths from 910 nm to 1250 nm by using an OPO and recording
the second harmonic generated diffraction patterns by the RTP-1 sample in a
transmission configuration. The corresponding diffraction patterns and their intensity
profiles are shown in Figure 5.19. In all the recorded nonlinear diffraction patterns,
three diffraction orders, zero and £1 were observed. We observed that the intensity of
the -1 order is higher than that of the other diffraction orders in all cases. We also
observed that the intensity of the +1 diffraction order decreases as we are increase the

wavelength.
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Figure 5.19. SHG diffraction patterns and their corresponding intensity profiles
obtained from the RTP-1 sample at different wavelengths. The wavelength indicated
in the figure corresponds to the fundamental wavelength.

The results presented in Figure 5.19 indicates that second harmonic generation
can be achieved in the RTP-1 sample at fundamental wavelengths ranging from 930
nm to 1240 nm, allowing a broad tuning range. The SHG in such a broad tuning band
might be related to the existence of the polycrystalline layer of RTP redeposited after
the ultrafast laser ablation process and discovered in the Raman characterization of
the sample. From the data presented in Figure 5.19, it seems that the diffraction
grating is more efficient in the conversion towards second harmonic at ~1000 nm of
the fundamental beam. However, we should also take into account the variation of the
power of the incident beam, that unfortunately was not recorded in these experiments
excluding the possibility of extracting a definitive conclusion about the efficiency of

the diffraction grating..
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Figure 5.20. Intensity ratio between the -1 and O orders as a function of the

wavelength of the fundamental beam in the nonlinear diffraction pattern generated by
the RTP-1 sample.

The ratio between the intensities of the zero order (lp) and the -1 diffraction
order (I can also give as an idea about the efficiency of the diffraction grating as a
function wavelength. The ratio 1Y/, vs wavelength is shown in Figure 5.20. In this
figure, we observe that the 1"/l ratio is in most of the cases higher than 1, showing
that the -1 diffraction order is more intense than the zero order, generating then an
asymmetric diffraction pattern for the second harmonic light generated by the sample.
However, we also observed different wavelengths for which this ratio is maximum,
and that are indicated in the figure although we still do not have any explanation for

this phenomenon.

The highest 1"/1, was obtained at a wavelength of 1160 nm of the fundamental
beam. At this wavelength we analyzed the dependence of the I*/l, ratio as a function
of the angle of incidence of the fundamental beam. These results are show in Figure

5.21.
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Figure 5.21. Intensity profile of the ratio between the -1 and zero orders of the second
harmonic beam generated by the RTP-1 sample as a function the of angle of
incidence of the fundamental beam at 1160 nm.

In Figure 5.21, the maximum intensity ratio value between -1 and zero diffraction
orders at 1160 was observed at 14° and 36°, indicating that the intensity of the -1 order
is maximum at these angles. These results also show that by optimizing the angle of
incidence, intensities for the -1 diffraction order wave 3.5 times higher than the
intensity of the zero order can be obtained. We extended the analysis of the
influence of the incident angle of the fundamental beam on the SHG diffraction
pattern by tuning the fundamental wavelength from 910 nm to 1080 nm in the RTP-1
diffraction grating. The results are shown in Figure 5.22. In these measurements, we

only took into account the intensity of the -1 diffraction order since it was the most

intense in all cases.

In Figure 5.22, we observed that the maximum intensity for the second
harmonic generated by the sample was obtained between 480 to 500 nm. The

optimum incident angle would be 48°.
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Figure 5.22. Intensity of the -1 diffraction order as a function of the angle of
incidence of the fundamental beam in the range between 910-1080 nm in the
nonlinear diffraction pattern generated by the RTP-1 sample. The values shown in the
figuresindicate the SHG light exhibiting maximum intensities.

In order to understand the asymmetric behaviour in the nonlinear diffraction pattern
of the RTP-1 sample, we collected nonlinear diffraction patterns at different
polarization configurations for the fundamental beam and the green light generated in
a reflection configuration. The details of the experimental set-up were discussed in
Sec. 2.9.2 in Chapter 2. In this set-up we used a CW Nd:YAG laser emitting at 1064

nm.

Four different polarization geometries were used to check the nonlinear diffraction
patterns generated from the RTP-1 sample. These diffraction patterns are shown in

Figure 5.23.
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Figure 5.23. Second harmonic generated diffraction generated by the RTP1 sample at
different polarization configurations.

In Figure 5.23, we observed small interference lines at all diffraction
patterns. We could be able to see only two diffraction orders for the second harmonic
generated by the diffraction grating due to the small intensity of the generated green
light in the reflection configuration, where the high intensity peak corresponds to the -
1 diffraction order and the low intensity peak corresponds to the zero order peak.
Among all polarization geometries the maximum intensity of the diffraction peaks
was observed at the S-S polarization configuration. However, the intensity ratio

between the -1 and zero orders peaks was higher at 45-P polarization configuration.

These measurements show that by changing the polarization of the
fundamental light between S and P-polarizations does not imply any change in the

shape of the diffraction pattern, and that the diffraction order that shows the
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maximum intensity is always the -1 diffraction order. This seems to rule out any
explanation for the generation of second harmonic by a conventional phase-matching
mechanism in terms of the particular values of the elements of the hyperpolarizability
tensor for the (001) RTP surface, since the involved matrix elements are different for

different fundamental polarizations.
5.4.2. Analysis of the RTP-2 sample

We extended this analysis to the RTP-2 sample. The recorded nonlinear

diffraction pattern generated by this sample is shown in Figure 5.24.

In Figure 5.24, we observe again an asymmetric diffraction pattern for the second
harmonic generated by the sample when using a fundamental beam at 1064 nm. In
this case the angle of incidence of the fundamental beam was 55°. The generated
second harmonic light diffraction order maxima were calculated by using the Bragg’s
law. Although in this case the signal to noise ratio is higher than in the RTP-1 sample,
we could still indentify that the maximum of intensity occurs for the -4 diffraction

order.

| —m—Second harmonic -4
—a—Linear diffraction

0 -1

v\ 2
-

[ ]
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Figure 5.24. Intensity of the diffraction patterns of the green light generated by the
one-dimensional surface relief diffraction grating versus the diffraction angle on the
RTP-2 sample. The diffraction pattern of the fundamental beam is also included for

means of comparison.

In this case, a tendency was observed for even order peaks to present higher

intensity than odd order peaks, similar to what was observed when analyzing the
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diffraction pattern of the fundamental beam in transmission and reflection
configurations. This behaviour was attributed to the sub-modulation introduced in the
period of this diffraction grating. The linear diffraction pattern of the fundamental
beam is also shown in Figure 5.24 for comparison and for an easy identification of the

zero order in the nonlinear diffraction pattern.
5.4.3. Analysis of the LiINbO3 sample

Finally, we also extended this analysis of the nonlinear diffraction patterns to
the LiNbO; sample. The surface of the LiNbO; diffraction grating was illuminated
with a wavelength at 1064 nm at a fixed angle of 42° to avoid contributions from

internal reflections in the sample.

The recorded second harmonic nonlinear diffraction pattern and the linear
diffraction pattern of the fundamental beam are shown in Figure 5.25. Similar spectral
features to the RTP samples are observed, generating again an asymmetric diffraction
pattern. In this figure we can see that the zero order peak of the nonlinear diffraction
pattern coincides with the zero order of the linear diffraction pattern of fundamental
beam. The other peaks observed in the pattern of the generated second harmonic
correspond to the -1 and -2 orders according to Bragg's diffraction law. These peaks
show more intensity than that observed for the zero order. Instead, in the linear
diffraction pattern, only the zero order peak and -1 order showed intensity enough to
be recorded here. However in this case the signal to noise ratio is higher than in the

previous cases, showing clearly the different diffraction orders.
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Figure 5.25. Intensity of the diffraction patterns of the green light generated by the
one-dimensional diffraction grating versus the diffraction angle on the surface of
LiNbOs. The diffraction pattern of the fundamental beam is also included for means
of comparison.

We also recorded the nonlinear diffraction patterns generated by the LiNbO;
sample as a function of the incident angle of the fundamental beam after tuning the
fundamental wavelength from 910 to 1250 nm. We followed the same procedure to
record the intensity of the -1 diffraction order by isolating it from the diffraction
pattern as we did with the RTP-1 sample. The recorded nonlinear diffraction spectra

is shown in Figure 5.26.

In Figure 5.20, we see that the intensity of the -1 order of the second harmonic

diffraction pattern depends on the fundamental wavelength and the incident angle
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Figure 5.26. Intensity of the -1 diffraction order as a function of the angle of
incidence of the fundamental beam in the range between 910 to 1250 nm in the
nonlinear diffraction pattern generated by the LiNbO; sample. The values shown in
the figures indicate the SHG light exhibiting maximum intensities

In that case, in most of the cases we observed only a maximum, probably
related with the higher quality of this diffraction grating. The wavelength for which
the SHG is more efficient is decreasing when the incident angle is increasing up to

44°, after which it increases again. The optimum incident angle would be 42°.

5.4.4. Analysis of the KTP-1 sample

We also performed nonlinear diffraction measurements on the KTP-1 sample
and we observed that there are four circular rings for SHG light when projected onto a
screen. The corresponding recorded diffraction pattern is shown in Figure 6 in paper
I11. Bright spots were observed on the intersections of these rings, and again,

asymmetry in the intensity distribution of the diffraction orders was observed.
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5.4.5. General analysis of the results obtained on the nonlinear
diffraction

We estimated an efficiency of conversion to the second harmonic of ~0.1 %
in the diffraction gratings we analyzed by comparing the area enclosed by the
diffraction pattern of the fundamental wavelength with that of the second harmonic
generated. This was done in this way since we observed a broadening of the peaks of
the second harmonic generated diffraction pattern that would rule out the comparison
just of the maximum intensity. This low conversion efficiency is not surprising taking
into account that in the reflection configuration we took into account only the
generation of second harmonic produced by the surface or a thin layer of the material.
In all those measurements of nonlinear diffraction patterns, the most interesting
feature was that the intensity of the -1 diffraction order peak is higher than the
intensity of the zero order peak, resulting in an asymmetric second harmonic

generated diffraction pattern.

The reason why the diffraction patterns at the second harmonic wavelength
are asymmetric and the maximum intensity was found for other orders different to the
zero order is not clear at present. It is worth recalling that Reinisch and Néviere
developed in 1983 an electromagnetic theory of diffraction in nonlinear optics that
accounted for nonlinear optical effects produced in diffraction gratings inscribed on
the surface of thin films of nonlinear optical materials [182]. Among these, one was
the possibility of observing asymmetric diffraction patterns for the SHG light, which
was verified experimentally on metallic gratings [183]. Related effects in the visible
or near IR range have been reported in dielectric and semiconducting resonant
grating-waveguide structures [184]. However, in all these cases surface optical modes
(such as surface plasmon polaritons or waveguide modes) are present at the surface of
the material where the grating is inscribed which allows confinement of the generated
light into surface waves, a precondition for the observation of asymmetric second

harmonic diffraction patterns [182].

In the present case, there are in principle no surface modes in our structures
to which light could resonantly couple to in the near infrared or the green portion of

the spectrum, although ultrafast laser ablation is responsible for an amorphization of



UNIVERSITAT ROVIRA I VIRGILI

MICROSTRUCTURATION OF NONLINEAR OPTICAL MATERIALS:
CHARACTERIZATION, AND APPLICATIONS
Raj Kumar Golconda

METHODOLOGIES,

Diposit Legal:

T.

55-2013

the material that may change its refractive index in a thin layer of the material around
the ablated area [185], as we have seen in chapter 4 resulting in a possible
confinement effect. Another possibility is that the relatively large depth and width of
the grooves may rise to a cavity effect for the infrared or green light, which could

result in a stronger coupling of the incident light to the structure.

Finally, another configuration that could lead to confinement is that of the
Rayleigh anomaly, in which one of the diffracted orders comes out at a grazing angle
with respect to the grating plane and interacts with the periodic modulation of the
surface. Although in the case of the RTP-1 sample the grating period is very close to a
multiple of the fundamental wavelength, which is a necessary condition for the
occurrence of this type of anomaly, this is not the case for the other gratings, so that
the explanation in terms of a Rayleigh anomaly does not appear to be possible for our
results.

5.5. Characterization of the diffraction gratings as a 1D
photonic crystal

A photonic crystal (PC) is a structure in which the refractive index is modulated
periodically over length scales of the order of the wavelength of light. It is said to be a
“crystal” because it is formed by a periodic arrangement of basic building blocks. The
term “photonic” is added since photonic crystals are designed to affect the propagation
properties of photons. A diffraction grating can be considered as a one-dimensional
(1D) photonic crystal. Thus, we investigated the possibilities of developing a 1D
photonic crystal based on the RTP-1 sample. Ultrafast laser ablation affected the
sample in the way analyzed in the previous chapter by Raman scattering. Thus, it
exists a layer of the material affected by the ablation process that still remains in the
sample and that could confine the light and yield the periodic refractive index change

introduced by the diffraction grating as a photonic crystal.

Since the advent of the Bloch wave theory, the wave behaviour in periodic
structures has generated a great deal of interest for developing new functional devices
in the photonics industry. The wave propagation in periodic structures resembles the

destructive and constructive propagation of electromagnetic waves caused by periodic
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scattering that leads from the dispersion diagram to the generation of frequency gaps.
This phenomenon is different from the study of the transmission in an homogenous
medium. Generally these frequency gaps, termed as photonic band gaps (PBG), imply

a certain frequency range in which no mode light can propagate through the structure.

Using the concept of this PBG, the photonic crystals have been the focus of
intensive and extensive research interests to develop functional structural devices. The
photonic band gap formation due to the interaction between an electromagnetic wave

and the 1D periodic structure takes place in the vicinity of the Bragg resonance

— - — -
defined as, & = & — k&, + &, where k _ are the wave vectors of the incident and

scattered waves defined as |: = 2nw/c ,with c is the speed of light and « as the

5 -
wave frequency, K is the lattice eigen vector defined as |Ff|: 2n/A, where A is the

lattice period. The existence of band gaps makes the 1D photonic structures perfect
reflectors for light at the corresponding frequencies with potential applications in

optical communications, filters, etc.

We recorded optical transmission measurements in the RTP-1 sample to
characterize it as a 1D photonic crystal in the wavelength range between 300 to 3300
nm. The transmission spectrum was recorded with light propagation in the upper part
of the sample and travelling perpendicular to the grooves, i.e., propagation along the a
crystallographic direction and polarized along the b crystallographic direction (see the
scheme shown in Figure 5.27 (a)). The obtained spectrum is shown in Figure 5.27 (b).
In this figure we observed that there are two deeps in the transmission curve of the
RTP-1 sample at 2180 nm and 2.770 nm that could be related with high orders of a
possible photonic band gap.
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Figure 5.27. RTP-1 diffraction grating with wave propagation perpendicular to
grooves and polarization parallel to grooves (a) Scheme of the recorded spectrum
and (b) transmission spectrum.

To verify the existence of the peak observed at 2770 nm, we recorded the
absorption spectrum of the RTP-1 sample using the same measurement geometry, that

is shown in Figure 5.28.
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Figure 5.28. Absorption spectrum of the RTP-1 sample with wave propagation
perpendicular to the grooves and polarization parallel to the grooves.

In this figure, we can see clearly the peak lying at 2770 nm, confirming the existence

of the peak observed in the transmission spectrum.
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5.6. Theor etical modelling of the 1D photonic crystal

To verify these results, we performed some modelling calculations. There are
several capable techniques developed for this purpose such as the transverse matrix
method [186], the scattering matrix method [187], the finite difference time domain
(FDTD) method [188], and the finite element method [189], among others. One of the
most studied and reliable methods are the plane wave expansion method [190-195]. It
was used in some of the earliest studies of photonic crystals and is simple enough to
be easily implemented. The plane wave expansion method consists in expanding the
periodic functions in appropriate Fourier series and inserting the expansions into the
wave equation. The result is an infinite matrix eigenvalue problem, which has to be
truncated for numerical calculations. Through solving the eigenproblem, one obtains
the spectrum of eigenfrequencies (i.e. band structure) and expansion coefficients for
Bloch eigenmodes. The prerequisite of this method is indeed the assumption that the
crystal is infinite along all directions of space. However, this method is being
employed, and still plays a vital role for the calculation of photonic band gaps.

Two kind of polarizations are used to distinguish the dispersion curves,
transverse electric (TE) and transverse magnetic (TM) polarizations. TE polarization
is defined when the magnetic field of the incident radiation is parallel to the
propagation direction. TM polarization is defined when the electric field of the
incident radiation is parallel to the propagation direction. In our sample, we
considered the TE polarization when the light propagates perpendicular to the grooves
along the a crystallographic direction and is polarized along the b crystallographic
direction. Then, the TM polarization is considered when the light propagates again
perpendicular to the grooves along the a crystallographic direction and is polarized

along the c crystallographic direction.

The 1D photonic crystal we investigated had the same lattice period, groove
width and dielectric constants than the RTP-1 sample, i.e., period A = 15 um, width
of the grooves s =5 um, dielectric constant ¢ = 13. These parameters are represented

in Figure 5.29. We considered that the profile of the grooves is squared.
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Figure 5.29. Schematic view of the 1D photonic crystal congtituted by the RTP-1
sample

In the calculation of photonic band diagrams, the frequency and wave
vector are plotted in dimensionless units mA/2nc where o is the frequency, A is the
lattice period and the c is the speed of light. The dimensionless frequency is
equivalent to A/A, where A is the vacuum wavelength (given by A=2nc/w). Figure
5.30 shows the photonic band structure calculated for the TE polarization for a 1D
photonic crystal with a period A = 15 um, groove width s = 5 um, and a square

profile for the grooves, similar to the parameters of the RTP-1 sample.

Band structure of a 1D photonic band structure

.. In
|
|

| \Il

wave vector (in wunits)

Figure 5.30. Photonic band structure calculation for a 1D PC with a period of 15
um, a groove width of 5um and a square profile for the grooves in terms of frequency
vs wave vector for the TE polarization.
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The alternating layers of the periodic structure gives rise to several band gaps in the
one dimensional photonic crystal. Here we considered that the material (RTP) has a
high dielectric constant and the air has a low dielectric constant nearly equal to 1. The
numbers in the graph indicate the index of the band gaps. Up to 29 band gaps were

obtained for this structure in our calculations.

If we represent the same band structure in terms of wavelength (L) we obtain the plot
shown in Figure 5.31 for the spectral region of interest analyzed in the transmission
measurements performed in the RTP-1 sample. This regions contains the high order

optical gaps orders from 13 to 25.

Band structure of a 1D photonic band structure
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Figure 5.31. Photonic band structure diagram for a 1D PC with a period of 15 um, a
groove width of 5 um and a square profile for the grooves in terms of wavelength
(um) vs wave vector for the TE polarization

The transmission window of this 1D photonic structure for the TE polarization
has been calculated from these results within the range of wavelengths between 2 to
3.6 um, and it is shown in Figure 5.32. The obtained results show the existence of
several high order photonic band gaps at this interval of wavelengths (from gap orders

13 to 25) with different widths. The photonic band gaps were indicated with

numerical numbers.



UNIVERSITAT ROVIRA I VIRGILI

MICROSTRUCTURATION OF NONLINEAR OPTICAL MATERIALS:
CHARACTERIZATION, AND APPLICATIONS
Raj Kumar Golconda

METHODOLOGIES,

Diposit Legal:

T.

55-2013

2 2,2 2,4 2,6 2,8 3 3,2 34 3,6
A (um)
Figure 5.32. Calculation of the transmission window for a 1D PC with a period of 15

um, groove width of 5 um and a sgquare profile for the grooves for the TE
polarization.

If we compare the results of this modelling with the experimental data
obtained in the transmission measurements, we observe that the most intense peak
observed in this spectrum, and located at 2.77 pum coincides with the 17" order of the
photonic band gap calculated for a 1D photonic crystal with the same parameters than
our sample. The less intense peak observed at 2.18 um would coincide with the 22™

order of the photonic band gap calculated for this structure.

After these positive results, we extended these calculations to the TM polarization.
The corresponding band structure is shown in Figure 5.33 in terms of wave vector vs
frequency and in Figure 5.34 in terms of wavelength vs wave vector in the region of
interest according to the measurements performed by transmission for the TE
polarization. The numbers in these figures indicate again the index of the band gap
calculated.
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Figure 5.33. Photonic band structure calculation for a 1D PC with a period of 15
um, a groove width of 5 umand a square profile for the groovesin terms of , wave
vector vs frequency for the TM polarization

Again, up to 29 band gaps were obtained for this polarization. In the region
of interest we observed the gaps orders between 12 and 24. The calculated

transmission window for this polarization is shown in Figure 5.35.

Band structure of a 1D photonic band structure
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Figure 5.34. Photonic band structure calculation for a 1D PC with a period of 15 um,
a groove width of 5 um and a sgquare profile for the grooves in terms of wavelength
(um) vs wave vector for the TM polarization.
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The obtained results show the existence of several high order photonic band
gaps in this interval of wavelengths (from gap orders 12 to 24) with different widths.
The photonic band gaps are indicated with numerical numbers.
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: |

2 2.2 24 26 28 3
2 (um)

Figure 5.35. Calculation of the transmission window for a 1D PC with a period of 15

um, a groove width of 5 um, and a sguare profile for the grooves for the TM
polarization.

3,2 3,4 3,6

Then, to confirm if our sample could behave as a 1D photonic crystal, we
recorded the transmission spectrum of the RTP-1 sample with light propagating along
the a crystallographic direction, polarized along the c crystallographic direction,

equivalent to the TM polarization of our calculations.
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Figure 5.36. RTP-1 diffraction grating with wave propagation and polarization
perpendicular to the grooves (a) scheme of the recorded spectrum and (b)
transmission spectrum.
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The results are shown in Figure 5.36, together with a scheme of the polarization
geometry used in these measurements.

For this TM polarization geometry, no evident peaks were observed in the
transmission spectrum recorded for the RTP-1 sample. Again, we confirmed these
results by absorption measurements under the same conditions of propagation and
polarization. The recorded absorption spectrum for the RTP-1 sample for the TM

polarization configuration is shown in Figure 5.37.
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Figure 5.37. Absorption spectrum of the RTP-1 sample with wave propagation and
polarization perpendicular to the grooves

These results do not reflect the calculations performed for the TM
polarization. Since it has been reported in the literature the existence of absorption
bands related to the hydroxyl group around 2800 nm for the crystals of the KTP
family grown by the hydrothermal method [196], we performed a more detailed study
of the transmission window in this region for our sample using a Fourier Transformed
(FT) IR spectrometer in the wavelength range between 2000 to 5000 nm with wave
propagation along the a, b, and c crystallographic directions, respectively. The

obtained transmission spectra are shown in Figure 5.38.
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Figure 5.38. Transmission spectra of the RTP-1 sample with light propagation along
(a) a, (b) b, and (c) ¢ crystallographic directions.

In this figure, it is clear that the peak at 2770 nm is present in all the spectra,
thus indicating that it is related with the adsorption of water on the surface of the
sample, and not with the existence of possible photonic band gaps, rulling out the

possibility of using this kind of samples as photonic crystals.
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CHAPTER

SI X

Preparation and characterization
of luminescent composites

The field of nanotechnology utilizes the materials, devices, and systems
through the control of matter on the nanometer length scale. In this context,
lanthanide elements play a fundamental role due to their singular chemical and
physical properties. They are the fundamental materials in a large range of areas such
as new materials applied to sensor, electronics [197], probes for biological
membranes [198] etc. On the other hand, the prospects of potential applications have
stimulated further research which deepened the knowledge on lanthanide ions. In this
chapter, we discuss the preparation of luminescent composites based on embedding
lanthanide doped luminescent nanopartilces on microstructured nonlinear optical
substrates fabricated by ultrafast laser ablation. The spectroscopic studies of the
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lanthanide doped nanoparticles are discussed in detail as well as the spectroscopic
characterization of the luminescent composites, producing multicolor RGBY emission
for possible laser phosphor display applications. Apart from this, we also discuss the
different upconversion mechanisms involved in the emission of light from these
nanoparticles as well as the interparticle energy migration between luminescent
nanocomposites. The synthesis, spectroscopic and optical measurements of
luminescent nano composites were performed at the laboratories of the research group
Fisica i Cristallografia de Materials i Nanomaterias (FICMA-FICNA), of the
Universitat Rovirai Virgili, Tarragona and at the Laser Processing Group, Instituto de
Optica, CSIC, Serrano, Madrid.

6.1. Synthesis of lanthanide doped |uminescent
nanoparticles

Sol gel technology plays a principa role in the development of modern
nanotechnology for the preparation of new materials. We used the modified sol-gel
Pechini method to synthesize monoclinic potassium-rare earth double tungstates
(KRE(WOQ,), or KREW (RE = Yb, Gd,)) and Gd,Os nanoparticles doped with active
lanthanide ions. The experimental details were discussed in Chapter 2, and the raw
materials used in this synthesis are summarized in Table 6.1.

Table 6.1. Summary of reagents used in each nanoparticles synthesis

A E c | B E F [ H I J KoL
MNanwparticls | Er,0y | Tyl | Hed, | Bw,0, | ¥, GA0, KLO0, @HLFO,  EDTA | EG CT | e
0% EnKYPW | 0417 0419 0.294 2418 4975 4% 973 5
£ TrK YW 004 0793 0292 2407 49% |44 | W07 | 4
25% Er, 8% | 0020 | 0.0 0772 0.293 2407 4957 |44 W07 3
T KYhW
2% Tm 10% 0.041 O0B5 | 0685 0298 2453 5052 48 0B | 4
ThK CAW
1% Tm 4% | 000 0380 | 0419 | 0296 2435 5015 4® 1073 | 4
ThiK CAW
596 FuKCIW 003 076 | 0299 2461 5067 48 103 | o
54 EwCd.0, 0128 2520 4277 4R 1073 | 4
1% Tm, 4% 0027 1252 132 412 3 1073 | 4
YheCd O,
10% Ex, 10% | 0161 0161 | 270 4853 | 462 1073 | g
Th:Gd. O
L5% Ho, 5% o012 oMz 073 0®l 24381 S061 484 10T 2
YhK GIW

Note: All the quantities of reagents from A-l in grams, J in microliters, K in Kelvin
(C.T- calcination temperature), and L in hours
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The mole ratio between the concentration of metals and EDTA was 1:1, while the
mole ratio between EDTA and EG was 1:2 in all cases. The SEM and TEM images of
the synthesized luminescent nanoparticles are shown in Figure 1 in paper VIII. These
particles show a more facetted morphology with smaller sizes of the order of 30-40

nm.

6.2. Structural characterization of luminescent
nanoparticles

The dructural characterization of the as-synthesized luminescent
nanoparticles was carried out by the X-ray powder diffraction method. Figure 6.2 (a)
shows the X-ray powder diffraction patterns of the as-synthesized KREW

nanoparticles with different doping ions at room temperature.

Tm: Yb:KGdW
- v;ll“l iy Llﬁ‘l‘, ——" Aux..;[:'}‘z?":””‘ oy _ T YbiGAO,
0 ) I "‘"MWJLWHW 'Ml'MWﬂW‘M e
5 5
S Lo Mkt Ho YD KGAW |2 Er:Yh:Gd»03
:{ W ¥ Yo bautianss s A A efenf e s
> Lo SR | 20
B T 2 Eu:5d,03
2 | llhmne M penbarind TRV |
5 | E
= W SR SR = ./ L JCPDS-12-0797
l JCPDS-54-0249 , | | |
I| | : 11 || s I I".“”‘ L (TR T T + YT 1 T Ly
10 20 40 50 60 70 10 20 30 400 50 60 70
20 () 2()
€Y (b)

Figure 6.2. X-ray powder diffraction patterns of (a) monoclinic KREW (RE=Yb,Gd)
nanoparticle and (b) Gd,O3; nanoparticles.

The powder diffraction patterns of the KREW nanoparticles are compared with that of
KYbW according to the JCPDS file no. 54-0249, aso included in the figure.
Similarly, the expected powder diffraction patterns of Gd,O3 hanoparticles show the
expected diffraction peaks according to the JCPDS file no. 12-0747. These patterns
arerepresented in Figure 6.2 (b).
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6.3. Spectroscopic characterization of luminescent
nanoparticles

The different colored light emissions from the lanthanide ions are utilized
mostly in television screens and display panels. For the new developmentsin the field
of light and display devices, a detailed knowledge of the luminescent properties of the
luminescent nanopartcles is essential. The detailed information on the positions of
energy levels of these lanthanide ions is essential for developing new phosphors.
Essentially, visible and IR regions in the electromagnetic spectrum from the
lanthanide ions through the excitation of near-IR laser wavelengths is of increasing

interest in recent years.
6.3.1. Er ** doped KYbW luminescent nanoparticles

KYbW is a promising laser crystal and laser host material [199,200]. The
low temperature phase of KY bW isamonoclinic biaxial crystal with inversion centre.
Here we doped the KYbW host matrix with Er®* to obtain emission in the green. The
most important features of the KYbW host are, the high quantity of Yb* ions with a
large absorption cross section that can efficiently transfer the pump energy to Er®,
thus increasing the emission intensity in the visible region, and due to the similar
nature of the Er** and Yb*" ions concerning charge and size, it makes possible an easy
substitution of Yb* by Er® in the host material.

In the Er-Yb system the green emission obtained after infrared pumping can
be attributed to an up-conversion mechanism involving a two photon energy transfer
process to erbium ions from ytterbium ions. Because of the energy overlap between
Yb*, Er* energy levels °Fs, and *l1y, there is a resonant energy transfer via two step
cross transfers. The excited electrons of Yb** in the ?F;, level decay non-radiatively to
the 2F-;, ground state and transfer part of their energy to the Er®* eectrons of in the
Y15 State promoting them to the N energy level. A second photon can be absorbed
by the electrons of Er** in the *l,y, level consistently increasing their energy to the
“F. level. After that, a very fast nonradiative relaxation takes place to the Sy, and
H,4, levels of Er®*, where the transitions *Hyy, — “ligpand *Sy, — “lis takes place,

with emissions at around 520 and 550 nm, respectively.
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From the “Sy; level it is possible al'so to find a non-radiative relaxation to the
“Fg; level, from which an emission at around 669 nm can be generated, attributed to
the *Fg, — “l15 transition. Finally, the Sy, —*l15, transition can generate light at
848 nm. We observed these transitions in the Er: KYbW nanoparticles we
synthesized. And they are shown in Figure 6.3 (&) and (b).

Figure 6.3. Optical emission spectra of Er: KYbW nanoparticles corresponding to the
(@) *Huz = 1s and *Sy — g2 (0) °Sayz — 13z (€) *lige — “lis transition (d)
Energy level diagram of Er: Yb system.

One more interesting infrared emission is the one related to the Er** *l,5, —
*| 15 transition, located in the range of 1.55 pm. The corresponding emission spectrum
is shown in Figure 6.3 (c). The nergy levels diagram of Er** and Yb*, together with
the transitions involved in the emissions we observed for the Er: KYbW

nanopartilces.
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6.3.2. Tm** doped K YbW luminescent nanoparticles

The absorbed energy from the excited radiation at 980 nm wavelength
delivered by the Ti:Sapphire laser is absorbed by the Yb*" ion that transfers then its
energy to the Tm*" ion which emits the radiation back in the visible. The mechanism
involved in the upconversion observed for this system is called a phonon assisted non-
radiative energy transfer.

2% %

25

654 nm

Energy [x 10°em™

475 nm

(b)

Figure 6.4. (a) Upconversion mechanism occurring in the Yb*, Tm*:KYbW
nanopartilces to produce emission at 475 nm. The numbers represent the sequence of
events. (b) Emission spectrum of Tm:KYbW nanoparticles and image of the pellet
fabricated with the nanoparticles showing the color of the emission.
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The energy level diagram corresponding to the transitions involved in the
Yb* -Tm®" energy transfer mechanism are shown in Figure 6.4 (a). Yb*" absorbs
radiation at 980 nm (step 1), transfers its energy to the Tm** ion (step 2) through the
®Hs energy level. The Tm*" then relaxes down through a non-radiative process to the
3F, energy level (step 3) that has a relatively long lifetime, and alows to absorb
nearby another photon of the Yb* ion (step 4), and promote the electron to the °F,
energy level (step 5). After internal relaxation to the *H, level (step 6), the Tm" ion
receives another photon from Yb*" (step 7) to reach the higher level 'G, (step 8), from
which it can emit at 475 nm by the transition ‘G, —°Hgs and at 655 nm by the
transition 'G, —°F, (step 9). The corresponding emission spectra of Tm** doped
KYbW nanoparticles is shown in Figure 6.4 (b). The inset of this Figure shows an

image of the visible emission obtained from the nanoparticles.
6.3.3. HO®*, Yb** co-doped K GdW luminescent nanoparticles

The photoluminescent measurements of Ho,Y b:KGdW nanoparticles WAS

carried out also by optical excitation at 980 nm using the Ti:Sapphire laser.
25+

1s s
%g3
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Figure 6.5. (a) Energy level diagram of Ho:Yb.KGdW nanoparticles (b)
corresponding emission spectrum of nanoparticles and an inset figure shows an
image obtained from nanoparticles.

The photoluminescence generated from the Ho:Yb:KGdW nanoparticles
after Yb®" excitation occurred by the energy transfer from the ?Fs;, energy level of

Yb* to the °l level of Ho. Then, after transferring a second photon from Yb3+, it
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experiences excited state absorption to the °S, + °F, energy levels, that are close in
energy. At these levels, the most intense emission is generated around 545 nm.
However, a nonradiative relaxation can take places from the °S, energy level to the
°F5 level, where the radiative process associated to the °Fs —°lg transition occurs,
emitting red light at around 655 nm. The corresponding energy level diagram of
Ho:Yb:KGdW nanoparticles and its emissions spectra are shown in Figure 6.5,

together with a picture showing the color of this emission.
6.3.4. Er*" and Yb* co-doped Gd,O; luminescent nanoparticles

Similarly, Er:Y b:Gd,O3 nanoparticles generated low green emission from the
*Hy1p — 15, and *Sy, — “l15, transitions (see Figure 3 (€) in paper V1) and the most
strong red emission was generated through the transition g, —*15, at around 660
nm. The corresponding emission spectrum and the image of the visible emission
obtained from the nanoparticles are shown in Figure 6.6. In that case the mechanisms
involved in the generation of these emissions are the same described in section 6.3.1

for the Er* doped K'Y bW luminescent nanoparticles. .

Figure 6.6. Emission spectrum of Er: Yb: Gd,Os; nanop articles

We calculated the chromaticity color coordinates x and y of all luminescent
nanoparticles by integrating the area of the photoluminescence spectra of each color
at different wavelengths with the help of the CIE 1931 XY Z color matching functions
[201]. The calculated x and y color coordinates are listed in Table 6.2.
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Table 6.2. Chromaticity x and y coordinates of the emission generated by our
nanoparticles.

Nanoparticles Chromaticity coordinates (x, y) Name of the color
Er:Yb: Gd,03 (0.4141, 0.5214) Red

Er: KYbW (0.2838, 0.6983) Green

Tm: KYbW (02772, 0.1590) Blue
Ho:Yh: KGdw (0.3351, 0.6271) Yellow

0.9
B Er:KYbW

@ Tm:KYbW
A Ho,Yb:KGdW
% Er, Yb:Gd,0,

0.8
o7

560
0.6
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Figure 6.7. CIE (x,y) chromaticity diagram indicating the color coordinates

We plot these coordinates in the CIE chromaticity diagram for each of the
nanoparticles emission colors as it is shown in Figure 6.7. The coordinates of the red
color emission are located in yellow color region due to the combination of green and
red color emission wavelengths emitted by the Er:Yb:Gd,O; nanoparticles. In the
figure we will need to develop a more pure red emission generated by upconversion.
The chromaticity coordinates of the Ho:Yb:KGdW nanoparticles are located at the
greenish yellow color region. Again we will need to develop new strategies to obtain

more pure yellow emission by upconversion mechanisms.
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6.4. Fabrication of photoluminescent nanocomposites for
laser phosphor display applications

Paper VI describe the process of fabrication of photoluminescent
nanocomposites for laser phosphor displays (LPDs) that consisted in introducing
Er:KYbW nanoparticles in the conical pores fabricated by ultrafast laser ablation on
the surface of the KTP-2 sample by mechanical means, and then annealing the sample
at 1173 K for 5 h to consolidate the structure. Figures 1 (c) and (d) in paper VI show
ESEM micrographs of the Er:KYbW nanoparticles inside the conical pores after the

annealing process.

We also confirmed that the structure of the KTP substrate and the embedded
nanoparticles in the KTP conical pores is maintained after the annealing process by
recording the Raman scattering spectra. Figure 2(a) in paper VI shows that in the
micro-Raman spectra, the regions from 200 — 400 cm* and 600 — 850 cm™ are
associated with the TiOg octahedral tortional and stretching modes of KTP,
respectively. The Raman bands in the 900 — 1200 cm™ region are due to the PO,
tetrahedra of KTP. At the low band region, it appears a Raman mode at 138 cm™
related to the Er:KYbW nanoparticles embedded inside the KTP conical pores. The
corresponding 2D Raman intensity maps showing the distribution of the nanoparticles
in the KTP substrate are shown in Figure 2 (c) and (d) in paper VI. These results
indicate that both KTP and Er:KYbW nanoparticles have not changed their
crystallographic structure during the thermal annealing process applied to the sample
to consolidate the structure of the composite. Also, no new compounds were formed
by the interaction between the KTP sample and the Er:KYbW nanoparticles at the
edges of the pores.

The spectroscopic characterization of the luminescent composites was
carried out by pumping at 980 nm with a Ti:Sapphire laser. The obtained Er® green
and red emissions from the luminescent nanocomposites generated by a process of

upconversion after energy transfer from Yb**, are shown in Figure 3 (b) and (c) in

paper VI.

A similar procedure was followed to fabricate RGBY multicolor emission
from different luminescent nanoparticles embedded inside the conical pores of the

KTP-3 sample. Nine sets of conical pores were inscribed at different irradiation times.
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The morphological characterization of inscribed circular pores on the surface of KTP-
3 sample was discussed in detail in chapter 4. These sets of conical pores were used to
fabricate the multicolor emission of luminescent composites as an initia step,
embedding a particular kind of nanoparticles emitting red, green, blue, and yellow
light, respectively, in each set.

Er:Yb:Gd,O3 nanopartilces for red light, Er:KY bW nanopartilces for generation
of green light, Tm:KYbW nanopartilces for generation of blue light, and
Ho:Yb:KGdW for generation of yellow light were introduced inside the conical pores
of the KTP-3 sample by mechanical means at different sets of conical pores forming
RGBY multicolour emission. After filling the conical pores with the nanoparticles,
the sample was annealed at 1173 K for 3 h at each time. ESEM images were recorded

after annealing the composites, as shown in Figure 3 in paper IX.

To fill a set of conica pores with a different kind of luminescent
nanopartilces the rest of the sets were protected by covering them with a colloidon
film to avoid the mixing of the luminescent nanoparticles. This colloidon layer was

removed prior to the process of annealing of the newly filled nanoparticles.

The structure of the substrate was verified by X-ray diffraction after the
different annealing processes and it revealed that the crystallinity of the KTP substrate
was maintained in the whole process. The recorded X-ray diffraction pattern is shown
in Figure 6.8.

4 Rutile *
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Figure 6.8. X-ray diffraction pattern of the luminescent composites after the
successive annealing processes.
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In this analysis, we also found a peak related to the generation of TiO, in its
rutile phase during the cannealing process. This result is not surprising because it can

be formed by the decomposition of KTP with temperature.

The photoluminescence measurements were performed on the surface of
each set of nanoparticles embedded into the conical pores of the KTP sample by
pumping at 980 nm. The sample was placed on a 2D stage, perpendicular to the
direction of the incident laser radiation. The sample was moved slowly to the position
of the desired emission wavelength generated by the luminescent nanoparticles with
the help of a moving stage. Images showing the colored emission of each set of
embedded luminescent nanoparticles were recorded with a CCD camera with the help
of atelescope, and are shown in Figure 5 (b) in paper IX. The emission spectra of
embedded luminescent nanoparticles are shown in Figure 4 in paper 1X and discussed

in detail in the previous sections.

UV laser has been used traditionally as pumping sources in laser phosphor
displays. However, those lasers are expensive. Using luminescent nanoparticles that
can be excited with chip NIR lasers could be an interesting alternative for the
development of laser phosphor displays. Moreover, multicolor emission with sharp
emission bands from new luminescent nanoparticles through upconversion
mechanisms could be helpful for the development of RGBY laser phosphor display

devices.

6.5. Enhancement of specific emission from luminescent
nanoparticles by Au nanoparticles

Metallic Plasmonic effects have been intensively investigated to enhance
luminescence and absorption properties of optical systems [202] among other
interesting properties. The enhancement of local field intensity that can be caused by
the plasmon resonance positively influences the upconversion efficiency because of
the nonlinear nature of this process. The metallic nanoparticles can aso influence the
transition probabilities of the luminescent nanoparticles if these transitions are
resonant with the plasmon resonances [203]. Lanthanide doped materials with Au
nanoparticles deposited on the surfaces have recently received a lot of attention
because of the possibility to modify the emission spectra by systematic amplification

of certain transitions by the plasmonic resonances [204]. In this work, the Au metallic



UNIVERSITAT ROVIRA I VIRGILI

MICROSTRUCTURATION OF NONLINEAR OPTICAL MATERIALS:
CHARACTERIZATION, AND APPLICATIONS
Raj Kumar Golconda

METHODOLOGIES,

Diposit Legal:

T.

55-2013

nanoparticles were used for the enhancement of the red emission of the Er:KYbwW

nanoparticles embedded inside the conical pores of the KTP-2 sample.

Prior to deposit the Au metallic nanoparticles on the surface of embedded
nanoparticles inside the conical pores of KTP substrate, the deposition rate of Au
nanoparticles were optimized by recording the absorption spectra of nanoparticles at
different deposition rates. In the first step, Au nanoparticles were deposited on the
surface of borosilicate glass at different deposition rates and recorded the absorption
spectra at each different deposition rates. Table 6.3 shows list of deposition rates
which we used to optimize the deposition rate of Au nanoparticles for the

enhancement of specific wavelength.

Table 6.3. Summary of deposition rates of Au nanoparticles

Glass KLU(WOy,),

Power Pressure Time Power Pressure Time
(W) (mTorr) (s50) (W) (mTorr) (s50)
50 3 5 75 3 10
50 3 10 75 3 15
50 3 15 75 3 20
50 3 20 75 3 30
50 3 25 - - -
50 3 30 - - -
75 3 10 - - -
75 3 20 - - -
75 3 30 - - -

Figure 6.9 shows TEM images of Au sputtered nanoparticles on the surface of the

glass. At higher deposition rate the size distribution of nanopraticlesisincreasing.
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Figure 6.9. TEM images of the deposited Au nanoparticles on the surface of glass
substrate with a power of 50 W and pressure at a 3 mTorr (a) 5 sec, (b) 10 sec, (¢) 15
sec, (d) 20 sec, (e) 25 sec, and (d) 30 sec.

To optimize the deposition rate of Au nanoparticles, the absorption spectra were
recorded at each different deposition rate and the recorded absorption spectra are

shown in Figure 6.10.
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Figure 6.10. Absorption spectra of Au nanoparticles deposited on the surface of the
glass
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From Figure 6.10, we found that the suitable absorption spectrum at a deposition rate
75 W- 30 sec where our desired wavelength absorption was maximum at 660 nm.

Figure 6.11. TEM images of sputtered Au nanoparticles on the surface of KLuw
substrate with a power of 75 W and pressure at 3 mTorr (a) 10 sec, (b) 15 sec, (c) 20
sec, and (d) 30 sec.

Later, we extended our investigation to reproduce this absorption spectra by
depositing Au nanoparticles on the surface of KLu(WQ,), (KLuW) substrates,
because its properties such as refractive indices, etc. are more suitable for our KTP
substrate. The recorded TEM images of the deposited Au nanoparticles are shown in
Figure 6.11. The size distribution of nanoparticles was increased as we are increasing
the deposition rate. The recorded absorption spectra of deposited Au nanoparticles on
the surface of KLuUW substrate are shown in Figure 6.12. The deposition rate of Au
nanoparticles was optimized at 15 sec at the power of 75W. This deposition rate was
chosen, where the absorption spectrum of these nanoparticles was suitable for our
desired wavelength to couple the plasmonic resonance with our embedded

luminescent nanoparticles around 660 nm.

The optimized rate Au nanoparticles were deposited on the surface of the
KTP substrate filled with nanoparticles inside the conical pores by using RF
Magnetron sputtering. The details of the deposition of the Au nanoparticles were
given in Chapter 2.
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Figure 6.12. Absorption spectra of Au nanoparticles deposited on the surface of the
KLuW substrate.

In order to check the effect of the plasmons coupled to the embedded
luminescent nanoparticles for the enhancement of the red emission, half part of the
surface of the KTP susbstrate embedded luminescent nanoparticles inside the conical
pores was covered with the colloidon film to protect the nanoparticles while
depositing the Au sputtered nanoparticles and the remaining part of the surface of the
KTP substrate embedded nanoparticles was deposited by Au nanoparticles.

Photoluminescence measurements were carried out on the surface of the KTP
substrate embedded with luminescent Er**: KYbW nanoparticles, at uncovered and
covered regions with the Au nanoprticles by pumping with 980 nm wavelength. The

obtained photoluminescent spectrais show in Figure 6.13.

From Figure 6.13, we observed that the there is no any significant photoluminescence
was enhanced due to the coupling of Er:KYbW nanoparticles embedded inside the
conical pores of the KTP substrate with the Au plasmons at “Fg; — “l15, transition
around 660 nm when compared with the spectra obtained at the uncovered region of
the Au nanoparticles. There is no any effect of the gold nanoparticles on the transition
from *Fg, to the ground state *| 152, enhanced light emission from the upconversion

due to the plasmon resonances in our sample.
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Figure 6.13. Photoluminscence spectra of Er: KYbW nanoparticles embedded inside
the conical pores of the KTP-2 sample with the covered and uncovered Au plasmons.

However, this could be the another aternative way to enhance the particular low
intensity wavelengths from the lanthanide ions, and this enhancement of the smaller

wavelengths could be possible for the development of phosphor displays at particular

single Near |R wavelength excitation source.

6.6. Inter particle energy migration between oxide
luminescent nanoparticles

As has been shown in the previous section, the red light we obtained from
the luminescent nanoparticles we synthesized was of a dark red color, since it is
obtained at a wavelength of ~ 700 nm. To obtain a lighter red light, that can be
perceived as more brilliant by the human eye, we pursued another approach, using the
interparticle energy migration upconversion (EMUC) process [205]. The results
obtained in this approach are presented in paper VIII. In this process we doped the
nanoparticles with four different types of lanthanide ions. The ion being excited
directly by the pump source is called the sensitizer (type 1) (Yb* in our case), theion
to which energy is transferred and which raises to an excited state is called the
accumulator (type I1) (Tm®* in our case). The migrator (type I11) ion Gd* receives
energy from the high-lying energy states of the accumulator ion and then energy
hopping can be produced from migrator ion to the activator ion (type V) (Eu*" in our
case). The required emission wavelengths can be obtained by choosing the right

activator by this process. The only requirement to use this approach is that the
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sensitizer and the accumulator have to be spatially apart from the activator, while the
migrator ion has to be present in the two parts. We used two different kinds of
nanoparticles to confine the sensitizer/accumulator and the activator, such as
Yb,Tm:KGdAW and Yb,Tm:Gd,Os;, from one side, and Eu:KGdW and Eu:Gd,O3;
nanoparticles, from the other. As can be seen, the sensitizer and the accumulator are
present in one type of nanoparticles the activator is present in the other type of

nanoparticles, while the migrator is present in the two types of nanoparticles.

Then, we mixed the nanoparticles of the same kind containing the
sensitizer/accumulator with the nanoparticles containing the activator, inducing the
interparticle energy migration upconversion process. For mixing the nanoparticles, we
added a small amount of ethanol and mixed them properly in an ultrasonic bath for 10
min. Finaly we obtained two different set of nanocomposites: Yb:Tm:KGdW +
Eu:KGdW (here after M1) and Y b:Tm:Gd,O; + Eu:Gd,05 (here after M2). In M1 the
concentration of doping ions was 10 mol % of Yb* and 5 mol % Tm®*, as sensitizer
and accumulator, respectively, and 5 mol % of Eu as an activator in the host matrix of
KGdW. In M2 the concentration of doping ions was 45 mol % of Yb* and 1 mol %
of Tm**, and 5 mol % of Eu in the Gd,O5 host matrix.

To investigate the size distribution and morphology of the nanoparticles we
used SEM and TEM analysis, prior and after mixing them. Figure 1 in paper VIII
shows the recorded SEM and TEM images of the as-prepared nanocomposites before
and after mixing them. From the TEM analysis, we estimated the particle size of
around 30 — 40 nm. This analysis revealed an agglomeration of the nanoparticles after
mixing. However, from the SEM and TEM image analysis, we did not see any

significant differences on the morphology in the nanoparticles prior and after mixing.

Photoluminescence measurements were performed on the different
nanocomposites prepared after pumping at 980 nm. The EMUC process between the
accumulator and the migrator ions was influenced by the doping concentrations in the
nanoparticles. By increasing the doping concentration we could also induce a cross
relaxation process that quenched the emission of light. So that the dopants, specially
the accumulator and the activator have been added to the host lattice in relatively low

concentrations to obtain efficient up-conversion emissions.
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The ratios at which we mixed the nanoparticles also influenced their
luminescent properties. We optimized the M1 and M2 ratios to obtain maximum
intensity for the emission arising from Eu®" in both cases. In Figure 3 and Figure 4 in
paper VIII, we observe the emission from the Eu** activator ion in these particles. We
could obtain efficient red emission from Eu:Gd,Os; nanoparticles after interparticle
energy migration from Tm, Y b:Gd,O3; nanoparticles, suppressing the blue emission
generated by Tm* for aratio Tm,Y b,Gd,04/Eu:Gd,0; = 1/3. However, in the case of
Eu:KGdW, although we obtained red emission, it was with a small intensity when
compared to the blue and red emissions generated by Tm*" in the Tm,Yb:KGdW
nanoparticles. The proposed energy transfer mechanism is shown in Figure 5 in
paper VIII. We are till investigating those two systems to find an explanation for

their different behaviors.
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Conclusions

The potential of microstructured nonlinear optical materials, specially by
ultrafast laser ablation, has been demonstrated successfully by characterizing the
optical behavior of these materials in the linear and nonlinear diffraction
phenomenon. We also demonstrated a possible application for these microstructured
nonlinear optical materials in the controlled and localized emission properties of
luminescent nanoparticles for the possible applications in the field of laser phosphor

display technology.

KTP and RTP single crystals were grown by using the Top Seeded Solution
growth technique. 1D and 2D periodically ordered microstructures were fabricated on
the surface of these nonlinear optical materials by using ultrafast laser ablation.
Selective chemical etching was performed on a periodically poled single crystal
LiNbO; to reveal the ferroelectric domains on the surface of this material. A surface
relief diffraction grating with smooth lateral and bottom walls was fabricated using

this technique.

The detailed morphological and structural characterization of
microstructured nonlinear optical materials was carried out. The optical properties of
the KTP, RTP and LiNbO; diffraction gratings were analyzed in linear and nonlinear
regimes. For instance, the generation of second harmonic light from these diffraction
gratings was analyzed as a function of wavelength, polarization, and angle of
incidence of the fundamental beam. Asymmetric diffraction patterns were observed
in all these samples, although a clear explanation of the phenomena that produce such

diffraction patterns was not found.

A complete micro-Raman scattering analysis was performed on the 1D and

2D microstructures fabricated on these materials. The structural properties of these
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microstructured materials can change during the processing of their surfaces by
ultrafast laser ablation. We observed the formation of polycrystalline RTP and TiO,

on the surface of the ablated channels during femtosecond laser processing.

Apart from this, a theoretical modeling was also proposed to determine the
shape of the fabricated channels and these periodically ordered microstructures
patterns were characterized as 1D photonic crystals through experimental and

theoretical modeling.

KYb(WQy,),, KGd(WQO,),, and Gd,Os; nanoparticles doped with different
lanthanide ions were synthesized by the sol-gel Pechini method. The morphological
and structural characterization was analyzed prior to the photoluminescence
measurements of these nanoparticles that emitted red, green, blue, and yellow light
after excitation at 980 nm. We embedded the luminescent nanoparticles inside the
conical pores of KTP substrates microstructured by ultrafast laser ablation and
achieved localized and spatially controlled light emissions from the luminescent
nanoparticles. We successfully demonstrated that multicolor emission is possible
paving the way towards the development of RGBY laser phosphor display
technology.
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42.65.—k
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42.79.Dj
42.82.Ds
42.82.Fv technique are presented.
Keywords:

Photonic crystals

Nonlinear optics

LiNbO;

KTiOPO,4

Template growth

Liquid phase epitaxy

We revisited two different strategies to fabricate 1D photonic crystals of nonlinear optical dielectric
materials based on ultrafast laser ablation of the surface of an RbTiOPO4 crystal, and selective etching of
ferroelectric domains of the surface of a periodically poled LiNbO, crystal. We evaluated their behaviour
as Bragg diffraction gratings. We also presented the recent advances we developed in a new procedure
of fabrication of 2D and 3D photonic crystals of KTiOPO,4 (KTP) grown on the surface of a KTP substrate
by liquid phase epitaxial means within the pores of a silicon macroporous template. Optical, structural,
morphological, and compositional characterization for the photonic crystals produced through this

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Since 1987, when the first work about photonic crystals
(PCs) was published [1,2], many interesting properties have been
studied in one, two, and three dimensions. Besides their peculiar
linear optical properties [3], photonic crystals present many
interesting features for controlling the nonlinear optical interac-
tions. They provide the possibility to enhance [4-6] a second-
order nonlinear optical interaction and an alternative phase-
matching mechanism [7,8]. It has been shown that even in a
centrosymmetric material it is possible to hold an efficient
second-order interaction employing the photonic crystal proper-
ties [9]. Furthermore, the periodic modulation of both refractive
index and second-order nonlinear susceptibility might allow
backward parametric oscillation [10], a nonlinear effect predicted
many years ago but not yet observed experimentally.

* Corresponding author.
E-mail addresses: joanjosep.carvajal@urv.cat (J.J. Carvajal),
f.diaz@urv.cat (F. Diaz).

0022-2313/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.jlumin.2009.03.035

To obtain a very efficient and durable nonlinear interaction in a
PC it would be adequate to use a material with high second-order
nonlinear optical properties, such as LiNbO3 (LN), KTiOPO4 (KTP),
and its isostructural RbTiOPO4 (RTP). Lithium niobate, LN, is a
ferroelectric material of considerable interest to the optical, laser,
and communications industry, due to its large values of nonlinear
optical, electro-optic, piezoelectric, and acousto-optical coeffi-
cients [11]. Potassium titanyl phosphate, KTP, has been recognized
as the material of choice for second-harmonic generation of
Nd:YAG light, due to its extremely low onset power threshold,
high-power conversion efficiency, and high threshold to laser-
induced damage [12]. It has also been the focus of considerable
attention for optical parametric oscillation, sum and difference
frequency mixing [13], and electro-optic switching [14]. Among
the isostructural materials to KTP, RTP presents a high surface
damage threshold (9.0 x 10°MWm2) and large temperature
matching bandwidth (50Kcm™'), double than that of KTP [15].

In this paper, we propose two different strategies to fabricate
1D photonic crystals based on these nonlinear optical materials.
These strategies are based on previous methodologies used for
the microstructuration of the surface of materials to fabricate
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diffraction gratings, such as the ultrafast laser ablation, and the
selective etching of ferroelectric domains. We fabricated diffrac-
tion grating on the surface of an RTP and the periodically poled
LiNbOs crystals, and evaluated their behaviour as Bragg diffraction
gratings.

One of the challenges for fabricating higher dimensional (2D
and 3D) photonic crystals is the production of these structures
with sufficient precision to prevent scattering losses blurring the
crystal properties. We present here the advances we developed
recently in a completely new procedure that combines top-
down and bottom-up approaches to fabricate 2D and 3D PCs of
nonlinear dielectric materials, and that for the moment has been
tested on KTP [16]. These crystals are grown on the surface of a
KTP substrate, which gives to the photonic structure the requested
crystallographic orientation, within the pores of a silicon macro-
porous template that gives the final shape to the photonic
structure.

2. Strategies to fabricate diffraction gratings: towards the
fabrication of 1D photonic crystals

Optical diffraction gratings constitute a fundamental optical
component used to periodically modulate the phase or amplitude
of incident waves, and are expected to be useful devices for
wavelength division multiplexing systems in optical communica-
tions and optical sensors. Moreover, in integrated optoelectronics
they have applications as optical wave couplers and filters.

2.1. Ultrafast laser ablation

A 1D relief grating was recorded on the surface of an RTP
sample by ultrafast laser ablation. This technique uses very short
(some tens picoseconds is the limit for the process, depending on
the materials) and intense laser pulses to remove thin layers from
the surface of a bulk target by means of physical mechanisms
different from those taking place in conventional laser ablation.
The collateral thermal and mechanical effects around the ablated
area are diminished to such an extent that precision and quality
of the microstructures higher than those obtained with other
techniques can be achieved. Nonlinear absorption and ionization
processes are on the basis of this technique. Focusing on
dielectrics, within the duration of a pulse and for moderate
intensities, a thin layer on the surface of the material is almost
fully ionized by multiphoton and collisional mechanisms so that
the number of free electrons rapidly amounts to the solid-state
density. As a consequence of the poor electric transport properties
of the material, surface charging takes place and the ultraintense
“quasielectrostatic” field generated overcomes the binding energy
of the ions and drag them out of the solid. This mechanism is
known as Coulomb explosion and since thermal coupling with the
lattice is negligible during this short period of time, the process is
a purely non-thermal process.

For larger intensities, total ionization of the surface is achieved
for the leading edge of the laser pulse. Therefore, free electrons
can absorb energy from the laser pulse in the presence of the
lattice atoms and ions by means of inverse bremsstrahlung
mechanism. This absorbed energy contributes to raise the tempe-
rature of a deeper surface layer by electron heat diffusion to a
value close to the thermodynamic critical temperature giving rise
to a phase explosion process, resulting in violent expulsion of
both vapor and equilibrium liquid droplets [17]. The depth of the
ablated layer is determined by the electron heat diffusion length
and the laser fluence. Although the process is still very fast, some
thermal damage must be expected on the areas surrounding the
microstructured region.

We have used a commercial Ti:Sapphire oscillator (Tsunami,
Spectra Physics) and a regenerative amplifier system (Spitfire, Spectra
Physics) based on chirped pulse amplification (CPA). The system
delivers linearly polarized 120-fs pulses with central wavelength
795 nm with a repetition rate of 1 kHz. The maximum available pulse
energy is 1 m] but for the purpose of microstructuring the grating it
was reduced to 0.78 pJ using a half-wave plate and a linear polarizer.
The transverse mode is gaussian and the beam width is 9mm (1/e?
criterion). The beam was then focused by a 50 mm achromatic lens
resulting in a peak fluence of ~7]cm~2 at focus.

The sample was placed on a motorized XYZ translation stage
in order to achieve optimal focusing on the target surface. The
focused beam moved in straight lines across the sample surface
at a constant scanning speed of 130pums~! avoiding iterative
passes along the same line. The pitch between successive grooves
was set to 15 um. For this scanning speed, the number of pulses
contributing to the ablation of a point within the sample surface
was approximately 40. We have estimated the ablation threshold
fluence following the procedure described in Ref. [18], giving
1.44+0.18]cm 2 for 40 pulses. For multishot conditions (>100
pulses) the value for the threshold decreases to 1.18 +0.15] cm 2
(incubation factor ¢ = 0.783 [19]).

Fig. 1 shows two pictures, taken with a scanning electron
microscope (SEM) FEI QUANTA 600, of the sample after the
ultrafast laser ablation process where it can be seen the diffraction
grating generated on the surface of the sample. The sample
was also observed under a Carl Zeiss Axio Imager Al optical
microscope. The lattice constant estimated from this microscope
is approximately 15 um. However, the roughness achieved on the
lateral walls of the channels is still excessive for optical purposes.

We have recorded Bragg-diffraction spectra of this sample by
using a FT-IR spectrometer (Bruker-Vertex 70) equipped with a
special reflectivity attachment. The light source was a halogen
tungsten lamp, and we collected the intensity of the diffracted
light with a DLATGS detector in the spectral range from 7500 to
400cm™". The incoming light was pointed perpendicular to the
plane of the sample and the diffraction spectra were measured in
a direction perpendicular to the grooves and at collection angles
ranging from 24° to 60° in 2° steps. Two repeated measurements
were collected for the sample. The measured data are represented
in Fig. 2 with an intensity plot as a function of the wavelength and
the diffraction angle.
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Fig. 1. SEM images of the diffraction grating generated on the surface of an RTP
crystal by ultrafast laser ablation.
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Fig. 2. A 2D intensity plot as a function of the wavelength and the diffraction angle
for the diffraction grating generated on the surface of an RTP crystal by ultrafast
laser ablation. Dark zones represent the diffraction orders.

To evaluate the lattice constant, the Bragg-diffraction spectra
were fitted to the following two-variable function:

3 . 2
I(h,sin 6) = > exp {(M) } "

n=1 W

where w;,, takes into account the width of the diffraction peaks, a
is the lattice constant, and n is an integer (the number of the
diffraction order). The fitting of this function to the experimental
data gives a robust estimation of the lattice constant from
the data, since all the measurements are taken into account
simultaneously. The value of the lattice constant measured by this
procedure was 14.92 pm, which was in good agreement with the
value estimated by optical microscopy.

2.2. Selective chemical etching of ferroelectric domains in
periodically poled crystals

Ferroelectric domains of opposite spontaneous polarization
present different etching speeds when dipped in some acid
mixtures. This property has been used to reveal the domain
pattern at the surface of periodically poled crystals. However, the
selective etching process provides further capabilities for versatile
surface engineering of domain-engineered crystals, allowing the
production of deep, high aspect ratio structures, with side-
walls that can be extremely smooth [20]. These structures can
find applications in the fields of optics and optoelectronics for
waveguides, Bragg reflectors, and photonic band-gap devices.
More recently, the fabrication of periodic 1D and 2D surface
structures in congruent LN by periodic electric-field poling at the
overpoling regime and selective wet chemical etching under
appropriate conditions have also been reported [21-23], with
feature sizes and periods down to submicron and nanoscale range.

The most common wet selective etchant reported for the
ferroelectric domains of LN has been a mixture of hydrofluoric
(HF) and nitric (HNOs3) acids, which attacks the negative z face
(—z) of LN at a rate that is appreciably higher than the positive z
face (+z) [20,22,24]. At room temperature, in a 1:2 mixture of HF
and HNOs acids, the —z face experiences etch rates of ~1 umh™',
whereas the +z face remains unetched. Even at temperatures up to
368 K, where the —z etch rate increases to ~30 umh~, the +z face
appears not to etch at all, apart from at isolated sites where
defects or dislocations may occur. Furthermore, independent of

Fig. 3. SEM images of the diffraction grating generated on the surface of a
periodically poled LN crystal by selective chemical etching of one of the
ferroelectric domains.
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Fig. 4. A 2D intensity plot as a function of the wavelength and the diffraction angle
for the diffraction grating generated on the surface of a periodically poled LN
crystal by selective chemical etching of one of the ferroelectric domains.

the mixture composition, the etch depth increased linearly with
respect to etch time.

We used a commercially available periodically poled LN crystal
sample from INO, 0.5mm thick, with a period of 5.4 um. The
sample was etched in a HF:HNO3 = 1:2 acid mixture for 30 min at
room temperature. After etching, the surface was monitored by
optical and electronic microscopy. The surface of the sample after
etching is shown in Fig. 3.

The lattice constant estimated from the optical microscope
images is 5.13 pm. The characterization of the Bragg-diffraction
spectra (see Fig. 4) resulted in a lattice constant of 5.25 pum.

3. A new strategy to fabricate 2d and 3d photonic crystals
One of the main challenges for the production of photonic

structures with higher dimensionality is the fabrication of these
structures with sufficient precision to prevent scattering losses
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blurring the crystal properties. For this reason, new fabrication
techniques can be proposed to avoid or reduce these problems.

The procedure for fabricating 2D and 3D photonic crystals we
developed combines two well-known techniques: the fabrication
of 2D and 3D macroporous silicon membranes and the epitaxial
growth of KTP within the pores of these membranes. This
procedure, in addition to its simplicity, results in KTP and silicon
integrated in a single structure that would eventually be used to
generate or modulate light.

We fabricated these 2D and 3D PCs in four different steps
which involved the preparation of high-quality ordered macro-
porous silicon templates, the growth of the KTP epitaxial layer
within the pores of the silicon template, the polishing of the top or
bottom surface of the KTP epitaxial layer, and finally, a selective
etching of the silicon matrix.

Silicon membranes were prepared by light-assisted electro-
chemical etching and post-processing. The starting material was
n-type <100) silicon with resistivity of 2-6 Qcm. The front side
of the wafers was patterned with inverted pyramidal shaped pits
arranged in a square or triangular periodic lattice with periods
ranging from 4.5 to 10um by oxidation, photolithography and
subsequent etching with tetramethyl ammonium hydroxide
(TMAH) that act as nucleation sites for the ordered pore growth
along the (100) direction. A low-resistance transparent ohmic
contact was formed by n*-ion implantation on the back side of the
silicon wafer. The wafers were incorporated in an electrochemical
etching cell containing a 5wt% aqueous solution of hydrofluoric
acid. The chemical dissolution of silicon requires the generation
of positive carriers (holes), which was achieved by using an
LED matrix (880nm peak emission wavelength) for back side
illumination and the size and the quality of the pores was
controlled by means of a computerized feedback mechanism that
regulates the generation of holes by continuously adjusting the
back side illumination. Periodicity in the third dimension was
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introduced by modulating the light intensity during etching
which leaded to a modulation of pore diameter in depth.
Macroporous arrays with sine-wave modulated pores were
produced in this way. In order to fabricate a fully 3D structure,
adjacent pores had to be also connected laterally, i.e. in <110}
directions. To do that the samples were subjected to multiple
oxidation/oxide-removal cycles after etching. In each cycle, pores
became widened because of the dissolution of the silicon
consumed during the thermal oxidation. After several cycles, pore
walls were dissolved first at the position of diameter maxima
of the pores and adjacent pores become then connected sideways.
To obtain a free-standing macroporous membrane, the back side
of the samples was polished down until the opening of the pores.
Fig. 5 shows some SEM images of the silicon templates produced,
with thicknesses over 100 pm.

In a second step, the silicon template was closely bound to a
KTP single-crystal substrate with typical dimensions 5mm long,
3 mm wide, and 1 mm thick. The crystal was oriented in such a
way that the largest surface was perpendicular to the c crystal-
lographic direction with the edges parallel to a and b crystal-
lographic directions. The template/substrate set was immersed
into a solution formed by mixing of K0, P,0, TiO,, and WO3 with
a molar % composition K;0-P,0-TiO,-WO3 = 42-14-14-30 for
a period of time between 5 and 10min. WO3; was used for
decreasing the viscosity of the solution and allowing a faster
growth process. A special vertical furnace was used for the
epitaxial growth experiments of KTP that provided a wide region
with practically no axial gradient. The temperature was controlled
by a Eurotherm 903 P controller-programmer. We determined
accurately the saturation temperature (T;) and the epitaxial
growth of the KTP photonic structure started two degrees below
Ts, which provided a supersaturation degree in the solution of
about 2%. After the epitaxial growth experiment, the template/
substrate/epitaxy composite was removed from the solution, but

\\\H\\\

Fig. 5. SEM pictures of a (a) 2D and a (b) 3D macroporous silicon template.
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Fig. 6. SEM figures of the top surface of a 2D KTP photonic structure after polishing and partial removing of the silicon template. (a) Sample polished with 0.3 pm-size Al,O3
powders. (b) Sample polished using colloidal silicon (Logitech SF1). (c) Sample polished with 0.1 um-size diamond powders.

Fig. 7. SEM pictures of a (a) 2D and a (b) 3D KTP photonic crystal after polishing of the top surface and selective etching of the silicon template.

kept inside of the furnace above the surface of the solution while
the furnace was cooled down to room temperature at a cooling
rate of 15K/h in order to avoid thermal stresses that could result
into cracks in the photonic structures or in the substrate.

After growth, the top part of the KTP photonic structure was
polished. The different hardness between silicon and KTP made
the polishing process of the two materials simultaneously not
easy. We used different procedures for this purpose, including
alumina powders, colloidal silicon, and diamond powders. In
Fig. 6 several SEM pictures show the top surface of a 2D KTP
photonic structure polished following these procedures. The best
results were obtained when polishing with diamond powders
¢ =0.1pum.

Once an optical-quality surface for the KTP photonic structure
was obtained, the last step in our approach was to remove the
silicon template by selective chemical etching with TMAH diluted
in distilled water (5vol%) at 354K. The effect of the selective
etching is clearly visible in Fig. 7, where a side-view image of the
KTP photonic structure taken with the SEM is shown.

By using the aforesaid procedure we fabricated different KTP
PCs with triangular and square lattices and lattice parameters
ranging from 4.5 to 10 pm.

The crystallographic orientation of the substrate is transferred
to the KTP photonic structure. To prove this we performed an
X-ray texture analysis of the final photonic structure after
removing the KTP substrate to ensure that the measured signal
comes only from the photonic structure. Part of the silicon
membrane was still maintained on the lower part of the photonic
structure to give the 2D PCs the necessary mechanical rigidity for
further characterization. The texture characterization was per-
formed with a Siemens D5000 diffractometer equipped with an
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Fig. 8. X-ray powder diffraction patterns of (i) the photonic structure, (ii) KTP
substrate, and (iii) KTP crystalline powders.

Euler goniometer and we obtained a 20 scan from 10° to 70°, with
a step size (ss) of 0.05° and a step time (st) of 3s. This procedure
also provided an estimation of the degree of crystallinity of the
photonic structure. Fig. 8 shows the 260 scan for a 2D KTP PC
(pattern i), the substrate (pattern ii), and for a KTP crystalline
powder sample, milled from a single crystal (pattern iii). The
reflections were indexed according to the powder diffraction
pattern of KTP, entry 80-0893 of the database maintained by the
Joint Committee for Powder Diffraction Studies (JCPDS). As can be
seen, the peak with the highest intensity in patterns (i) and (ii) is
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Fig. 9. Pictures of the linear diffraction pattern from a 2D KTP PC with (a) ;0;) 1.05 L |
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the (004) peak in the photonic structure was found to be 0.4°,
very similar to that of the initial substrate, indicating the high
degree of crystallinity of the photonic structure. The transference
of the crystallographic orientation of the substrate to the KTP PC is
advantageous for second-order nonlinear applications since it
may allow the use of the most appropriate nonlinear or electro-
optic coefficient for a specific application in combination with
a phase-matching condition, which would be provided by the
photonic structure. This is not possible with bulk KTP where
phase-matching relies on the birefringence and the coefficients
with the largest nonlinearity cannot be used for efficient SH
generation.

A more detailed optical characterization of a 2D KTP PC can be
found in Ref. [13]. Here we present the results of some basic light
diffraction measurements performed on these structures. The
surface of the photonic crystal will act as a diffraction grating
and one would expect to see a diffraction pattern in accordance to
the KTP photonic structure distribution in a square or triangular
lattice. When measuring the linear diffraction in reflection
we placed the sample on a XYZ positioning stage mounted on a
rotating stage to be able to change the angle of incidence. Once
mounted, the sample was illuminated with light at 527 nm. Some
pictures of the observed diffraction patterns from samples with
triangular and square lattices can be seen in Fig. 9. In those
pictures one can see the presence of an intense central spot
corresponding to the specular reflection and some other spots that
reflect the lattice of the sample.

The PC properties of a 2D KTP structure were demonstrated by
performing a measurement of the specular reflection as a function
of the wavelength of the incident field. We used a 2D KTP PC
of KTP columns in air and periodicity of 4.5 pm. The sample was
shined with p-polarized laser pulses, spectrally tuned in the range
940-1220nm, at an angle of incidence of 25° with respect to the
axis of the photonic structure. The specular reflectance spectrum,
as shown in Fig. 10, presents a dip at 1100 nm, which corresponds
to the spectral position of the third-order Bragg reflection band,
which was determined from a numerical calculation using the
transfer matrix method.

4. Conclusions

We have used two techniques for the fabrication of 1D
photonic crystals: the fabrication of periodically poled ferro-
electric materials, such as LiNbOs, and partial removing of one of
the ferroelectric domains by selective wet chemical etching; and
the microstructuration of the surface of nonlinear optical crystals,

Wavelength (nm)

Fig. 10. Measurement of the specular reflection as a function of the wavelength of
the incident light.

such as monoclinic double tungstates and RbTiOPO,4, by ultrafast
laser ablation.

We have also fabricated 2D and 3D KTP photonic crystals by
the templated growth of KTP by liquid phase epitaxy within
the pores of a Si template. In this way, the single-crystal substrate
provided the desired crystallographic orientation, while the
silicon template gave the desired final form to the thin layer.

In the data we collected from the growth procedure
we followed there is no indication that KTP PCs with smaller
periods could not be grown, as macroporous silicon templates or
templates of other kind, with a smaller diameter pore become
readily available. Additionally, this approach to fabricate 2D and
3D photonic structures can be extended to other nonlinear and
optical materials that can be grown by liquid phase epitaxy.

With these photonic structures, in the future, we pretend to
study different effects, such as the generation of light at different
frequencies, parametric oscillation, and guiding and bending of
light in previously designed line defects.
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ABSTRACT:

Two different procedures have been used for the fabrication of photonic structures in crystals of
the KTiOPO, family. We used ultrafast laser ablation to fabricate a 1D photonic crystal on the
surface of an RbTiOPO, crystal, and we evaluated its properties as diffraction grating. We also
present the recent advances we developed in a new procedure of fabrication of 2D and 3D
photonic crystals of KTiOPO, grown on the surface of a KTP substrate by liquid phase epitaxial
means within the pores of a silicon macroporous template, and their morphological, structural and
optical characterization.

Key words: Diffraction Gratings, Photonic Crystals, Nonlinear Optical Materials, Nonlinear
Optics, Laser Ablation, KTiOPO,, Template Growth, Liquid Phase Epitaxy.

RESUMEN:

Se presentan dos procedimientos diferentes para fabricar estructuras fotonicas en cristales de la
familia KTiOPO,. En primer lugar hemos usado ablacion mediante laser ultrarapido para fabricar
un cristal foténico 1D en la superficie de un cristal de RbTiOPO,4, y hemos evaluado sus
propiedades como red de difraccion. También presentamos recientes avances obtenidos mediante
un nuevo procedimiento de fabricacion de cristales fotonicos 2D y 3D de KTiOPO,, crecidos
epitaxialmente en la superficie de un substrato de KTP mediante fase liquida dentro de los
macroporos de un molde de silicio. Se presentan resultados de su caracterizacion morfoldgica,
estructural y optica.

Palabras clave: Redes de Difarccion, Cristales Fotonicos, Materiales Opticos No Lineales,
Optica No Lineal, Ablacion Laser, KTiOPO,, Crecimiento con Molde, Epitaxia de
Fase Liquida.
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1. Introduction

Since 1987, when the first work about photonic
crystals (PCs) was published [1,2], many interesting
properties have been studied in one-, two- and three
dimensions. Besides their peculiar linear optical
properties, photonic  crystals present many
interesting features for controlling the nonlinear
optical interactions. They provide the possibility to
enhance [3] a second order nonlinear optical
interaction and an alternative phase-matching
mechanism [4]. The periodic modulation of both
refractive nonlinear
susceptibility might allow backward parametric
oscillation [5], a nonlinear effect predicted many
years ago but not yet observed experimentally.

index and second order

To obtain a very efficient and durable nonlinear
interaction in a PC it would be adequate to use a
material with high second order nonlinear optical
properties, such as KTiOPO, (KTP) and its
isostructural RbTiOPO, (RTP). KTP has been
recognized as one of the materials of choice for
second harmonic generation of Nd:YAG light, due
to its extremely low onset power threshold, high
power conversion efficiency, and high threshold to
laser-induced damage [6]. Among the isostructural
materials to KTP, RTP presents a high surface
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damage threshold (9.0 x 10° MW m?) and large
temperature matching bandwidth (50 K cm™),
double than that of KTP [7].

In this paper we propose two different strategies
to fabricate photonic crystals based on these non-
linear optical materials. We fabricated diffraction
gratings on the surface of an RTP crystal by
ultrafast laser ablation, and evaluated its behaviour
as a Bragg diffraction grating. One of the
challenges for fabricating higher dimensional (2D
and 3D) photonic crystals is the production of these
structures with sufficient precision to prevent
scattering losses blurring the crystal properties. We
present here the advances we developed recently in
a completely new procedure that combines top-
down and bottom-up approaches to fabricate 2D
and 3D PCs of non-linear dielectric materials [8].
These crystals are grown on the surface of a KTP
substrate within the pores of a silicon macroporous
template.

2. Fabrication of diffraction gratings

A 1D relief grating was recorded on the surface of a
RTP sample by ultrafast laser ablation. This
technique uses very short and intense laser pulses to

© Sociedad Espaiiola de Optica
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remove thin layers from the surface of a bulk target
by means of physical mechanisms different from
those taking place in conventional laser ablation.
The collateral thermal and mechanical effects
around the ablated area are diminished in such an
extent, that precision and quality of the
microstructures higher than those obtained with
other techniques can be achieved. Non-linear
absorption and ionization processes are on the basis
of this technique. Focusing on dielectrics, within
the duration of a pulse and for moderate intensities,
a thin layer on the surface of the material is almost
fully ionized by multiphoton and collisional
mechanisms so that the number of free electrons
rapidly amounts to the solid-state density. As a
consequence of the poor electric transport
properties of the material, surface charging takes
place and the ultraintense “quasielectrostatic” field
generated overcomes the binding energy of the ions
and drags them out of the solid. This mechanism is
known as Coulomb explosion and since thermal
coupling with the lattice is negligible during this
short period of time, the process is a purely non-
thermal process.

For larger intensities, total ionization of the
surface is achieved for the leading edge of the laser
pulse. Therefore, free electrons can absorb energy
from the laser pulse in the presence of the lattice
atoms and ions by means of inverse bremsstrahlung
mechanism. This absorbed energy contributes to
raise the temperature of a deeper surface layer by
electron heat diffusion to a value close to the
thermodynamic critical temperature giving rise to a
phase explosion process, resulting in violent
expulsion of both vapor and equilibrium liquid
droplets [9]. The depth of the ablated layer is
determined by the electron heat diffusion length
and the laser fluence. Although the process is still
very fast, some thermal damage must be expected
on the areas surrounding the microstructured

The transverse mode is gaussian and the beam
width is 9 mm (1/¢” criterion). The beam was then
focused by a 50 mm achromatic lens resulting in a
peak fluence of ~7 J cm™ at focus.

The sample was placed on a motorized XYZ
translation stage in order to achieve optimal
focusing on the target surface. The focused beam
moved in straight lines across the sample surface at
a constant scanning speed of 130 um s™ avoiding
iterative passes along the same line. The pitch
between successive grooves was set to 15 um. For
this scanning speed, the number of pulses
contributing to the ablation of a point within the
sample surface was approximately 40. We have
estimated the ablation threshold fluence to be
1.4440.18 J cm™ for 40 pulses. For multishot
conditions (>100 pulses) the value for the threshold
decreases to 1.18+0.15 J cm™,

Figure 1 shows a picture of the RTP sample taken
with a Carl Zeiss Axio Imager Al optical
microscope after the ultrafast laser ablation process
where it can be seen the diffraction grating
generated on the surface of the sample. The lattice
constant estimated from this microscope is
approximately 15 um.

We have recorded Bragg-diffraction spectra of
this sample by using a FT-IR spectrometer (Bruker-
Vertex 70) equipped with a special reflectivity
attachment. The light source was a halogen
tungsten lamp, and we collected the intensity of the
diffracted light with a DLATGS detector in the
spectral range from 7500 to 400 cm™'. The incoming
light was pointed perpendicular to the plane of the
sample and the diffraction spectra were measured in
a direction perpendicular to the grooves and at
collection angles ranging from 24 to 60° in 2° steps.
The measured data are represented in Fig. 2 with an
intensity plot as a function of the wavelength and
the diffraction angle.

regton. To evaluate the lattice constant, the Bragg-
We have used a commercial Ti:Sapphire diffraction spectra were fitted to the following 2-
oscillator (Tsunami, Spectra Physics) and a variable function:

regenerative amplifier system (Spitfire, Spectra
Physics) based on chirped pulse amplification
(CPA). The system delivers linearly polarized 120-
fs pulses with central wavelength 795 nm with a
repetition rate of 1 kHz. The maximum available
pulse energy is 1 mJ but for the purpose of
microstructuring the grating it was reduced to 0.78
wJ using a half-wave plate and a linear polarizer.
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1(n.5in 6) = - sin@-1nk ) )
fuaine)=Tom 2] |

n

where w. takes into account the width of the
diffraction peaks, a is the lattice constant and » is
an integer (the number of the diffraction order). The
fitting of this function to the experimental data
gives a robust estimation of the lattice constant
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from the data, since all the measurements are taken
into account simultaneously. The value of the
lattice constant measured by this procedure was
14.92 um, which was in good agreement with the
value estimated by optical microscopy.

Fkn

—

Fig. 1. Optical microscopy image of the diffraction
grating generated on the surface of an RTP crystal by
ultrafast laser ablation.

09

085

0.55
05

045

04

wavelength(um)

Fig. 2. 2D intensity plot as a function of the wavelength
and the diffraction angle for the diffraction grating
generated on the surface of an RTP crystal. Dark zones
represent the diffraction orders.

3. Crystal growth of 2D and 3D photonic
crystals by liquid phase epitaxy

The procedure for fabricating 2D and 3D photonic
crystals we developed combines two well known
techniques: the fabrication of 2D and 3D
macroporous silicon membranes and the epitaxial
growth of KTP within the pores of these
membranes. This procedure, in addition to its
simplicity, results in KTP and silicon integrated in a
single structure that would eventually be used to
generate or modulate light.
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We fabricated these 2D and 3D PCs in four
different steps which involved the preparation of
high quality ordered macroporous silicon templates
by light assisted electrochemical etching [10], the
growth of the KTP epitaxial layer within the pores
of the silicon template by liquid phase epitaxy, the
polishing of the top or bottom surface of the KTP
epitaxial layer, and finally, a selective etching of
the silicon matrix.

Fig. 3. SEM pictures of a (2D) and (b) 3D KTP photonic
crystal.

The 2D or 3D silicon template was closely bound
to a KTP single crystal substrate with typical
dimensions 5 mm long, 3 mm wide and 1 mm thick.
The crystal was oriented in such a way that the
largest surface was perpendicular to the ¢
crystallographic direction. The template/substrate
set was immersed into a solution formed by mixing
of K,O, P,O, TiO, and WO; with a molar %
composition K,0-P,0-TiO,-WO; = 42-14-14-30
for a period of time between 5 and 10 min at a
supersaturation degree of about 2%. After growth,
the top part of the KTP photonic structure was
polished by using diamond powders ¢ = 0.1 um.
Once an optical-quality surface for the KTP

© Sociedad Espafiola de Optica
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photonic structure was obtained, the last step in our
approach was to remove the silicon template by
selective chemical etching with TMAH diluted in
distilled water (5 vol%) at 354 K. The effect of the
selective etching is clearly visible in Figure 3,
where a side-view image of the KTP photonic
structure taken with the SEM is shown.

By using the aforesaid procedure we fabricated
different KTP PCs with triangular and square
lattices and lattice parameters ranging from 4.5 to
10 um.

The crystallographic orientation of the substrate
is transferred to the KTP photonic structure which
we confirmed by X-ray texture analysis. The
transference of the crystallographic orientation of
the substrate to the KTP PC is advantageous for
second order nonlinear applications since it may
allow the use of the most appropriate nonlinear or
electrooptic coefficient for a specific application in
combination with a phase-matching condition,
which would be provided by the photonic structure.
This is not possible with bulk KTP where phase-
matching relies on the birefringence and the
coefficients with the largest nonlinearity cannot be
used for efficient SH generation.

A more detailed optical characterization of a 2D
KTP PC can be found in ref. [13]. Here we present
the light
measurements performed on these structures. We
placed the sample on a XYZ positioning stage
mounted on a rotating stage to be able to change the
angle of incidence to record the linear diffraction of
the sample. Once mounted, the sample was
illuminated with light at 527 nm. Some pictures of
the observed diffraction patterns from samples with
triangular and square lattices can be seen in Fig. 4
(a) and (b). In those pictures one can see the
presence of an intense central spot corresponding to
the specular reflection and some other spots that
reflect the lattice of the sample.

results of some basic diffraction

The PC properties of a 2D KTP structure were
demonstrated by performing a measurement of the
specular reflection as a function of the wavelength
of the incident field. We used a 2D KTP PC of KTP
columns in air and periodicity of 4.5 um. The
sample was shined with p-polarized laser pulses,
spectrally tuned in the range 940-1220 nm, at an
angle of incidence of 25° with respect to the axis of
the photonic structure. The specular reflectance
spectrum, as shown in Fig. 4 (c), presents a dip at
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1100 nm, which corresponds to the spectral position
of the third-order Bragg reflection band, which was
determined from a numerical calculation using the
transfer matrix method.
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Fig. 4. Pictures of the linear diffraction pattern from a
2D KTP PC with (a) triangular lattice, and (b) square
lattice. (c) Measurement of the specular reflection as a
function of the wavelength of the incident light.
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4. Conclusions

We have microstructured the surface of non-linear
optical crystals, such as RbTiOPO,, by ultrafast
laser ablation for the fabrication of 1D photonic
crystals.

We have also fabricated 2D and 3D KTP
photonic crystals by the templated growth of KTP
by liquid phase epitaxy within the pores of a Si
template. In this way, the single-crystal substrate
provided the desired crystallographic orientation,
while the silicon template gave the desired final
form to the thin layer.

In the data we collected from the growth
procedure we followed there is no indication that
KTP PCs with smaller periods could not be grown,
as macroporous silicon templates or templates of
other kind, with a smaller diameter pore become
readily available. Additionally, this approach to
fabricate 2D and 3D photonic structures can be
extended to other nonlinear and optical materials
that can be grown by liquid phase epitaxy.

Opt. Pura Apl. 42 (3) 147-152 (2009)
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With these photonic structures, in the future, we
pretend to study different effects, such as the
generation of light different frequencies,
parametric oscillation, and guiding and bending of
light in previously designed line defects.

at
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ABSTRACT

We demonstrate here that it is possible to fabricate 1D and 2D diffraction gratings on the (001) surface of RbTiOPO4
(RTP) and KTiOPO, (KTP) single crystals. We analyzed the linear and nonlinear optical properties of 1D and 2D
nonlinear photonic crystals. We show enhanced second harmonics when the samples were illuminated with a pulsed
Nd:YAG laser, when compared to non-structured surface of the same materials and mainly there exists an asymmetry on
the diffraction patterns of the second harmonic generated light, showing higher intensity in diffraction orders different to
the zero order in the reflection configuration.

Keywords: RTP, KTP, Photonic Crystals, Ultrafast laser ablation, Diffraction gratings, Nonlinear diffraction

1. INTRODUCTION

Photonic crystals (PCs) have attracted widespread interest in recent years because of their ability to alter the dispersion
relations of photons. PCs are the structures in which the refractive index is a periodic function in space' and these
structures can affect the propagation of photons. This opens up a wide range of applications such as optical switches,
optical transistors, possibly leading to a revolution in information technology. Among the many practical applications
which are likely to be found for the unique optical properties of PCs, one of the most exciting issues resides in the
possibility of obtaining a large enhancement in the nonlinear optical response within a PC one may enhance®*
phasematch® or hold a non-vanishing second-order interaction even if the material is centrosymmetric’. A PC has a
periodic variation of the linear susceptibility ', which is related to the index of refraction, in one, two or three
dimensions. This can be done by combining high refractive index and low refractive index building blocks in a periodic
structure, which is usually a challenging task. If instead of modulating periodically the linear susceptibility of the
material we can modulate periodically the nonlinear susceptibility tensor ¥* in a nonlinear optical material, we are
developing a quasi phase matching (QPM) material. This concept was first referred independently by Armstrong’, within
the theoretical explanation for the application of light modulation, second harmonic and parametric conversion in
dielectric media, and by Franken and Ward® reported about the theoretical explanation of optical harmonic generation.

In 1998, Berger’ extended the QPM concept from one-dimension (1D) to two dimensions (2D) and proposed the idea of

a new concept: a x> photonic crystal or nonlinear photonic crystal (NPC) in order to contrast and compare it with a
regular photonic crystal or linear photonic crystal. NPCs are the periodic dielectric materials with the modulation of
nonlinear refractive index and such structures have new optical properties with improved or new functionalities that
cannot be obtained by linear PCs. The 2D NPCs for instance, offer phase matching in two dimensions with the
possibility to support several conversion processes simultaneously. This is an important advantage that makes a NPC
more versatile as compared to a 1D QPM structure.

* joanjosep.carvajal@urv.cat; phone +34 977 55 8790; fax +34 977 55 9563
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It is well known today that the most used nonlinear optical effect, second-harmonic generation (SHG) can be achieved
by many different ways depending on the geometry of the wave phase matching (e.g., birefringence-induced phase
matching or QPM), input light polarization (e.g., Type I or Type II), mutual orientation of the wave vectors of
interacting waves (collinear or non-collinear)'’. Nowadays SHG, as well as other parametric processes, can be
commonly realized in engineered nonlinear photonic structures with a periodic spatial modulation of the sign of the
quadratic nonlinearity’. In the case of non-centrosymmetric crystals with significant second-order nonlinear coefficients,
the phase matching conditions for processes such as second harmonic generation are not fulfilled because of material
dispersion. Instead, the efficient frequency conversion in such quadratic photonic lattices is achieved by the phase-
matching condition via the QPM approach,'"'? which takes into account the reciprocal lattice vectors of the periodic
structure to compensate for the wave vector mismatch in a situation where direct phase matching is not possible.
Usually, QPM is realized by collinear propagation of the fundamental frequency and second harmonic beams along the
QPM grating vector. However, when the fundamental beam and QPM grating vector are non-collinear, then the second
harmonic beam might diffract from the 5 grating'’. In linear optics it is well established that propagation of a light beam
in periodic refractive index structures leads to Bragg diffration when the full vectorial phase matching condition is
satisfied. Analogously, nonlinear Bragg diffraction is the interesting phenomenon for which the nonlinear analogue of
Bragg’s law satisfied and it is realized at a specific angle between the beams'!, determined by the vectorial phase
matching 2k, + G, = k,, where G, is the grating vector and k;, k, are the wave vectors of the fundamental and second
harmonic beams respectively. If this vectorial condition is not satisfied, nonlinear second harmonic diffraction should be
observed. This phenomenon will be helpful for the of efficient generation of second harmonic and also leads to generate
multi order nonlinear diffraction so that wavelength selectivity could also be possible for the application of multiplexing,
multiplexing signal processing, nonlinear microscopy etc.

However, what happens when we structurate the surface of a nonlinear optical material to modulate periodically both, y'
and  susceptibilities? In that case we can merge the properties of a conventional linear photonic crystal with those of a
nonlinear photonic crystal. Despite the interest that these synergetic structures can show, only a few works analyzed
these effects on the literature. Photonic structures on nonlinear optical materials have been fabricated by field poling
techniques'?, ion etching'®, electron beam lithography'’, liquid phase epitaxy'®, etc. Remarkably, it can be a promising
approach to fabricate 1D and 2D photonic structures or grating by means of femtosecond laser ablation which has
become increasingly important in the last few years as a result of the large amount of practical applications in surface
modification or micro-structuring of dielectric materials. When intense ultra-short pulses are focused in a transparent
dielectric, strong-field ionization and subsequent avalanche ionization lead to the generation of free-electron plasma.
When the density of free electrons exceeds a certain threshold, enough energy is absorbed to produce macroscopic
ablation'” 2> ?'. The largest density of ionized electrons is reached only in the central part of the focal region due to the
highly non-linear nature of the strong-field ionization process. Moreover the ultra-short irradiation time strongly reduces
the existence of thermal effects™ that appear when picosecond or nanosecond pulses are used, making femtosecond laser
irradiation an excellent tool for the micro-structuring of dielectrics. Nonlinear optical materials have been interesting
targets for femtosecond laser applications, and the integration of diffractive gratings by ultrafast laser ablation has been
recently used for tailoring SHG in KH,PO, (KDP)*, LiNbO;*, and p-BaB,0, (BBO)**.

In this paper, we present the results of inscribing 1D and 2D photonic structures or diffraction gratings on the surface of
RbTiOPO,4 (RTP) and KTP crystals with a different spacing ranging from 8 to 20 um by femtosecond laser ablation.
Among the various inorganic nonlinear optical crystals explored so far, KTP family has received enormous attention in
the last two decades. The key to success of the KTP family is its good nonlinear optical behaviour for frequency
doubling of Nd:YAG laser radiation. A crystal has to fulfill several requirements in order to be suitable for nonlinear
optics. The most favorable nonlinear coefficient for both RTP and KTP is ds3 (RTP 17.1 pm/V and KTP 16.9 pm/V)*’
which means that the most efficient conversion is achieved in the case that all radiation fields are polarized along ¢
crystallographic direction. One of the most remarkable features of these crystals is their high laser damage threshold®
that makes them useful in high intense ultrafast laser ablation process. The RTP and KTP materials have high
transmission coefficient between 0.35 um and 4.5 pm. In the structures generated, that combine a modulation of ' and
¥* susceptibilities we analyzed their linear and nonlinear optical properties by measuring the diffraction of fundamental
and SHG beam on their surfaces.
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2. EXPERIMENTAL TECHNIQUES
2.1. Crystal growth

RTP and KTP crystallize in the orthorhombic system with the Prna2, space group of symmetry”. These crystals melt
incongruently at 1443 K, and 1450 K, so they cannot be grown by conventional melting methods and they have been
traditionally grown by high temperature solution techniques, and more particularly by the Top-Seeded Solution Growth
(TSSG) method. Around 120 g of solution were prepared by mixing the desired ratios of the corresponding oxides,
K,CO; or Rb, -CO; and TiO,, P,Os depending on the desired crystal, in platinum cylindrical crucibles of 125 cm’. The
crystals were grown from WO5 containing fluxes to reduce the viscosity of the flux’'. The solution was homogenised at
50-100 K above the crystallisation temperature. We used c-oriented crystal seeds for growing KTP and RTP crystals. We
determined the saturation temperature of the solution by observing the growth or dissolution of the crystalline seed in
contact with the surface of the solution. During the growth the crystal seed was rotated at a angular speed of 45 rpm.
Growth process proceeded by decreasing the temperature of the solution by 20-50 K from the saturation temperature at a
cooling rate of 0.1 K/h, depending on the size of the desired crystal. In this work, in order to obtain larger crystals, those
were extracted from the solution very slowly, 0.5 mm per 12 h. At the end of the crystal growth process, the crystal was
completely extracted from the solution and slowly cooled to room temperature inside the furnace.

2.2. Cutting and polishing of crystals

To prepare the samples for the fabrication and characterization of the diffraction gratings, the single crystals obtained
were crystallographically oriented, cut and polished. First, the samples were cut with the correct crystallographic
orientation, using a goniometer and a Struers Accutom-50 diamond saw with disks 0.12 mm thick. The samples were
polished in a Logitech PM5 polisher with an oscillatory arm using alumina powders down to a grain size of 0.3 um. The
quality of the polishing was estimated using parameters such as roughness, flatness and parallelism between opposite
faces of the sample measured by a Sensofar PLu 2300 interferometric confocal microscope and a home-made self-
collimator.

2.3. Ultrafast laser ablation

We fabricated 1D and 2D photonic structures on RTP and KTP nonlinear optical materials by using a commercial Ti:
Sapphire oscillator (Tsunami, Spectra Physics) and a regenerative amplifier system (Spitfire, Spectra Physics) based on
chirped pulsed amplification (CPA) for ultrafast laser ablation of the surface of RTP and KTP samples. The system
delivers 120 fs linearly polarized pulses at 795 nm with a repetition rate of 1 kHz. The transverse mode was TEMO0O and
the beam width was 9 mm (1/¢? criterion).

The thickness of the RTP samples was in the range 2-4 mm. They were placed on a motorized XYZ translation stage that
allowed achieving optimal focusing on the surface of the target, with the (001) face of the samples perpendicular to the
laser beam. We have estimated the ablation threshold fluence following the procedure described by Dumitru and
coworkers®?. The threshold fluence depends on the number of pulses per spot, resulting 1.44 + 0.18 J.cm™ for 40 pulses
and decreasing to 1.18+0.15 J.cm™ for multi shot conditions (>100 pulses) giving an incubation factor & = 0.783%.
According to the period of the fabricated diffraction gratings, the samples were called RTP1 (15 um) and RTP2 (20 pum).
RTP1 was prepared focusing the laser beam by means of a 50 mm achromatic lens using a pulse energy of 0.78 pJ,
which provided a peak fluence of ~6.1 J.cm™ at focus. The sample was moved following straight lines parallel to the b
crystallographic axis and all across the surface, at a constant scanning speed of 130 pm.s” avoiding the iterative passes
along the same line. The pitch between the lines was set to 15 um. For that scanning speed and focusing conditions the
number of pulses contributing to the ablation of a point within the sample surface was approximately 40. For recording
RTP2, the focusing optics was a 10X (0.22 NA) microscopic objective. A 6 mm diameter circular aperture was placed
before the objective in order to slightly increase the spot size at focus. The pulse energy before the aperture was 0.27 pJ
leading to a peak fluence at focus of ~3.2 J.em™. The writing procedure was identical than for RTP1 but now the
scanning speed was set to 75 um.s” and the separation between lines was 10.5 um and 9.5 pum alternatively. Under these
conditions, the number of pulses contributing to the ablation of a point within the sample surface was around 55.

We followed a similar procedure for the fabrication of two different 2D structures on the surface of KTP crystals. The
thickness of the KTP samples was in the range 3-4 mm and the laser beam was focused by a 10X objective lens with NA
0.30. We have written a 2D structure consisting of two perpendicular arrays of grooves, parallel to the a and b
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crystallographic axes, respectively (sample KTP1). It was achieved by moving the sample with a constant speed of 75
um/s which means a number of pulses per spot (0~ 3 um) of 40. A circular aperture 6 mm and some neutral filters were
placed before the focusing lens in order to reduce the pulse energy to 0.48 pJ by and to produce a lattice pitch of 8.54
um. We followed similar procedure for the fabrication of a grid of circular pores with a pitch of 8.85 pum (sample KTP2).
In this case, the sample was moved to the selected positions and then irradiated with 100 pulses. Again, a circular
aperture of 5.5 mm and some neutral filters were placed before the focusing lens in order to reduce the pulse energy to
0.39 uJ and achieve the desired pore diameter. The total processed area was 3 x 3 mm? and took approximately 8.5 h. in
both cases.

3. CHARACTERIZATION OF THE PHOTONIC STRUCTURES FABRICATED BY
ULTRAFAST LASER ABLATION

3.1. Micro-structure Analysis

We recorded micrographs of the samples after ultrafast laser ablation in a FEI QUANTA 600 scanning electron
microscope (SEM) on top and lateral views. Figure 1 shows top views of the different samples recorded for different
magnifications.

(& (h) (@
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Figure 1. Tope views of the diffraction gratings fabricated by ultrafast laser ablation obtained by SEM with different magnification
corresponding to: (a), (b) (c) RTPL, (d), (e), (f) RTP2, (g), (h), (i) KTP1, (j), (k), (I) KTP2, (m) corresponds to the lateral view of
RTPI and (n) to the lateral view of RTP2.

Figure 1 (a) to (f) are the top views of RTP1 and RTP2 samples for different magnifications and (g) - (1) show the top
views of KTP1 and KTP2 samples. The variation of the energy from pulse to pulse in the laser beam causes that the
width of the grooves is not constant. These values are consistent with the fluence distribution (basically an Airy
function) on the surface of the samples. In the case of RTP1, the region where the fluence exceeds the ablation threshold
fluence (multishot conditions) has a diameter of approximately 5 pm whereas for RTP2 the corresponding diameter is
3.3 um. In both cases, the agreement with the width of the grooves is really good. In the case of KTP2 sample high
degree of periodicity can be observed than KTP1 due to the variation of laser fluence with different diameters of laser
beam. The roughness of the perpendicular grooves of KTP1 is very high so it is difficult to determine the exact width
and the lattice constant. The higher magnification images of KTP1 and KTP2 reveal that the shape of the fabricated
perpendicular grooves pattern shows square shape, shown in Figure (i) and circular pore with a conical shapes shown in
Figure 1(1) respectively. The width of the perpendicular grooves of KTP1 sample is 3.4 um whereas the diameter of the
pores is 3.6 um.

Figure 2. The lateral views of the RTP samples (a) lateral view of the RTP1, (b) lateral view of the RTP2 sample.

Figure 2 (a) and (b) show the lateral views of the RTP1 and RTP2 samples. These images reveal that the roughness of
the lateral walls of the grooves is very high. This roughness makes the determination of the exact width and lattice
constant of these diffraction gratings difficult. The lateral views allow to determine the shape of the as fabricated
channels. The grooves section is V-shaped with depths between 5 and 7 pm.

Table 1 shows the estimation of the lattice constants from optical microscope images of all the samples. The values,
which are listed in table 1 in the case of RTP2 the two sub periods were estimated which are exactly coincided with a
spatial period of 20 pum and the values in the case of KTP1 and KTP2 are the estimated lattice constants in axial and
vertical directions of 2D structures are roughly coincided with our estimated results of SEM micrographs respectively.

Table 1. Estimated lattice constants from the optical microscope images

Sample Lattice constant estimated from
optical microscope images (pm)
RTP1 14.92
RTP2 9.4 and 10.48 (sub-periods)
KTP1 8.95 (axial), 8.91(vertical)
KTP2 9.04 (axial), 9.02 (vertical)
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3.2. Determination of the lattice constant of the diffraction gratings

Since it was difficult to determine the precise lattice constant of the diffraction gratings written on the surface of the RTP
and KTP samples from the SEM images as a result of the roughness of the channels, we needed to use a long range order
technique to evaluate this parameter. For this purpose Bragg-diffraction spectra of these samples have been recorded by
using a FT-IR spectrometer (Bruker-Vertex 70) equipped with a special attachment that allows to record the spectra by
reflectivity. We used a halogen tungsten lamp as the lighting source, and we collected the intensity of the diffracted light
from 7500 to 400 cm™ by using a DLATGS detector. The incoming light was pointed perpendicular to the plane of the
samples where 1D and 2D diffraction gratings were recorded with the fabricated pattern perpendicular to the direction of
the incident beam. Several diffraction spectra were measured perpendicularly to the grooves at collection angles ranging
from 24 to 60° in 2° steps. To evaluate the lattice constant, the Bragg-diffraction spectra were fitted to the 2-variable
function

2

1(1,sme):2exp_ [(sin 0~ (n2/a))/w, ] )

where a is the lattice constant of the diffraction grating, » is the diffraction order, and w,, is a parameter that takes into
account the width of the diffraction peaks. By fitting this function to the experimental data we obtain a robust estimation
of the lattice constant of the diffraction grating, since all measurements are taken into account simultaneously. Figures
3(a) and (b) show the 2D intensity plots as a function of the wavelength and the diffraction angle of the measured data
and the calculated data by the fitted function, respectively, for the diffraction grating recorded on the surface of the
RTP1 sample as an example. Experimentally we observed three diffraction orders, that can be seen in the figure as dark
red colour zones, with widths decreasing as the wavelength increased. The most intense peak was referred as the zero
order peak and appeared in the range between 4 and 8 pum for low values of sin&d with a lower slope. The first and second
diffraction orders are observed at higher values of sind with higher slopes.
e e
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Figure 3. (a) 2D intensity plot as a function of the wavelength and the diffraction angle of the diffraction grating with a period of 15
pum recorded by ultra fast laser ablation on the surface of RTP1 sample: dark red zones represent the diffraction orders. (b) 2D plot of
the fitted function to the experimental data after considering three diffraction orders.

The values estimated lattice constants of the different diffraction gratings recorded by ultrafast laser ablation from FT-IR
Bragg diffraction on RTP and KTP crystals are summarized in Table 2.

Table 2. Estimation of lattice constants of the diffraction gratings by FT-IR Bragg-diffraction

Sample Lattice constant estimated
by fitting function (pm)
RTP1 14.98
RTP2 19.85
KTPI 9.1
KTP2 9
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From the listed values in Table 1 and Table 2, we can observe that the estimated lattice constants from the optical
microscope images of all the samples are very good agreement with the values estimated from the FT-IR Bragg
diffraction measurement fitting function analysis. But in the case of RTP2 sample, the spatial period 20 um was
considered in FT-IR Bragg diffraction measurement rather than the values of the sub-periods.

3. 3. Linear diffraction properties

To check the quality of the diffraction gratings, we recorded the linear diffraction patterns generated after focusing a He-
Ne laser at 632.8 nm with a power of 3 mW and a spot size of Imm on the surface of the RTP and KTP samples in a
transmission geometry by setting the incident beam perpendicular to the surface on which the diffraction grating was
recorded.

(ay (b2

(=) idy

Figure 4. Linear diffraction patterns of the different diffraction gratings recorded in transmission after illuminating the sample with a
He-Ne laser. (a) and (b) diffraction gratings on samples RTP1 (period 15 um) and RTP2 (period 20 um), respectively, (c) and (d)
diffraction gratings on samples KTP1 (period 8.54 um) and KTP2 (period 8.85 um), respectively.

Figure 4 shows the obtained diffraction patterns for the RTP and KTP samples analysed. On the screen, +5 diffraction
orders were visible in the RTP1 sample, while +8 diffraction orders were visible in the case of the RTP2 sample. Also in
this sample, and due to the sub-period existing in the diffraction grating, we observed a modulation on the intensity of
the diffraction spots. Even orders show a larger intensity than odd ones. Similarly in the case of KTP samples we
observed a large number of diffraction spots. In this case the diffraction spots represent the square pattern of the
diffraction grating inscribed on the surface of these samples. However, the number of diffraction spots observed for
KTPI1 sample, where we have a diffraction grating formed by two orthogonal arrays of grooves, is similar like KTP2
sample, where the grating is formed by circular pores forming a square grid.

In all the samples, the large number of diffraction orders that can be observed indicate the good quality of the as
fabricated 1D and 2D structures, regardless the roughness of the lateral walls of the grooves that we observed by SEM
and the variation of the width of the grooves with depth induced by the V-shape of the grooves.

3.4. Nonlinear diffraction properties

After checking the quality of the diffraction gratings by observing the linear diffraction patterns, we explored in the case
of RTP samples, the diffraction pattern of the second harmonic generated green light, obtained after illuminating the
samples at 1064 nm with a Nd:YAG laser with 7 ns pulse width and 10 Hz repetition rate in a reflection geometry. We
placed the sample on a XYZ positioning stage mounted on a rotating stage to set the angle of incidence of the
fundamental beam on the diffraction grating. Using the XYZ positioning stage and with the help of a CCD camera, the
sample was placed close to the focal point of a 10 cm lens used to focus the laser-light pulses. The laser beam was
incident on the top of the structures at a fixed angle ranging between 30° and 60° depending on the sample to avoid
components of internal reflections from the other faces of the crystals in the measured diffraction patterns. The second
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harmonic light generated in reflection by the samples was separated from the reflected fundamental with the use of an
interference filter centered at 532 nm and measured using a photomultiplier tube that was rotated around the same
rotation axis of the rotating stage on which the sample was mounted.

Several peaks were observed in the nonlinear diffraction patterns and Figure 5 shows the diffraction pattern and the
intensity profile of the second harmonic generated light obtained for the RTP1 sample. We also added the intensity
profile of the recorded linear diffraction pattern corresponding to the fundamental 1064 nm light for a better comparison.
We observed that one of the peaks observed in the nonlinear diffraction pattern coincides with the position of the zero
order peak of the linear diffraction pattern. However, while this peak is showing the maximum intensity in the linear

diffraction pattern, it is not the most intense peak in the nonlinear diffraction pattern.
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Figure 5. Intensity of the diffraction patterns of the green light generated by the one-dimensional surface relief diffraction grating
versus the diffraction angle on the RTP1.The diffraction pattern of the fundamental beam is also included for means of comparison.

For the RTP1 sample, three peaks were observed on the nonlinear diffraction pattern corresponding to the zero and +1
orders. The most interesting feature of this diffraction pattern is that the intensity of the -1 diffraction order peak is larger
than the intensity of the zero order peak, while the less intense peak is that corresponding to the +1 diffraction order,
generating an asymmetric diffraction pattern for the second harmonic generated green light recorded in a reflection
configuration. A similar situation was observed for the rest of the samples. For instance for the KTP1 sample four
circular rings were observed for the SHG light when projected onto a screen as shown in figure 6. Bright spots were
observed on the intersections of these rings, but again, an asymmetry in the intensity of the different diffraction orders
can be expected with peaks different from the zero order showing larger intensities.

Figure 6. SHG rings by non collinear generation diffraction pattern of the green light generated by the two-dimensional
nonlinear photonic crystal KTP1

Why these asymmetric diffraction patterns diffraction patterns for the SHG green light occur is not clear at present, and
it is under investigation. Among the different possible explanations for these phenomena we can enumerate o-e
confinement of light induced by amorphisation of the material by ultrafast laser ablation, diffracted orders coming out at
grazing angles and interacting with the periodic modulation of the sample or cavity effects due to the relatively large
depth and width of the grooves resulting in a stronger coupling of the incident light to the structure.
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4. Conclusions

In conclusion, we have successfully fabricated 1D and 2D photonic structures or diffraction gratings on the surface of
RTP and KTP nonlinear optical materials with different lattice periods by ultrafast laser ablation, and their morphology
and optical studies have been analyzed precisely. In 1D diffraction gratings, despite of the roughness observed on the
surface of the ablated channels, an excellent long range order was observed, reflecting the high periodicity and these
structures that allowed up to 8 diffraction orders and multiple orders in 2D structures to be observed in these structures.
More interestingly, the diffraction patterns of the second harmonic generated green light on the surface of these
diffraction gratings and recorded in a reflection configuration, proved to be asymmetric. This indicates the possibility of
splitting in space the main energies of the fundamental and second harmonic generated beams without further efforts in
such structures. However, we cannot provide at present a clear explanation about why this effect is happening.
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Abstract

We investigate the growth and fabrication of photonic structures by ultrafast laser ablation on nonlinear optical
materials of the KTiOPO, family. We studied how the ultrafast laser ablation process affected on the structure of the
material by micro-Raman scattering and micro-X-ray diffraction. The modifications of the Raman frequencies and
their intensities have been discussed and compared with those previously reported for unablated crystals.

(© 2010 Published by Elsevier Ltd.
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1. Introduction

The past two decades have witnessed the intensive research efforts related to the design and fabrication of
photonic crystals (PCs) [1]. From the conceptual point of view, photonic researchers are interested in manipulating
the optical phenomena in confined geometries to realize more versatile and miniaturized optical devices. A PC is a
material in which the refractive index is periodically modulated on a length scale comparable to the wavelength of
light. With a proper design, the PCs exhibit photonic band gaps as well as acquire potential applications in light-
flow manipulations [2]. A particular case of a one dimensional (ID) PC is a diffraction grating [3]. In addition to
their peculiar linear properties, PCs present many interesting features for controlling the nonlinear optical interaction
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and alternative phase matching mechanisms [4,5]. Within a PC one may enhance [6-8], phase matching [9] or hold a
non-vanishing second order interaction even if the material is centro-symmetric.

As stated before a PC has a periodic variation of the linear susceptibility ', which is related to the index of
refraction, in one, two or three dimensions. This can be done by combining high refractive index and low refractive
index building blocks in a periodic structure, which is usually a challenging task. If instead of modulating
periodically the linear susceptibility of the material we can modulate periodically the nonlinear susceptibility tensor
XZ in a nonlinear optical material, we are developing a quasi phase matched (QPM) material. This QPM concept was
first referred independently by Armstrong [10], within the theoretical explanation for the application of light
modulation, second harmonic and parametric conversion in dielectric media, and by Franken and Ward that reported
about the theoretical explanation of optical harmonic generation [11]. In 1998, Berger gave the idea of periodic
modulation of the second order susceptibility y* in multiple spatial dimensions, the so called nonlinear photonic
crystals (NPC) [12], to achieve quasi phase matching in multiple spatial directions with the possibility to support
several conversion processes simultaneously. Moreover, the constraints on wavelength acceptance bandwidth
imposed by 1D QPM gratings can be overcome with these structures. These are important advantages that make
NPCs more versatile than 1D QPM structures. However, the combination of %' and ¥* modulation simultaneously in
the same material has been severely studied in the literature. That is what we pretend to do in this paper by
structuring the surface of a non-linear optical material; ' will be modulated periodically between the values of the
material and the air, while ¥* will be modulated periodically between the values of the material and zero. Several
methods have been proposed by different groups to fabricate the 1D and 2D photonic structures. The conventional
PC structures have been fabricated by ion etching [13], and direct writing [14], etc. as well as NPC structures by
field poling techniques [15], electron beam lithography [16], liquid phase epitaxy [17], etc.

Ultrafast laser ablation has emerged as a technique for rapid and flexible fabrication of 1D and 2D photonic
structures on hard dielectric materials and it has become increasingly important in the last few years as a result of
the large amount of practical applications in surface modification or micro-structuring of dielectric materials. When
femtosecond laser pulses are properly focused onto the target, the extreme short duration of the pulses facilitates
material removal without imposing thermal effects on the remaining structure [18]. When intense ultra-short pulses
are focused in transparent dielectrics, strong-field ionization and subsequent avalanche ionization lead to the
generation of free-electron plasma. When the density of free electrons exceeds a certain threshold, enough energy is
absorbed to produce macroscopic ablation. The largest density of ionized electrons is reached only in the central part
of the focal region due to the highly non-linear nature of the strong-field ionization process. The application of this
technique for the inscription of diffractive elements has been widely used. Both, internal and relief gratings have
been designed and fabricated by direct writing with femtosecond laser pulses with arbitrarily complex geometries.
Nonlinear optical materials have been interesting targets for femtosecond laser applications, and the integration of
diffractive gratings by ultrafast laser ablation has been recently used for tailoring SHG in LiNbO; [19], KH,PO, [20]
and p-BaB,0,4 (BBO), [21,22]. These diffractive elements allowed the multi-frequency self -converter systems and
efficient second harmonic generation by non collinear phase matching and these structures show several advantages
when compared to the more conventional collinear phase matching (PM) configuration [23].

Among the various inorganic crystals, the KTiOPO, (KTP) family of crystals has a unique combination of
properties that makes them useful for efficient second harmonic generation from Nd doped lasers. The nonlinear
optical properties of KTP and its isomorphs have been reviewed by a number of researchers and have received
enormous attention in the last two decades. The key success of the KTP family is its good nonlinear optical behavior
for frequency doubling of Nd: YAG laser radiation, with high non-linear optical coefficients [24,25]. One of the
most remarkable features of these crystals, specially for RTP, is their high laser damage threshold [26] that makes
them useful in high power laser frequency conversion. The RTP and KTP materials have high transmission
coefficients between 0.35 and 4.5 pum with high thermal stability and broad angular acceptance.

Here, we present the fabrication process of photonic structures on the surface of RTP and KTP nonlinear
optical crystals by means of femtosecond laser ablation. We studied the correlation between the ablation conditions,
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the morphology obtained for the diffraction gratings, and the structural effects on the material, analyzed by micro-
Raman scattering and micro-X-ray diffraction for a better understanding of the fabrication process.

2. Experimental techniques
2.1. Crystal growth

RTP and KTP crystallize in the orthorhombic system with space group Pna2;. These crystals melt
incongruently at 1443 K and 1450 K, respectively, so they cannot be grown by conventional melting methods and
they have been traditionally grown by high temperature solution techniques, and more particularly by the Top-
Seeded Solution Growth (TSSG) method [27]. Around 120 g of solution was prepared by mixing the desired ratios
of the corresponding oxides, K,CO; or Rb,CO;, TiO,, and P,Os depending on the desired crystal, in platinum
cylindrical crucibles of 125 cm®. The crystals were grown from WO; containing fluxes to reduce the viscosity of the
flux [28]. The solution was homogenized at 50-100 K above the crystallization temperature. We used c-oriented
crystal seeds for growing RTP and KTP crystals. We determined the saturation temperature of the solution by
observing the growth or dissolution of the crystalline seed in contact with the surface of the solution. During the
growth, the crystal seed was rotated at an angular speed of 45 rpm. The growth process proceeded by decreasing the
temperature of the solution by 20-50 K from the saturation temperature at a cooling rate of 0.1 K/h, depending on
the size of the desired crystal. In this work, in order to obtain larger crystals, those were pulled from the solution
during the growth process very slowly, 0.5 mm every 12 h. At the end of the crystal growth process, the crystal was
completely extracted from the solution and slowly cooled to room temperature inside the furnace. To prepare the
samples for the fabrication of diffraction gratings by ultrafast laser ablation, the single crystals obtained were
crystallographically oriented, cut and polished.

2.2. Ultrafast laser ablation

ID and 2D diffraction gratings have been fabricated on the surface of RTP and KTP nonlinear optical
materials by using a commercial Ti: Sapphire oscillator (Tsunami, Spectra Physics) and a regenerative amplifier
system (Spitfire, Spectra Physics) based on chirped pulsed amplification (CPA) for ultrafast laser ablation on the
surface of the samples. The laser system gives linearly polarized 120 fs pulses at 795 nm with a repetition rate of 1
kHz. The transverse mode of the beam was TEMO00 and the width was 9 mm (1/¢ criterion).

The thickness of the samples was in between 2-4 mm. They were placed on a motorized XYZ translation stage
that allowed achieving optimal focusing on the surface of the target, with the (001) or (010) face of the samples
perpendicular to the laser beam. The threshold fluence depends on the number of pulses per spot, resulting 1.44 +
0.18 J.cm? for 40 pulses and decreasing to 1.18£0.15 J.cm™? for multi-shot conditions (>100 pulses) giving an
incubation factor &= 0.783 [29].

1D samples were fabricated on the surface of RTP crystals. According to the period of the fabricated
diffraction gratings, the samples were called RTP1 (with a period of 15 pm) and RTP2 (with a spatial period of 20
pm). RTP1 was prepared focusing the laser beam by means of a 50 mm achromatic lens using a pulse energy of 0.78
wJ, which provided a peak fluence of ~6.1 J.cm™ at focus. The sample was moved following straight lines parallel to
the b crystallographic axis and all across the surface, at a constant scanning speed of 130 um.s”, avoiding the
iterative passes along the same line. The pitch between the lines was set to 15 um. For that scanning speed and
focusing conditions the number of pulses contributing to the ablation of a point within the sample surface was
approximately 40. For recording the RTP2 sample, the focusing optics was a 10X (0.22 NA) microscopic objective.
A 6 mm diameter circular aperture was placed before the objective in order to slightly increase the spot size at focus.
The pulse energy before the aperture was 0.27 uJ leading to peak fluence at focus of ~3.2 J.cm™. The writing
procedure was identical than for RTP1 and the scanning speed was set to 75 um.s” with a separation between lines
of 10.5 um and 9.5 um, alternatively. Under these conditions, the number of pulses contributing to the ablation of a
point within the sample surface was around 55.

We followed a similar procedure for the fabrication of two different 2D structures on the surface of KTP
crystals. In that case the laser beam was focused by a 10X objective lens with NA 0.30. We have written a 2D
structure consisting of two perpendicular arrays of grooves, parallel to the a and ¢ crystallographic axes, respectively
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(sample KTP1). It was achieved by moving the sample with a constant speed of 75 um/s which means a number of
pulses per spot (@~ 3 pum) of 40. A circular aperture 6 mm and some neutral filters were placed before the focusing
lens in order to reduce the pulse energy to 0.48 pJ and to produce a lattice pitch of 8.54 um. Sample KTP2 consisted
on a square array of circular holes with a pitch of 8.85 um. In this case, the sample was moved to the selected
positions and then irradiated with 100 pulses. A circular aperture of 5.5 mm and some neutral filters were placed
before the focusing lens in order to reduce the pulse energy to 0.39 uJ and achieve the desired pore diameter. The
total processed area was 3 x 3 mm? and took approximately 8.5 h to fabricate the sample in both cases.

2.3. Micro-X-ray diffraction characterization

A Bruker-AXS DS8-Discover diffractometer with parallel incident beam (Gobel mirror) and vertical
goniometer was used to check the crystallinity of the samples before and after the ultrafast laser ablation process.
The system was equipped with a collimator for the X-ray beam of 500 um and a GADDS detector. The GADDS
detector was 30 x 30 cm® with a 1024 x 1024 pixel CCD sensor. Cu radiation was obtained from a copper X-ray
tube operated at 40 kV and 5 mA. A 20 scan was recorded on the samples in order to check if the crystallinity
changed after the ablation process. Data were recorded in three different steps with the area detector by performing
an m-scan with a frame width of 15° in the 6 range 5-45° with an integration time of 60 s/frame.

2.4. Micro-Raman scattering characterization

Micro-Raman scattering measurements were carried out using a micro-Raman system Reinshaw confocal
InVia spectrometer equipped with a confocal microscope Leica 2500 and a CCD camera as detector. Micro-Raman
spectroscopy is an ideal non destructive and accurate tool for the material characterization at the micron scale.
Radiation of an Ar laser (A=514 nm and 25mW) was focused by microscopic objectives (magnifications 10X, 50X,
100X) on the surface of the RTP and KTP diffraction gratings. A back scattering scheme was used to detect the
Raman signal through a confocal hole, allowing the extraction of the light scattered from an extremely small region
of the diffraction grating with a spatial resolution of about Ipum using the long working distance microscope
objective 100X.

3. Results and discussions
3.1. Morphology of the fabricated diffraction gratings

The morphological characterization of the fabricated diffraction gratings was initially done by using the
optical imaging profiler PLu 2300.

(a

Figurel. Confocal images of the diffraction gratings fabricated by ultrafast laser ablation (a) RTP1 (2) RTP2 (¢) KTPI (d) KTP2,

(inset figures: profiles of the diffraction gratings)
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Figure 1 shows the confocal images of the fabricated diffraction gratings of the RTP and KTP samples. The
confocal images of the diffraction gratings of all the samples were recorded with 20X microscopic objective in the
long range order. In the images we can see the long range ordering and the high degree of periodicity of the
diffraction gratings recorded by ultrafast laser ablation. The surface profiles of the fabricated diffraction gratings
were also recorded and shown in the inset of each figure for each diffraction grating. Looking carefully at the Figure
1(b), the image to the RTP2 sample, the two different periods of the diffraction grating can be observed.

The morphological characterization of as-fabricated RTP and KTP diffraction gratings has also been done
using scanning electron microscopy (SEM). The top views of the RTP and KTP diffraction gratings are shown in
Figure 2 at different magnifications. Figures 2 (a) and (b) are the top views of the RTP 1D diffraction gratings and
Figures 2 (c) and (d) are the top views of the 2D diffraction gratings of KTP samples, respectively. The inset Figure
of each diffraction grating shows a higher magnification image of the fabricated diffraction grating by ultrafast laser
ablation.

Figure 2. Top views of the diffraction gratings fabricated by ultrafast laser ablation obtained by SEM with different
magnification corresponding to (a) RTP1 (b) RTP2 (¢) KTP1 (d) KTP2.

We observed here that the width of the grooves is not the same for all the samples. This is due to the result of
the tight focusing conditions. If the focal plane does not match the surface of the sample, even slightly, the pulse
energy distribution is modified at the area where the fluence is above the ablation threshold. In the case of RTP1, the
region where the fluence exceeded the ablation threshold fluence (multi-shot conditions) has a diameter of
approximately 5 pm whereas in the case of RTP2, the diameter of the groove was around 3.3 pm.

In the case of KTP1 we observe that the roughness of the grooves is very high, and the squares that should be
formed between the grooves are very distorted as a result of the writing procedure. This difficult the determination
of the exact widths of the channels as well as the lattice period in this structure. The higher magnification images for
KTP diffraction gratings show the distorted squares formed on the sample between channels and the circular pores
formed on KTP1 and KTP2 diffraction gratings, respectively. The widths of the square pattern of the 2D diffraction
grating is different in @ and ¢ crystallographic directions. The width of the channels along the a direction is larger
than along the ¢ direction due to the anisotropy of the material that leads to different ablation thresholds depending
on the crystallographic directions in the crystal, since the laser fluence did not change during processing. The widths
of the channel in KTP1, along @ and ¢ directions are 5.60 pm and 3.51um respectively The fact that the damage
threshold is different in different directions is not surprising in KTP. In this family of materials it has been found
that some physical properties are quite similar when measured along the @ and b crystallographic directions, and
significatively different from those measured along the ¢ crystallographic direction [30]. We also notice here that the
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pulse energy was different for KTP1 and KTP2 samples that resulted in a different diameter for the pores of the
KTP2 sample when compared to the width of the channels of KTP1.

Cross sections of the channels and circular pores that formed the RTP and KTP diffraction gratings are shown
in Figure 3. As can be seen in these pictures, the roughness of the lateral walls is 0.4 um, specially in the RTP
samples. These images reveal that channels have a V shape and holes are conical. The depths of the grooves of
RTPI and RTP2 are 5 and 7 pm respectively.

Figure 3. Cross sections of the grooves and pores inscribed in RTP and KTP diffraction gratings (a) RTP1 (b) RTP2 (c)
fabricated grooves on KTP1 along a direction (d) KTP1 grooves along ¢ direction (¢) circular pore of KTP2 along a direction.

In KTP1 2D square pattern, the depths of the channels inscribed along perpendicular directions are also
different as shown in Figures 3 (c) and (d) due to the material anisotropy. We observed here that the depth of the
ablated channel along the a direction is 6.1 pm, while the depth of the channel along the ¢ direction is 3.5 pm. The
depth of the holes of the KTP2 diffraction grating was 4.3 pm.

2. Structural characterization
3.2.1. Micro- X-ray diffraction

We recorded the micro-X-ray diffraction patterns of the samples in order to check the variation of the
crystallinity in the areas where laser ablation was performed. Figure 4 shows the results of this characterization
performed on the RTP1 sample.

Figure 4 reveals only two peaks corresponding to the (001) family of planes in particular the (004) and (008)
planes. Peaks marked with an arrow are artifacts due to the detection system and are not real. We observed that it
exist a variation in the intensity of the peaks recorded in the processed region and in the unprocessed region of the
sample. However, in opposite to what would be expected, the intensity of the X-ray diffraction pattern recorded at
the processed region is higher than the intensity of the X-ray diffraction pattern measured at the unprocessed region
on the surface of the RTP1 1D sample. Although the reasons for this increase in intensity are not understood at
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present, these results indicate that the ultrafast laser ablation process is at least not degrading the crystalline quality
of the sample.
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Figure 4. X-ray diffraction pattern measured on the grating area and no grating area of the RTP1 sample
3.2.2. Micro-Raman scattering

For a deeper study at a local level of structural modifications of the diffraction gratings, Raman spectra were
recorded on the 1D and 2D diffraction gratings on the processed and unprocessed areas of the samples. The results
are shown in Figure 5 with the micro-Raman spectra recorded at room temperature in the range of frequencies from
100 to 1200 cm™ of the RTP2 and KTP2 diffraction gratings.
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Figure 5. Raman Spectra recorded at processed and unprocessed regions of (a) RTP2 (b) KTP2

The structure of the spectra is not simple, with a large number of peaks of very different intensities. In general
the Raman spectra of these materials are predominantly due to the vibrational motions of the TiO; octahedra and the
PO, tetrahedra. More specifically, the regions from approximately 200-400 cm™ and 600- 800 cm™ are associated
with TiO4 octahedral torsional and stretching modes, respectively. The Raman bands in the 850-1200 cm™ region
are due to the PO, tetrahedra. In Figure 5(a) we observed two peaks with the strongest intensity at around 693 and
758 cm’ in the processed and unprocessed regions, respectively. Other intermediate intensity peaks have been
observed at 273, 369, 518, 548 and 622 cm’. As expected from the complex crystallographic structure, many
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additional lines of lower intensity peaks are observed within the whole frequency range and especially below 250

cm’'. However, in these peaks we did not observe a spectacular change as with the peaks appearing at 693 and 758
-1

cm™.

The spectrum observed for the unprocessed region coincides with that reported on polarized spectra belonging
to the (001) scattering configuration of the RTP crystal [31]. The peaks showing a strongest intensity in the
processed region are those located at around 273, 369, 622 and 693 cm™. We pointed out that the main part of the
scattered intensity (75%) arises from structures located at 211, 273, 693 cm™ which are related to vibrations
involving from TiOg4 octahedra. The intensity of the peaks we observed at processed region of the RTP2 diffraction
grating is similar to the results obtained on the polarized spectra of the RTP sample corresponding to the (100) and
(010) phonon propagation directions. The shifting of the frequency modes at unprocessed to processed regions is
like the polarization of phonons is shifting from a configuration z(yy)z to x(zz)X [31].

The high intensity peak at 758 cm™ at the unprocessed region of the RTP2 diffraction grating completely
disappears at the processed region, and the small peak appearing at around 693 cm™ at unprocessed region of the
diffraction grating become the most intensity peak at the processed region. This shifting in the intensity of the
Raman bands from v, vibrational mode to viand v; vibrational modes seem to indicate that the laser ablation is
affecting to the orientation of the TiOg octahedra in the material.

Similarly we recorded the Raman spectra on the KTP2 2D diffraction grating and we observed that the peaks
appearing at 699 and 761 cm’ are those showing the highest intensity at processed and unprocessed regions,
respectively similarly to the case of the RTP2 sample. We can observe here that all the peaks appearing at processed
region are more intense than the peaks observed at unprocessed region in both RTP2 and KTP2 diffraction gratings
when the conditions of recording the spectra were identical. Similar results were obtained in the case of RTP1 1D
and KTP1 2D PC structures, although not shown here for the sake of brevity.

This difference between the intensity of the peaks appearing at 693 and 758 cm™ in the case of the RTP2
sample, and these appearing at 699 and 761 cm™ in the case of the KTP2 sample, allowed us to study if the laser
ablation process only removed material from the diffraction grating or if there are internal parts of the material, that
although they remained attached to the diffraction grating, they are affected by the laser ablation process. For this
we scanned across the samples as shown in Figure 6 and recorded the intensity of those vibrational peaks. The plots
of the intensity of these peaks are shown in Figure 6.
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Figure 6. Most Strong peaks at processed and unprocessed region, along x-axis on the surface of the diffraction grating vs
intensity of the Raman signal (a) RTP2 (b) KTP2.

The features observed by the variation of intensity of the Raman scattering peaks coincides with the features
inscribed with the laser during the ultrafast ablation process (grooves and pores). However, the widths of these
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features described by Raman scattering (7.08 and 7 um for RTP2 and KTP2 samples, respectively) are larger than
those obtained from the profile of the grooves determined by SEM and confocal microscopy, indicating that there
exist a affected region inside of the material, although it has not been ablated.

4. Conclusions

We have fabricated the 1D and 2D diffraction gratings on RTP and KTP nonlinear optical crystals by ultrafast
laser ablation. We analyzed the geometrical parameters and quality of the fabricated photonic diffraction gratings by
using SEM and confocal microscopy analysis. We also investigated the correlation between the affect of laser
ablation on the remaining material by using micro-Raman analysis and micro-X-ray diffraction spectra. Ultrafast
laser ablation did not affect to the crystallinity of the material although it seems to affect to the polarization of the
structure vibrations of these materials.
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tronic microscopy characterization and filling factor analysis of these diffraction gratings are reported.
We also show that the roughness generated on the grooves by the ablation process can be improved

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Second harmonic generation (SHG) of laser radiation by phase
matching (PM) in non-centrosymmetric crystals is commonly used
for the generation of coherent sources of short-wavelength radia-
tion. For non-linear crystals where direct phase matching is not
possible, phase-matching conditions for processes such as second
harmonic generation (SHG) can be fulfilled by periodically modu-
lating the material. The periodicity of any physical property of
the material introduces reciprocal lattice vectors that provide the
phase matching conditions between the incident and the gener-
ated beam, a mechanism called quasi-phase matching (QPM)
[1,2]. A very common means to achieve QPM is by periodic poling
of non-linear material, in which case only the ;(2 tensor shows a
periodic modulation, while the refractive index has no modulation
whatsoever. However, if other patterning methods are employed, a
modulation of the refractive index of the material, for instance, can
be achieved. Such periodically modulated materials can be used to
generate a non-linear optical response, even in centrosymmetric
materials [3]. More interestingly, SHG in these structures may be
generated through a non-collinear configuration that can provide
several advantages when compared to the more conventional
collinear QPM configuration, such as the automatic separation of
the generated beam from the input beam [4].

* Corresponding author. Tel.: +34 977 55 8790; fax: +34 977 55 9563.
E-mail address: joanjosep.carvajal@urv.cat (J.J. Carvajal).

0925-3467/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.0ptmat.2011.08.007

RbTiOPO,4 (RTP) is a non-linear optical material that belongs to
the family of the well known KTiOPO,4 (KTP). KTP is one of the
materials of reference for the fabrication of solid state lasers emit-
ting in the green region of the electromagnetic spectrum by second
harmonic generation of Nd:YAG lasers [5]. RTP has, however, the
advantages to respect KTP, that while presenting similar non-linear
optical coefficients [6], it shows larger electro-optic coefficients [7],
and a higher damage threshold than KTP [8], which makes it spe-
cially attractive for electro-optics applications.

We structured the surface of RTP single crystals by ultrafast laser
ablation, forming one-dimensional (1D) surface-relief diffraction
gratings. In these structures, the refractive index and the non-linear
optical response of the material are periodically modulated at its
surface. Such structures might have interest for the analysis of
non-linear optical effects, since in these structures not only the
QPM conditions can be fulfilled in the case of an external beam inci-
dent on the surface of the diffraction grating from the top half-space,
but also, both the fundamental and the SH fields can be strongly
localized via resonant Bloch modes of the periodic structure [9-11].

Ultrafast laser ablation is a low cost technique that provides fast
procedures and one step processing. Femtosecond infrared laser
pulses have been successfully applied to the micro-structuring of
dielectric transparent crystals and glasses. Such pulses are focused
in the material, leading to laser ablation of the exposed area with
minimal mechanical and thermal deformation for the rest of the
material [12]. This technique has been already used to structuring
non-linear optical materials such as KH,PO4 (KDP) [13], LiNbO;
[14], B-BaB,04 (BBO) [15,16], and LiTaO5 [17].
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In this paper, we analyze the results obtained in the structuring
of the (001) surface of RTP single crystals with a femtosecond laser
system forming two diffraction gratings with different grating spac-
ings. We characterized morphologically these diffraction gratings
by optical and electronic microscopy and analyzed their diffractive
properties. We also smoothed the roughness generated during the
ablation process by applying a chemical etching technique.

2. Experimental techniques
2.1. Crystal growth

RTP is an orthorhombic material crystallizing with the Pna2,
space group of symmetry [17]. RTP melts incongruently at 1443 K
[18], so it cannot be grown from its melt. The Top-Seeded Solution
Growth (TSSG) technique is one of the techniques included in the
high temperature solution (HTS) growth techniques. One of the
advantages of crystal growth from high temperature solutions (or
flux growth), is that it allows crystals to grow below their melting
temperature. A vertical tubular furnace, controlled by a Eurotherm
903 controller/programmer and a platinum cylindrical crucible of
125 cm? has been used in the crystal growth experiments. The solu-
tion was prepared by mixing the corresponding ratios of the precur-
sor oxides, Rb,COs, TiO,, and P,0s. RTP crystals were grown from
WO3 containing fluxes to reduce the viscosity of the flux and to
overcome the difficulty for the structural units to reach the crystal
solution interface [19]. The composition of the solution used to
grow these RTP crystals was Rb,;0-TiO,-P,05-WO3 =42.24-
16.80-18.96-20.00 mol%. A c-oriented crystal seed was used for
growing RTP crystals and also for the determination of saturation
temperature by examining the growth or dissolution of the crystal-
line seed in contact with the solution surface. In all these cases, the
crystal seed was placed on the surface of the solution, just in the
centre of the platinum crucible. A crystal seed rotation was main-
tained in all cases at an angular speed of 45 rpm to favor a good
homogenization of the growth solution, and avoid the formation
of flux inclusions in the crystals. During the crystal growth process,
the temperature was reduced by 20-30 K, depending on the size of
the desired crystal, from the saturation temperature at a rate of
0.1 K/h. To obtain larger crystals, the as-growing crystals were
pulled out very slowly from the solution at a rate of 0.5 mm every
12 h. Finally, when the crystal growth process was finished, the
crystal was slowly extracted from the solution and slowly cooled
to room temperature inside of the furnace to avoid thermal stresses
that can result in cracks in the crystals.

The samples, on which the surface relief diffraction gratings
were fabricated, were prepared from the single crystals obtained,
by cutting and polishing them in a crystallographically oriented
way. First, samples were cut with the correct crystallographic ori-
entation to obtain surface perpendicular to the c-crystallographic
direction, using a goniometer coupled to a Struers Accutom-50
diamond saw with disks 0.12 mm thick. Later the samples were
polished in a Logitech PM5 polisher with an oscillatory arm. This
enabled accurately rotation and pressurization of the samples,
depending on the hardness of the material to be polished. As abra-
sive substances, alumina powders of 9, 3, 1 and 0.3 pm diameters
were used. The quality of the polishing was measured using param-
eters such as roughness, flatness and parallelism between opposite
faces of the sample measured by a Sensofar PLj 2300 interferomet-
ric confocal microscope and a home-made self-collimator.

2.2. Ultrafast laser ablation

We used a commercial Ti: Sapphire Oscillator (Tsunami, Spectra
Physics) and a regenerative amplifier system (Spitfire, Spectra

Physics) based on chirped pulsed amplification (CPA) for ultrafast
laser ablation of the surface of RTP samples. The system delivers
linearly polarized pulses of duration 120 fs at 795 nm with a repe-
tition rate of 1 kHz. The maximum pulse energy is 1 mJ and it was
reduced by means of neutral density filters and a combination of a
half wavelength plate and linear polarizer in order to micro-struc-
ture the gratings with the required geometry. The transversal
mode is Gaussian and beam diameter is 9 mm (1/e? criterion). Be-
fore recording the gratings, we have estimated the ablation thresh-
old fluence for RTP following the procedure proposed by Dumitru
and co-workers [21]. The threshold fluence depends on the number
of pulses per spot, resulting 1.44 + 0.18 J cm 2 for 40 pulses and
decreasing to 1.18 +0.15] cm 2 for multi shot conditions (>100
pulses). The value of the incubation factor was calculated, giving
£=0.783 [21].

Processing parameters were chosen to record one grating with
spatial period (A) of 15 um (grating RTP1) and another grating
with A =20 pm (grating RTP2). For recording RTP1, the pulse en-
ergy was 0.78 pJ. The laser pulses were focused by means of a
50 mm achromatic lens which provided a peak fluence of
~6.1Jcm™2 at focus. The sample, which was 2 mm thick, was
placed on a motorized XYZ translation stage that allowed achieving
optimal focusing on the surface of the target, with the (001) face of
the samples perpendicular to the laser beam. The sample was
moved following straight lines parallel to the b crystallographic
axis and all across the surface, at a constant scanning speed of
130 ums~! avoiding iterative passes along the same line. The pitch
between the lines was set to 15 um. For that scanning speed and
focusing conditions the number of pulses contributing to the abla-
tion of a point within the sample surface was approximately 40.

For recording RTP2, the focusing optics was a 10X (0.22 NA)
microscope objective. A 6 mm diameter circular aperture was
placed before the objective in order to slightly increase the spot
size at focus. The pulse energy before the aperture was set to
0.27 W leading to peak fluence at focus of ~3.2 ] cm~2. The writing
procedure was identical than for RTP1 but now the scanning speed
was set to 75ums~! and the separation between lines was
10.5 um and 9.5 um alternatively. Under these conditions, the
number of pulses contributing to the ablation of a point within
the sample surface was around 55.

2.3. Chemical etching

Chemical etching is one of the simplest and widely applied
techniques to observe ferroelectric domain structures in crystals
of the KTP family. In particular molten KOH:KNOs; mixtures have
been extensively studied for this purpose in this family of materi-
als. Here, we used this selective chemical etchant, that etches the
negative (001) face of the crystal while the positive (001) face is
left relatively unetched, to smooth the roughness generated by
the ultrafast laser ablation process. We performed the chemical
etching process by dissolving a mixture of KOH:KNOs 2:1 M ratio
in distilled water at 353 K, and immersed the diffraction gratings
between 5 min and 1 h in this solution. After that, the diffraction
gratings were observed again under the Scanning Electron Micro-
scope to record the effects generated on the grooves of the diffrac-
tion gratings by this chemical etching process.

3. Results and discussion
3.1. Crystal growth of RTP single crystals
RTP single crystals with typical dimensions of 17 x 18 x 20 mm

along the a x b x c crystallographic directions and a typical weight
of 9.3 g were obtained from high-temperature solutions containing
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Fig. 1. RbTiOPO, single crystal obtained by Top-Seeded Solution Growth associated
to a slow cooling of the solution. Pulling of the crystal from the solution was used to
get a bigger crystal.

20 mol% WOs. Fig. 1 shows an as-grown RTP single crystal. Tung-
sten oxide was used to decrease the viscosity of the solution of
growth, that otherwise has been reported to be very high in this
family of materials [22]. The composition of the solution of growth
was chosen to be inside the crystallization region of RTP when a
20 mol% WOs was introduced in the solution [20]. The crystals
were obtained by decreasing by 20-30 K the temperature of the
solution starting from the saturation temperature, that was deter-
mined to be 910 K. This temperature is lower than the Curie tem-
perature determined for these crystals, that has been determined
to be 1065 K by measuring the dielectric permittivity of the crystal
as a function of the temperature. This Curie temperature is lower
than that measured for RTP crystals grown in solutions not con-
taining WO; [23].

From these single crystals, slabs with typical dimensions
4 x 4 x 3 mm along the a x b x ¢ crystallographic axes were cut
and their six faces polished to optical quality. On the (001) face
of these samples is were laser ablation was performed.

3.2. Micro-structure analysis of the as fabricated diffraction gratings

The as-fabricated diffraction gratings were observed by optical
microscopy. From this analysis, a long range order was observed
indicating a high degree of periodicity of the two RTP samples, as
can be seen in Fig. 2a and b for RTP1 and RTP2 samples, respectively.

From these figures it can be appreciated that while the period-
icity was constant in the RTP1 sample with an estimated lattice
parameter of 14.92 pm in average, determined after taking high
magnification images of the sample, the periodicity of the RTP2
sample was sub-modulated into two different sub-periods of 9.5

and 10.5 pm approximately, inside of a longer period of 20 um, im-
posed by the alternative grooves of the diffraction grating.

Micrographs of the samples were recorded in a FEl QUANTA 600
Scanning Electron Microscope (SEM) on top and lateral views to
investigate the structure of the formed grooves at a local level.
Fig. 3a and b shows top and lateral views, respectively, of the dif-
fraction grating with 4 =15 um recorded by ultrafast laser abla-
tion on the surface of the RTP1 sample. Fig. 3¢ and d shows two
micrographs of the diffraction grating with A =20 pm (with sub-
periods with lattices of 10.5 um and 9.5 pm) recorded on the sur-
face of RTP2 sample. The insets in Fig. 3a and c shows higher mag-
nification images of the grating structures of RTP1 and RTP2
samples, respectively. From these micrographs we can still appre-
ciate the high periodicity of the fabricated structures; however, the
roughness of the lateral walls of the grooves was estimated to be
0.4 um. This roughness can be a consequence of melting/vaporiza-
tion and redeposition of material generated by the multipulse abla-
tion processing, since each successive pulse would melt and
vaporize the material and this would get redeposited in and
around the groove, as observed in other dielectric materials [24].
Furthermore, the lateral views recorded for these two samples
show that the grooves have a V shape with depths between
t=5+04pum and t=7+0.4 um, and maximum widths of 5-
5.5 um for sample RTP1, and 3.3-3.5 um for sample RTP2, respec-
tively. Due to the low peak fluence used in the processing of these
samples, we did not observe the formation of deposition of mate-
rial at the edge of the groove, neither splattered material, as it hap-
pened with moderate peak fluences in LiNbOs [24].

These values are consistent with the fluence distribution (basi-
cally an Airy function) on the surface of the samples. In the case of
RTP1, the region where the fluence exceeds the ablation threshold
fluence (multishot conditions) has a width of approximately
5+0.4 pum where as for RTP2 the corresponding width is
3.4£0.4 pm. In both cases, the agreement with the width of the
grooves is really good.

When we compare the results we obtained in RTP with those
obtained in other non-linear optical materials, such as LiNbOs;
[24-26], LiTaO5 [17] or BaB,04 [16], we observed that for the
wavelength and the processing conditions we used for the ablation
process, similar features were observed in terms of roughness,
however, deeper grooves were obtained at similar peak fluences
in our case. When decreasing the peak fluence to values slightly
above the ablation threshold, smoother features could be inscribed
in LiNbO3 [16,27], with a depth similar to those obtained in RTP, or
submicrometer structures could be fabricated [26], still showing a
high roughness, if the peak fluence is reduced to values close to the
damage threshold.

It is well known that gratings of better quality and finer pitch
can be fabricated using chemical etching techniques, becoming
the standard techniques to fabricate such diffraction gratings in
SiO, and many other materials, including LiNbO3 [28].

(b) R

Fig. 2. Long range order optical microscope images of the RTP samples: (a) image taken with 5x objective and showing the regular pattern of the RTP 1 sample with a period
of 15 pm and (b) image taken with 20x objective and showing the regular pattern of the RTP2 sample with a spatial period of 20 um.
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Fig. 3. SEM images recorded from the diffraction gratings fabricated by ultrafast laser ablation: (a) top view and (b) lateral view of the diffraction grating with a period of
15 um recorded on the surface of the RTP1sample; (c) top view and (d) lateral view of the diffraction grating with a spatial period of 20 um recorded on the surface of the

RTP2 sample.

Thus, we explored the possibilities of using chemical etching to
improve the quality of the diffraction gratings we fabricated on the
surface of RTP by ultrafast laser ablation. Selective chemical etch-
ing in KTP and other crystals of the same family, including RTP,
has been extensively studied to visualize the ferroelectric domain
distribution in this family of materials [29]. This distribution of fer-
roelectric domains can be observed by etching the (001) face of
these crystals with a mixture of KOH:KNO; 2:1 M ratio at 353 K.
Since the diffraction gratings were inscribed on the (001) face of
RTP crystals we checked the possibility of using this etchant to
smooth the grooves fabricated by ultrafast laser ablation.

Fig. 4 shows the results obtained in this process for the RTP2
sample using different etching times ranging from 5 min to 1 h, to-
gether with a high magnification of the as-fabricated grooves for
comparison. We observed that the edge of the groove is better de-
fined with the chemical etching and the roughness of the lateral
walls of the channels is reduced. The best results were obtained
for an etching time of 15 min. Beyond this etching time, the groove
is becoming more and more wider when we increase the etching
time, and even some of the parts of the sample not affected by
the inital laser ablation process start to be affected after 1h of
exposure to the etchant. This would indicate that the sample was
not single ferroelectric domain, and that for long exposure times
we start to reveal the distribution of the ferroelectric domains on
the surface of the sample. Also we observed that some trenches
are formed at the lateral walls of the grooves by applying this etch-
ing technique. In any case, it is clear that chemical etching with
KOH:KNOs can be used to improve the quality of the features fab-
ricated on the (001) surface of RTP crystals by ultrafast laser
ablation.

3.3. Determination of the lattice parameters of the diffraction gratings
by FT-IR

Bragg-diffraction spectra of these samples have been recorded
by using an FT-IR spectrometer (Bruker-Vertex 70) equipped with
a special attachment that allows recording the spectra by reflectiv-
ity. We used a halogen tungsten lamp as the lighting source, and
we collected the intensity of the diffracted light from 7500 to
400 cm™' by using a DLATGS detector. The incoming light was

pointed perpendicular to the surface of the sample where the 1D
diffraction grating was recorded with the grooves perpendicular
to the direction of the incident beam and several diffraction spectra
were measured perpendicularly to the grooves at collection angles
(0) ranging from 24° to 60° in 2° steps. To evaluate the lattice con-
stant, the Bragg-diffraction spectra were fitted to the 2-variable
function:

I(7,sin ) o i exp(—[(sin0 — (ni/a))/w,]?) 1)
n=1

where a is the lattice constant of the diffraction grating, n is the dif-
fraction order, and w, is a parameter that takes into account the
width of diffraction peaks. By fitting this function to the experimen-
tal data we obtain a robust estimation of the lattice constant of the
diffraction grating, since all measurements are taken into account
simultaneously. Fig. 5a and b shows the 2D intensity plots as a func-
tion of the wavelength and the sinus of the diffraction angle of the
measured data and the calculated data by the fitted function,
respectively, for the diffraction grating recorded on the surface of
the RTP1 sample. Experimentally, we observed three diffraction or-
ders, that can be seen in the figure as dark red' color zones, with
widths decreasing as the wavelength increased. The most intense
peak was referred as the zero order peak and appeared in the range
between 4 and 8 um for low values of sin with a lower slope. The
second and third diffraction orders are observed at higher values
of sin0 with higher slopes.

The value of the lattice constant determined by this procedure
was 14.98 um for the diffraction grating recorded on the surface
of RTP1 sample. This result is in good agreement with the value
for the lattice constant for this sample estimated by optical and
electron microscopy. For RTP2, using the same methodology, we
were able to determine of the main periodicity, that was
19.85 pm. However, it has been impossible to determine the lattice
constant of the two sub-periods existing in the RTP2 sample that
we could observe only by optical and electronic microscopy.

1 For interpretation of color in Figs. 1, 2, 5-10, the reader is referred to the web
version of this article.
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Fig. 4. SEM images of the grooves fabricated by ultrafast laser ablation after chemical attack with KOH:KNOs at different etching times: (a) 0 min, (b) 5 min, (c) 10 min, (d)

15 min, (e) 30 min, and (f) 1 h.
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Fig. 5. (a) 2D experimental intensity plot as a function of the wavelength and the diffraction angle of the diffraction grating with a period of 15 pum recorded by ultra fast laser
ablation on the surface of RTP1 sample: dark red zones represent the diffraction orders. (b) 2D plot of the fitted function to the experimental data after considering three

diffraction orders.

3.4. Determination of the filling fraction of the diffraction gratings
from the diffraction patterns

To check the quality of the diffraction gratings fabricated by
these methods we recorded the linear diffraction patterns gener-
ated by the samples, obtained after focusing the beam of a He-
Ne laser at 632.8 nm with a power of 3 mW and a spot size of
~1 mm on the surface of our samples, both in transmission and
reflection geometries. In the transmission geometry the incident
beam was set perpendicular to the surface of the sample on which
the diffraction grating was inscribed, and the diffraction pattern
was recorded at 180°. In the reflection geometry the incident beam
was set to form an angle of 42° with the perpendicular to the sur-

face of the diffraction grating to avoid additional spots on the dif-
fraction patterns generated by internal reflections in other faces of
the crystals. Fig. 6 shows the obtained diffraction patterns for the
two samples analyzed.

On the screen, up to 11 diffraction orders, from —5 to +5, were
visible in the transmission geometry for the RTP1 sample, while
only 9 diffraction orders, from —4 to +4, were visible in the reflec-
tion geometry, as shown in Fig. 6a and b. In the RTP2 sample, even
a larger number of spots could be observed, up to 15 diffraction or-
ders, from —7 to +7, were visible in the transmission geometry,
while this number was reduced to 11 diffraction orders, from —5
to +5, in the reflection geometry. Furthermore, the sub-modulation
of the period of the diffraction grating is reflected in an alternation
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(a)

(c)

(b)

(d)

Fig. 6. Linear diffraction patterns of the different diffraction gratings recorded after illuminating the sample with a He-Ne laser: (a) diffraction grating with a period of 15 um
fabricated by ultrafast laser ablation on the surface of an RTP1 sample in transmission, and (b) in reflection geometries. (c) lefractlon grating with a spatial period 20 um on

the surface of RTP2 sample in transmission and (d) in reflection geometries.
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Fig. 7. Phase shift profile used to model the unit cell corresponding to the
diffraction grating inscribed on the RTP1 sample, considered as a phase-only
grating.

of high intensity and low intensity diffraction spots in the pattern
as can be seen in Fig. 6¢c and d. Thus, in this way we demonstrate
that these structures can work as both transmission and reflection
gratings, fabricated within a single process.

The number of modes observed in these diffraction gratings are
similar to those recorded previously in diffraction gratings in-
scribed in the surface of LiNbO; [14] and BaBO; [16] using the
same methodology, indicating that the quality of the diffraction
gratings in all those cases is similar.

We recorded the intensity profiles of the transmitted diffraction
patterns with a charge coupled device (CCD) camera. Due to the
limited dynamic range of the CCD camera we used, only the most
intensity peaks of the diffraction patterns could be recorded. Dif-
fraction patterns are sensitive to change in the periodicity of the
grating or filling fraction. The filling fraction f is referred to as
the fraction of the grating period that is filled with the grating
material with values smaller than 1 (a value of 1 would mean that
no diffraction grating exist on our sample). The analysis of the
intensity profiles of the diffraction gratings can provide the charac-
teristics of the fabricated diffraction gratings on the surface of the
crystals, and can be used to determine from them the filling
fraction.

In order to model the grooves with a V shape, the grating has
been considered as a phase-only grating, where the grooves intro-
duce a lower phase shift with respect to the parts of the grating
without grooves. For RTP1, the phase shift profile of the unit cell
is shown in Fig. 7. The position within the unit cell is expressed
in terms of the lattice constant (A). In the figure, the different
parameters describing the V-shaped grooves (f and t, where t de-
fines the depth of the grooves) are indicated. The intensity profile
of the diffraction grating on the RTP1 sample is shown in Fig. 8 to-
gether with the best fit of the experimental data, corresponding to
a filling fraction f=0.43 and a depth t=0.45 i.

o o o
~1 o o —
——

=]
o
——
e
R
I

Intensity (A.U.)
o
(4]

o o
w =
—
RSO
I "

=
L&
—

o

DJﬁraclmn Order

Fig. 8. Relative intensity profile of the diffraction pattern (green) and envelope
profile (blue) for the RTP1 sample.
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Fig. 9. Phase shift profile used to model the unit cell corresponding to the
diffraction grating inscribed on the RTP2 sample, considered as a phase-only
grating.

For RTP2, the profile considered to model our diffraction grating
and the corresponding parameters are indicated in Fig. 9. This unit
cell is periodically repeated every 2. The experimental data to-
gether with the best fit are shown in Fig. 10. It is important to no-
tice that in the case of the intensity profile of the RTP2 sample, the
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Fig. 10. Relative intensity profile of the diffraction pattern (green) and envelope
profile (blue) for the RTP2 sample.

+1 order has lower intensity than the +2 diffraction order peak.
This variation in the intensity of diffraction orders were observed
due to the existence of the 10.5 um and 9.5 um subperiodicities
at the spatial period of 20 um. The corresponding parameters for
the best fit are g=0.92, f=0.75 and t = 0.35 X. The exact value for
g should be 0.95, according to the subperiodicities observed in
the sample. However, no reasonable fit could be obtained with this
value of g, indicating also that these subperiodicities are not exact.

The profile of the envelope of the diffraction order maxima is
the modulus square of the Fourier transform of the unit cell trans-
mittance (unit amplitude and phase as indicated in Figs. 7 and 9),
in the adequate scale. An analytic expression of this envelope
should be very complex, difficult to obtain and very long to be in-
cluded in the paper.

The diffraction efficiency for these samples was estimated by
comparing the intensity recorded at the zero order with that of
the incident beam. In both cases, this diffraction efficiency was
found to be at around 0.1%. This value is not surprising since the
measurements were not performed at the optimum wavelength
for these diffraction gratings. However, comparing the quality of
the diffraction gratings inscribed in RTP with those inscribed in
LiNbO3 for which up to a 30% diffraction efficiency has been re-
ported [14] and those inscribed in BaBOs with diffraction efficien-
cies between 50% and 60% [16], one would expect to get similar
values when using the optimum wavelength.

4. Conclusions

In conclusion, we have fabricated surface-relief diffraction grat-
ings on c-oriented RTP samples with different lattice constants by
ultrafast laser ablation, and we characterized them morphologi-
cally and optically. The roughness observed on the surface of the
channels of these diffraction gratings is similar to that observed
previously in diffraction gratings fabricated on the surface of other
non-linear optical materials, such as LiNbOs, LiTaO3; and BaBOs3
using the same methodology. However, the quality of the diffrac-
tion grating can be improved by using chemical etching tech-
niques. A high number of diffraction orders were observed in the
two samples analyzed, comparable to those recorded in diffraction
gratings inscribed in LiNbO3 and BaBOs, indicating that the quality
of the diffraction gratings inscribed in RTP is similar to those re-
ported previously in other non-linear optical materials. It is obvi-
ous that the large edge roughness observed for these diffraction

gratings inscribed by laser ablation on the surface of non-linear
optical materials would make them more suitable for operation
in the mid-infrared spectral range, were metallic rolled gratings
can be fabricated in a simpler way, however, in those cases we
can take advantage of the non-linear optical properties of the
material to convert part of this radiation to the near-infrared or
to the visible in the optimum cases.

We think that such surface-relief diffraction gratings may find
potential applications in situations in which collinear phase
matching configurations for SHG in non-linear optical materials
cannot be achieved, such as signal multiplexing. This possibility
will be analyzed in the future.
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Luminescent nano particles embedded in conical pores in KTiOPQ, single
crystals

R. K. Golconda, J. J. Carvajal, M. C. Pyjol, X. Mateos, J. Massons, M. Aguilo, F. Diaz
Fisica i Cristal-lografia de Materials i Nano materials (FiICMA-FiCNA), Univ. Rovira i Virgili (URV), Campus
Sescelades, Marcel-li Domingo, s/n Tarragona, E-43007, Spain

J. R. Vazquez de Aldana, C. Méndez, P. Moreno, L. Roso

Servicio Laser, Facultad de Ciencias, Univ. Salamanca, E-37008 Salamanca, Spain

We investigate here on fabrication and optical analysis of two dimensional (2D) conical pores on the surface of KTiOPO,
(KTP) single crystals and embedding of Erbium (Er™) doped KYb(WO,), (KYbW) luminescent nanoparticles (NPs)
inside the conical pores. Surface morphology, crystallinity, and micro-Raman analysis of embedded nanoparticles were
analysed in detail. Embedding of RE" NPs inside KTP conical pores could be another possibility to achieve multicolour
emission and also spatial and spectral control of the emitted electromagnetic radiation in micrometer scale of conical pores
of an array. The obtained results are attractive for the reinforcement of rare earth based phosphor devices in the field of

laser phosphor display (LPD) technology.

In the last few years, a passionate interest has been
growing for controlling the electromagnetic radiation by
focusing on microstructured patterns.” Novel ideas and
approaches have been explored for enhancing and manipulating
the optical properties of photonic devices by matching the
periodic dimensional structures with the wavelength.> The
optical properties of patterned materials can also be reinforced
by filling the portion that has been micro or nanostructured with
other materials such as polymers,® semiconductors,* molecular
nanoparticle materials’ and dye molecules.’® A particularly
interesting approach has been the control of light distribution
spatially and spectrally generated by optically active trivalent
lanthanide (Ln"®) ions. It has been demonstrated that by
embedding Ln"-doped nanoparticles into microstructured
materials it might be possible to control the light spatially at the
micrometer scale in a wide spectral range.”®

This kind of technology might have interesting
implications to reinforce an emerging technology as it is laser
phosphor displays (LPD).

Several approaches have been reported for the
fabrication of 2D micro-structural patterns on the surface of
nonlinear optical materials, such as electric field poling
techniques’, proton exchange'® electron beam lithography'’,
liquid phase epitaxy'? etc. Ultrafast laser ablation is a promising
approach for this purpose since it allows us to fabricate deep
trenches in ultra hard materials and produce high accuracy micro
structure and repeatable.

KTiOPO4 (KTP) crystallizes in the orthorhombic
system with the non-centrosymmetric space group Pra2;. It
shows high nonlinear optical coefficients and has been
traditionally used for frequency conversion of Nd:YAG laser
radiation."> It also shows a wide transmission spectral range
from 0.35 to 4.5 pm and a high laser damage threshold. This last
property that would seem in contradiction with the
microstructuring approach used in this work, is in fact an
advantage for the last application of the structures we pretend
fabricate, since we can increase the pump power of the
luminescent nanoparticles generating brighter emissions;
without damaging the base material.

Monoclinic potassium double tungstates have been
chosen for their high absorption and emission cross section
values of lanthanide ions, constituting suitable host materials for
solid state laser applications.'* KYbW is the best host material
for doping Er” ions to obtain potential laser transitions in
visible region and also produce high emission intensities due to
the large absorption from Yb'? ions by transferring pump energy
to Er'? ions. Apart from that, by embedding a high refractive
index material, as it is Er">-doped KYbW nanoparticles into a
lower refractive index material as it is KTP, would give an
additional confinement of the emitted light that can provide even
brighter emissions. Also, these composites might allow to
exploit the non-linear optical properties of the base material
expanding the range of emissions that can be obtained in these
structures.

The KTP single crystals were grown by the Top
Seeded Solution Growth-Slow Cooling (TSSG-SC) method
which allows crystals to grow below their melting temperature
since these crystals melt incongruently. c-oriented crystal seeds
were used to grow KTP crystals. Details of the growth process
can be found elsewhere. '

Ultrafast laser ablation was used to fabricate 3 x 3
mm? 2D arrays of holes on the (001) surface of the KTP
samples. Linearly polarized femto-second laser pulses at 795
nm, with a duration of 120 fs,and a repetition rate of 1 kHz,
delivered from commercial Ti:Sapphire laser were used for this
purpose. The irradiation fluence was reduced by means of
neutral density filters and a combination of half-wave plate and
a polarizer. The sample was placed on a motorized XYZ
translation stage that allowed achieving optimal focusing on the
surface of the target. It was scanned at a speed of 75 um/s, and
irradiated with 100 pulses with an energy of 0.39 pJ/pulse to
achieve desired pore diameter and a diameter of beam was 5.5
mm. Figure 1(a) and (b) show scanning electron microscopy
(SEM) images of the conical pores fabricated on the surface of
KTP sample by ultrafast laser ablation. The diameter of the
conical pores was 3.6 pm and the depth was around 4.3 um. The
roughness that can be observed in these images for the pores is
similar to that observed in other structures fabricated on the
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surface of other non-linear optical materials using the same
technique.'”

The modified sol-gel Pechini method was used to
prepare 50% at. Er'>-doped KYbW luminescent nanoparticles
(NPs).!” K,CO5, Yb,05, Er,O5 and (NH,),WO, were used as
initial reagents and dissolved in concentrated HNO; to generate
the nitrates. These salts were dissolved in distilled water and
ethylenediaminetetraacetic acid (EDTA) as the complex agent in
a molar ratio Cyy = [EDTA]/ [METAL] = 1. Finally, we used
ethylene glycol (EG) as the polymerization agent in a molar
ratio Cg = [EDTA)/ [EG] = 2. After calcining the precursor
powder at 1073 K for 3 h we obtained the Er": KYbW NPs.
These NPs had a diameter of around 40 nm, as determined from
observation under a transmission electron microscope (TEM), a
siwe much smaller than the pores we fabricated by ultrafast laser
ablation on the (001) surfaces of the KTP samples.

The composites were fabricated by introducing the
Er*":KYbW NPs in the holes of the KTP samples by mechanical
means, and then annealing the sample at 1173 K for Sh. Figures
1(c) and 1(d) show the Er**": KYbW NPs inside the conical pores
after the annealing process.

FIG. 1. (a) SEM image of a fabricated conical pores on the surface of
KTP substrate (b) Higher magnification of circular pore (¢) Embedded
NPs inside conical pores (d) Higher magnification image of embedded
NPs in conical pore.
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FIG. 2. (a) Micro-Raman spectra of KTP sample with conical pores (b)
Micro-Raman scattering spectra of luminescent nanoparticles with and
without filling the conical pores of KTP, (c) 2D micro-Raman intensity

Absorption (Arb.Units)

Intensity (Arb. Units)

map of KTP substrate (d) 2D micro-Raman intensity map of NPs filled
inside KTP conical pores after excitation.

We also confirmed that the structure of KTP substrate
and embedded NPs in KTP conical pores is maintained after
annealing by recording their Raman spectra. We used a micro-
Raman Reinshaw confocal InVia spectrometer equipped with a
confocal microscope Leica 2500 and a CCD camera as detector.
The samples were excited with an Ar’ laser (\=514 nm, and 25
mW) focused on the sample by microscopic objectives. A
backward scattering scheme was chosen to detect the Raman
signal through a confocal aperture to increase the signal-to-noise
ratio. Figure 2(a) shows that the micro-Raman spectra obtained
for KTP substrate. The regions from 200-400 cm™ and 600-850
em™ are associated with TiOg octahedral torsional and stretching
modes, respectively. The bands in the 900 -1200 cm™' region are
due to the PO, tetrahedra. The most dominated peak observed at
761 cm™. At low band region, the Raman spectrum of Er:KYbW
NPs is dominated by vibrational bands corresponding to KTP as
can be seen in Figure 2(b) and the Raman mode at 138 cm’!
related to embedded NPs inside KTP conical pores.
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FIG. 3. (a) Optical absorption spectra of luminescent NPs embedded in
conical pores corresponds to “Fy, — 2Fs), transition (b) Green emission
spectra of luminescent nanoparticles embedded in KTP conical pores
corresponds to’Hiip — *Lisp and “Sy» — “Lis» transisions (c) Red
emission spectra of luminescent nanoparticles embedded in KTP conical
pores corresponds to *Fopp — *“Lisp, (d) 2D miscro-structure pattern of
Er:KYbW luminescent NPs inside the conical pores of KTP sample.
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The corresponding 2D Raman intensity maps of KTP
and embedded NPs are shown in Figure 2 (c) and (d)
respectively. These results indicate that both KTP and
Er:KYbW NPs have not changed their crystallographic
structure during the thermal annealing applied to the sample to
consolidate the structure of the composite. Also, no new
compounds were formed by the interaction between KTP and
the Er*":KYbW NPs at the edges of the pores.

This represents an advantage to respect previous
reported similar structures, since in that case it will be easier to
control the optical emission of the NPs.

We characterized the spectroscopic properties of these
composites. The optical absorption of the Er':KYbW
luminescent NPs embedded in the conical pores of KTP was
carried out by using a Cary 500 scan-Varian UV-Vis-NIR
spectrophotometer at room temperature. Figure 3(a) shows the
optical absorption of luminescent NPs embedded in KTP conical
pores, with the different absorption bands corresponding to Er**
and Yb*".

The green and red emissions were obtained by the process of
two photon up-conversion after energy transfer from Yb*",'® as
it is shown in Figure 3 (b) and (c).

Photoluminescence measurements were performed by
observing the up-conversion process in Er'' after direct
excitation of Yb*" and energy transfer to Er’*. Optical excitation
at the maximum of the optical absorption of Yb>* was performed
at 980 nm using a InGaAs diode laser. Luminescence from the
embedded NPs inside the conical pores of KTP was collected
and dispersed by a monochromator placed at 90° with respect to
the incident laser beam. Green, and red emissions coming from
Er*" were observed for this sample, as can be seen in Figure 3
(e).

The transferred electrons in the I}, level consistently
increase their energy to the ‘F., level, and a very fast
nonradiative relaxation process took place to the ’H,,» and *S;,
levels, where the emissions 2H;;, — *I;s» and *Ss, — 115, take
place at around 520 and 550 nm. Then, another nonradiative
relaxation process takes place between the 4S5, level to the *Fop
level, and generates an emission at around 669 nm when it
decays radiativelly to the 1,55, level.

In conculsion, we have successfully grown KTP
single crystals using TSSG method and fabricated the 2D micro-
structure of conical pores on KTP single crystal surface by
ultrfast laser ablation. The visible, IR emission and absorption of
embedded luminescent NPs inside conical pores are measured
and described by up-conversion energy transfer process of rare
earth ions. The multicolor emission of embedded rare earth ions
in a micron scale with a spatial and spectral control of emitted
radiation could develop new functionalities in the field of
photonics and laser phosphor display devices.
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Abstract: We investigate the obtained results on 1D diffraction gratings inscribed on
the surface of RTP crystals with different lattice spacings by ultrafast laser ablation
process. The morphological and structural characterization of these diffraction gratings
are analyzed by electron microscopy and X-ray diffraction analysis. The structural
modifications of as-fabricated, annealed and chemically etched diffraction gratings are

analyzed by Raman scattering.

Key words: Ultrafast laser ablation, Raman scattering, diffraction gratings, RbTiOPO4
Since the earliest work on laser interaction with materials, femtosecond lasers

have become a significant tool for micromachining of materials to fabricate waveguides

[1], gratings [2], or optical data storage systems [3], among others.

Ultrafast lasers provide extremely short, high intense pulses which cause
nonlinear photoionization effects and subsequent avalanche ionization that lead to the
generation of a free-electron plasma in transparent dielectrics. When the density of the
free electrons exceeds a certain threshold, enough energy is absorbed to produce
macroscopic ablation [4]. The advantages of ultrafast laser ablation compared with other
methods of micromachining, such as mechanical machining, electron- or ion-beam

patterning and lithographic techniques, are that it can provide surface modification, such
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as surface relief formation, or modification of refractive indices in transparent solids,
with a reduced heat affected area, high speed and a non-contact nature [5]. Thus,
femtosecond laser ablation has become increasingly important in the last few years
owing to the large amount of practical applications and the variety of materials that can
be processed, including surface modification of metals [6], polymers [7],
semiconductors [8], and transparent materials [9]. Particularly, ultrafast laser ablation is
a very promising method for the micro-structuration of wide band gap or hard dielectric

materials which is difficult to obtain from other techniques [10].

Nonlinear optical materials are highly attracting targets for femtosecond laser
processing because of their non vanishing nonlinear optical susceptibility
modulation, and that can be used in frequency conversion for the potential applications
in photonics [11]. These microstructured nonlinear optical materials could provide
simultaneous control over the intensity, wavelength and spatial distribution of the
generated frequency [12]. Up to now a few studies have been devoted to investigate
these effects in micro-structured nonlinear optical materials such as KH,PO4 (KDP)
[11], LiNbOs3 [14], B-BB,04[15, 16], LiTaOs [16], and more recently RbTiOPO4 (RTP)
[17] by ultrafast laser ablation. From these microstructured nonlinear optical materials,
it has been reported that the multiple non-collinear second harmonic beams and
controlled non-collinear fundamental laser beam propagation without the requirement of
additional elements such as external diffraction gratings can be achieved. The micro-
structured nonlinear optical materials could extend their possibilities as multi frequency

self converter systems particularly in the field of telecommunications.

However, ultrafast laser ablation can also induce structural stress in these
materials after the tight focusing of ultra-short intense pulses that might affect their

properties. During femtosecond irradiation, very high transient temperatures in the
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electron subsystem are induced. During laser pulse, the electron pressure could become
dominant over the elastic pressure, initiating material expansion, and when it is stronger
than the binding force, then ablation occurs. Although material ablation only takes place
in the region were the beam has been focused, the surrounding material might be also
affected by the shock waves produced by the femtosecond pulse. These shock waves
can induce permanent structural modification of microsized dimensions that can result
in and internal stress of the material [18]. The development of these internal stresses is
often influenced by permanent strain resulting from the association of thermal treatment

and penetration of ultra-short intense pulses through the material [19].

The stress and structural changes generated in a material can be investigated by
Raman scattering [20], among other techniques. Raman scattering has proved to be a
very efficient technique for structural characterization of materials, mainly because it is
not destructive, its implementation is easy, it is fast and it does not require sample
preparation [21]. The Raman scattered light contains information about the atomic
lattice vibrations (phonons) that are selectively modified when the material is submitted
to a mechanical stress. Thus, Raman scattering can allow obtaining a quantitative
description of the spatial distribution of the shock wave induced permanent stress under
different conditions such as pulse length and pulse energy, providing in this way
additional information about the light-matter interaction during the ablation process
[18]. This makes of Raman scattering one of the most effective tools for strain
determination in a wide range of materials. By using micro-Raman (p-Raman)
scattering, we can establish a map of strain in the irradiated structures with a spatial

resolution down to the submicrometer [22, 23].

RTP belongs to the large family of isostructural compounds to KTiOPOy, that

crystallize in the orthorhombic system with the Prna2, space group of symmetry [24].
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These crystals are well known due to their excellent nonlinear optical properties [25,
26]. The linear and nonlinear optical properties of RTP crystals are very similar to those
of KTP [27] but it is more preferable in some practical applications such as high
repetition rate electro optic modulators [28], and applications that benefit from the

higher laser damage threshold of RTP in front KTP [29].

In this paper, we characterized the effects that ultrafast laser ablation, under
different conditions, generate in the structure of RTP single crystals using p-Raman
scattering. A layer of polycrystalline RTP has been observed to deposit on the structures
generated on the surface of RTP single crystals by ultrafast laser ablation, creating a
rough surface on the ablated areas. By thermal annealing, this polycrystalline RTP layer
could be transformed into polycrystalline TiO; in the form of anatase, although a small
part of rutile was also observed. By selective chemical etching, the polycrystalline RTP
layer could be removed, smoothing the surface of the ablated structures and allowing to

analyze the structural stress generated during the ultrafast laser ablation process.
Experimental techniques

Crystal growth.

RTP melts incongruently at 1443 K, so it cannot be grown by melting methods
and it has been traditionally grown by high temperature solution techniques, such as by
the Top-Seeded Solution Growth (TSSG) method [30]. Around 140 g of solution were
prepared in a platinum cylindrical crucible of 125 cm® by mixing the desired ratios of
corresponding oxides (Rb,O-TiO,-P,0s-WO; = 42.24-16.80-18.96-20 mol%). The
crystals were grown from WO; containing fluxes to reduce the viscosity of the flux
[31]. The solution was homogenized at 50-100 K above the crystallization temperature.

RTP crystals were grown on c-oriented crystal seeds. We determined the saturation
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temperature of the solution by observing the growth or dissolution of the crystalline
seed in contact with the surface of the solution. During the growth, the crystal seed was
rotated at an angular speed of 45 rpm. We decreased the temperature of the solution by
20 K from the saturation temperature at a cooling rate of 0.1 K.h™', to activate the
growth process. At the end of the crystal growth process, the crystal was completely

extracted from the solution and slowly cooled to room temperature inside the furnace.

To prepare the samples for microstructuring by ultrafast laser ablation, the single
crystals obtained were cut and polished in a crystallographically oriented manner. First,
the samples were cut with the correct crystallographic orientation to obtain a surface
perpendicular to the c-crystallographic direction by placing them on a goniometer
coupled to a Struers Accutom-50 diamond saw. As a reference to correctly orient the
crystals, we used their morphology. Finally, the samples were polished in a Logitech
PMS polisher with an oscillatory arm. This enables accurately rotate and pressurize the
samples depending on the hardness of the material to be polished. As abrasive
substances, alumina powders with a grain size of 9, 3, 1, and 0.3 pm were used
sequentially. At the end of the process we verified the correct crystallographic
orientation of the sample by X-ray diffraction using a Bruker-AXS D8-Discover
diffractometer equipped with parallel incident beam (Gobel mirror), vertical 6-0
goniometer, XYZ motorized stage and a General Area Diffraction Detection System
(GADDS) HI-STAR detector. For the measurements we used Cu Ko radiation. The X-
ray diffractometer was operated at 40 kV and 10 mA. We collected 2D X-ray diffraction
patterns covering a range of 20 between 5-85° at a distance of 15 cm from the sample.

The exposure time was 10 s per frame.
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A Sensofar PLp 2300 interferometric confocal microscope and a self-collimator
were used to measure the quality of the polishing using parameters such as roughness,
flatness and parallelism between opposite faces of the sample. Under these conditions
we fabricated a sample with a surface of 4 x 3 mm® perpendicular to the c-

crystallographic direction, with a roughness of 50 nm and a flatness of 14 m.
Ultrafast laser ablation.

Two different arrays of channels have been fabricated on the (001) surface of
RTP single crystals by ultrafast laser ablation using a commercial Ti:Sapphire
oscillator (Tsunami, Spectra Physics) and a regenerative amplifier system (Spitfire,
Spectra Physics) based on chirped pulsed amplification (CPA). The laser system
delivers linearly polarized 120 fs pulses at 795 nm with a repetition rate of 1 kHz. The

transverse mode of the beam was TEMy and the width was 9 mm (l/e2 criterion).

The RTP samples were placed on a motorized XYZ translation stage that
allowed achieving optical focusing on the surface of the target, with the (001) face of
the samples perpendicular to the laser beam. The threshold fluence depended on the
number of pulses per spot, resulting 1.44 + 0.18 J.cm™ for 40 pulses and decreasing to
1.18+0.15 J.cm™ for multi-shot conditions (>100 pulses) giving an incubation factor & =
0.783 [32].

We prepared two different samples. RTP1 was prepared focusing the laser beam by
means of a 50 mm achromatic lens using a pulse energy of 0.78 pJ, which provided a
peak fluence of ~6.1 J.cm™ at focus. The sample was moved following straight lines
parallel to the b crystallographic axis and all across the surface, at a constant scanning
speed of 130 um.s™, avoiding the iterative passes along the same line. The pitch

between the lines was set to 15 um. For that scanning speed and focusing conditions the
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number of pulses contributing to the ablation of a point within the sample surface was
approximately 40, thus the peak fluence used was well above the threshold fluence.

For the other sample, RTP2, the focusing optics was a 10x (0.22 NA)
microscopic objective. A 6 mm diameter circular aperture was placed before the
objective in order to slightly increase the spot size at focus. The pulse energy before the
aperture was 0.27 pJ leading to peak fluence at focus of ~3.2 J.em™ The writing
procedure was identical than for RTP1 and the scanning speed was set to 75 pm.s™ with
a separation between lines of 10.5 pum and 9.5 pum, alternatively. Under these conditions,
the number of pulses contributing to the ablation of a point within the sample surface
was around 55, and again, the peak fluence used was more than double the threshold
fluence.

Morphological characterization.

Micrographs of the samples were recorded in a FEI QUANTA 600
Environmental Scanning Electron Microscope (ESEM) on top and lateral views to
investigate the structures formed by ultrafast laser ablation. An ESEM is very similar to
standard SEM and it has adequate performance compared with the SEM system. In this
ESEM system, wet, oily, and non conductive samples can be analysed in their natural
state without any prior preparation. One main advantage of using ESEM is without
having to coat non-conductive samples with conducting media such as gold or silver can
be examined. Moreover, it also offers high resolution secondary electron imaging in
gaseous environment.

Thermal annealing.

A thermal treatment process was carried out on the RTP1 sample consisting on a

heating step from ambient temperature to 1173 K at a heating rate of 15 Kh', a
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themalization step at 1173 K for 5 h, and finally a cooling step to room temperature at
15 Kh™, to avoid thermal stresses in the sample.

Chemical etching.

Chemical etching is one of the easiest and more widely applied techniques to
reveal ferroelectric domain structures in crystals of the KTP family. In particular molten
KOH:KNO3s mixtures have been extensively studied for this purpose in this family of
materials since it etches the negative (001) face of the crystal, while the positive (001)
face rests relatively unetched. We explored the possibilities of using chemical etching to
smooth the roughness generated by the ultrafast laser ablation process and at the same
time analyze the possibilities of removing the polycrystalline layer of RTP deposited
during the ultrafast laser ablation process.

We performed the chemical etching process by dissolving a mixture of
KOH:KNOj; 2:1 molar ratio in distilled water at 353 K, and immersing the RTP2 sample
at different time intervals between 5 min to 1 h in this solution.

Micro-Raman scattering.

Micro-Raman (u-Raman) scattering was used to analyze the effects of ultrafast
laser ablation on the structure of RTP at a local level. p-Raman scattering measurements
were carried out using a p-Raman system Reinshaw confocal InVia spectrometer
equipped with a confocal microscope Leica 2500 and a CCD camera as detector. The
radiation of an Ar laser (A=514 nm and 25mW) was focused by a 100x long working
distance microscopic objective on the surface of the samples. A back scattering scheme
was used to detect the Raman signal through a confocal hole, allowing the extraction of
the light scattered from an extremely small region of the sample with a resolution of
about 0.5 um. Approximately 75 measurements were recorded for each sample along

the surface, edge, and the depth of the channels.
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Results and discussions

Figure 1 present’s top and lateral views of the grooves inscribed in RTP1 and
RTP2 samples by ultrafast laser ablation. The width and depth of the grooves depended
on the ablation parameters used in each case, such as laser fluence, pulse energy and
focusing conditions of the laser beam. In the case of RTP1, grooves are wider than those
fabricated in RTP2. The width of the grooves in RTP1 was 5.0 £ 1.5 um, while in RTP2
the width of the grooves was 3.3 £ 0.5 um. This is due to the fluence distribution
(basically an Airy function) on the surface of the samples. From Figures 1 (a) and (c), it

is evident that the roughness of the grooves inscribed on the surface of the samples is

Figure. 1. SEM images of the grooves inscribed by ultrafast laser ablation on the (001)
surface of RTP single crystals: (a) top view and (b) lateral view of the grooves inscribed
on the surface of the RTP1 sample; (c) top view and (d) lateral view of the grooves
inscribed on the surface of the RTP2 sample.

different, those inscribed on the RTP1 sample (Figure 1(a)) present a higher roughness

than those inscribed on the RTP2 sample (Figure 1(c)). Thus, using a lower peak
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fluence at focus and a slower scanning speed we can reduce the roughness generated on
the ablated regions.

The lateral views of the grooves show that those structures present a V-shape in both
cases. From Figures 1 (b) and (d), we can observe that the depths of the grooves are
different depending of the ablation conditions used, which resulted in a depth of ~5 pm
for RTP1, while two different depths have been observed on RTP2, ~4.5 and ~6 pm,

respectively.

A complete analysis of the possible structural modifications in the ablated areas of the
samples was carried out by recording the p-Raman spectra on the ablated and unablated
regions of the samples. The obtained results for RTP1 and RTP2 samples are shown in
Figure 2, plotted as a function of distance along the surface covering ablated and
unablated areas. In this figure it is clear the existence of a change in the intensity of

some Raman peaks in the ablated and unablated areas.
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Figure 2. 3D plot of Raman spectra as a function of the distance along the surface,
covering ablated and unablated areas for (a) RTP1 and (b) RTP2 samples.
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A more detailed study of the differences among the recorded spectra is shown in Figure

3(a). Two different spectra are observed, that one corresponding to the ablated areas,

and the other one that corresponds to the unablated areas. The main differences between

them are the change of the intensity of the peaks located at 758 cm™ and 978 cm™ that

decrease in intensity in the ablated areas, while the peak located at 693 cm™ increases its

intensity in these areas.
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Figure 3. (a) Raman spectra recorded in the ablated and unablated areas of the RTP1
sample (b) Comparison of the Raman spectra recorded on the unablated areas with the
z(yy)z polarized Raman spectra of RTP single crystals. (c) Comparison of the Raman

spectra recorded on the ablated areas with the Raman spectra of polycrystalline RTP.
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In general the Raman spectra of these materials are predominantly due to the
vibrational motions of the TiOg octahedra and the PO, tetrahedra. [33]. The regions
from 200 to 400 cm™ and from 600 to 800 cm™ are associated with torsional and
stretching vibrational modes of TiOg octahedra, respectively [34]. The Raman bands in
the 850 — 1200 cm™ region are due to the three degenerate modes of PO, tetrahedra [33].
Thus, the changes observed in the spectra in the spectra affect both the TiOg and PO,

groups.

The spectrum observed for the unablated region coincides with that recorded on a
polarized z(yy)z configuration recorded for the RTP crystal, as can be seen in Figure
3(b). Instead, we observed that the spectra recorded for the ablated regions coincides
with that of the polycrystalline RTP. Figure 3 (c) shows the comparison of the Raman
spectrum recorded for powdered RTP with a grain size between 5 — 20 um, and the
Raman spectrum of the ablated regions in the single crystals. This result would indicate
the formation of polycrystalline RTP in the ablated areas. The formation of
polycrystalline RTP in these ablated areas might be related with the redeposition of
material after the ablation process. This polycrystalline layer of RTP on the surface of
the ablated areas could be formed by sublimation of the material and later condensation
on the surface of the single crystal. During the ablation process we observed the ejection
of high quantities of material, that with the configuration of the system we used, it can
be deposited on the surface of the sample as debris. This polycrystalline layer could be
part of the debris formed during the ablation process, but it is strongly attached to the

surface of the grooves and could not be removed by mechanical means.

However, the most interesting aspect here is the mechanism of formation of this layer of
polycrystalline RTP. As we commented in the Experimental Section, RTP melts

incongruently, i.e. it decomposes before melting. Thus, the formation of polycrystalline
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RTP could not be explained in terms of melting of the material and later solidification.
Instead, the high energy provided by the ultrafast laser can directly sublimate the
material that condensates later in colder parts of the single crystal. In fact this is the
mechanism followed in the fabrication of nanoparticles of different materials by
ultrafast laser ablation in a liquid environment [35]. This would be the first evidence
that nanoparticles of RTP can also be formed by this mechanism, even when the
material melts incongruently. In that case, since we do not use a liquid environment in
which the nanoparticles can nucleate, they do it on the surface of the single crystal and
they remain attached to it. This phenomenon however, was not observed in other non-

linear optical materials structured by the same technique.

The change of intensity of the peak located at 758 cm™ in the ablated and unablated
areas allowed us to establish a profile of the area affected by the ultrafast ablation
process around the ablated area. Figures 4 (a) and (b) show the intensity profile
established by monitoring the change in intensity of the 758 cm™ peak along 12 pm on
the surface of both samples, covering in both cases ablated and unablated areas. As
background in this graph we used a cross-section SEM image of the same area. As can
be seen in the image, the area affected by the ablation process is wider than the ablated
area in both cases. For the RTP1 sample, the profile obtained by Raman scattering is 1
pm wider at each side of the channel. This would indicate that it exist a layer of
polycrystalline RTP with a thickness of ~1 pm at each side of the channel that has been
deposited during the ablation process and that constitutes the important roughness
observed at the edges of the grooves. Since Raman spectra were collected every 0.5 pm,
this would coincide with the roughness determined from the SEM images recorded for
this sample. Instead, for the RTP2 sample, the profile established from Raman

scattering is more adjusted to the shape of the ablated groove. This would explain the
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lower roughness observed for this sample in Figures 1 (c) and (d), although there is still
a thin layer of polycrystalline RTP with a thickness of around 0.5 pm deposited on the
grooves. Similar results were obtained when monitoring the intensity of the 693 cm™

peak.
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Figure 4. Variation of the intensity of the Raman peak located at 758 cm™ along the
surface for (a) the RTP1 and (b) RTP2 samples, and along depth for (c) the RTP1 and
(d) RTP2 samples.

When we recorded the Raman spectra at different depths in the ablated and
unablated areas we observed a similar situation. Two different Raman spectra were
observed again: (i) that corresponding to the ablated areas that coincided with
polycrystalline RTP, and (ii) that corresponding to the unablated areas, that coincided

with the polarized Raman spectrum of RTP under the z(yy)z configuration. Thus,
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again, by plotting the variation of the intensiy of the 758 cm™ peak, we could establish a
profile of the area affected by the ultrafast laser ablation that was still attached to the
crystal. Figures 4 (c) and (d) show these profiles for the RTP1 and RTP2 samples
together with SEM cross-section image of the channels inscribed by ultrafast laser

ablation on the surface of the samples.

In Figure 5, according to the recorded Raman spectra along the depth, the affected arca
of the channels by ultrafast laser ablation is more than the area of the material removed.
The recorded SEM images of the channels revealed that the depths of the channels were
approximately 5 and 7 pm for RTP1 and RTP2 samples, respectively. The recorded
intensity profiles by Raman scattering along the depth for RTP1 sample is around 1.05
pum and 1 pm for RTP2 sample at each side of the channels. The increasing of the depth
inside the channels indicates that there exists a polycrystalline layer of RTP distribution
around 2.75 pm and 1.25 pm for RTP1 and RTP2 samples, respectively, along the depth
of the channels that has been redeposited while processing the channels by ultrafast

laser ablation.

1.05 um 1.05 pm
Width ofthe channel :

1 un

Width of the channel

(b)

Figure 5: Schemes of the polycrystalline RTP layer formed around the ablated channels
for the (a) RTP1 and (b) RTP2 samples, determined by Raman scattering.
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These results allowed us to draw an scheme of the affected area of the material around
the channel inscribed by ultrafast laser ablation, and that remained attached to the RTP
single crystal as polycrystalline RTP material. Figure 5 shows these schemes for the

RTP1 and RTP2 samples.

We explored the possibilities of removing this polycrystalline layer of RTP and the
possible internal stresses generated by the ultrafast laser ablation process on the RTP
samples by two different methods: (i) performing a thermal annealing of the sample and
(i1) using chemical etching to selectively remove polycrystalline RTP without affecting

the bulk crystal.

Thermal annealing can result in a relief of internal stresses, softening, chemical
homogenizing and transformation of the grain structure into a more stable state. During
thermal annealing atoms can move to more stable positions in the crystal lattice.
Vacancies and interstitial defects can be eliminated and dislocations can be annihilated.
To explore the effects of thermal annealing on the samples, the RTP1 sample was

annealed for Shat 1173 K.

Intensity (arb.units)

Unablated region

200 400 600 800 1000 1200
Ramanshift(cm'1)

Figure 6. Raman spectra recorded at ablated and unablated regions of the RTP1 sample
after performing a thermal annealing treatment at 1173 K for 5 h.
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Then, we recorded again Raman scattering spectra at the ablated and unablated regions

of the sample. The results are shown in Figure 6.

When this figure is compared to Figure 3(a), we can see that while the spectra recorded
on the unablated areas are similar, the spectra recorded on the ablated regions are
completely different. The peak located at 693 cm™ is still present after the annealing
process but it is not anymore the most intense peak of the spectrum, and it is replaced
by a new peak at 638 cm’’. Also, several new peaks with a medium intensity appear at
515,394, 272 and 211 cm™. Although the peak located at 394 cm™ could be related to
the v, vibration of the PO4 group, we could not find any correlation for the other peaks

in the vibrational structure of RTP.

Thus, we investigated if a new phase has been formed during the annealing process on
the surface of the ablated channels. In fact, the new peaks located at 638 em™, 515 cm’!
and 394 cm™' correspond to the three main peaks of TiO, in its anatase form.

To confirm these results we recorded X-ray diffraction patterns on this area using a
micro-X-ray diffractometer equipped with a 500 um collimator, allowing us to analyze
small regions of the sample. We recorded the diffraction pattern under specific
conditions to avoid the diffraction of the (001) plane of the substrate, and maximizing in
this way the contributions from the polycrystalline layer on the surface of the channels.
After integrating the diffraction pattern for more than 3 hours, we were able to record
some peaks corresponding to one or more crystalline substances, as can be seen in
Figure 7. We identified these peaks corresponding to a mixture of TiO; in its forms of
anatase and rutile, and a minority phase corresponding to polycrystalline RTP. The
diffraction powder reference patterns for these substances from the JCPDS database:
00-021-1272 file for anatase, 01-086-0148 for rutile, 01-072-3660 file for RTP, are also

included in the figure for a better identification of the diffraction peaks. The most
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intense peak corresponds to anatase, indicating that this is the majority phase in the
mixture, in agreement with the Raman spectra recorded, while RTP and rutile are

present in a lower quantity.

— Ablated region
A A Anatase
r # Rutile
@ RTP

Intensity {arb.units)

10 15 20 25 30 35
28 ()

Figure 7. X-ray diffraction pattern obtained on the surface of the RTP1 sample. The
reference patterns for anatase, rutile and RTP are also shown with a corresponding
symbol for a better identification of the crystalline phases present in the sample.

The presence of TiO, is not surprising since it is one of the products formed during the
decomposition of the RTP [36]. However, RTP usually decomposes at temperatures
above 1300 K. Then, it is surprising that RTP starts to decompose in this case at a lower
temperature (1173 K). This can be due to the process of formation of polycrystalline
RTP in this case, by sublimation of the RTP single crystal and later condensation on the
surface of the channels, that might modify its physical and chemical properties.

The stability of anatase is also one point that should be considered. The phase transition
in TiO, from anatase to rutile usually happens at around 1073 K [37]. However, in
particles of small sizes, surface free energy and surface stress play a crucial role in

rendering the phase stability of anatase, that depending on the conditions can be stable
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up to 1173 K, coexisting then with rutile [38]. This would coincide with the situation
that we observed in our case. Then it seems possible that due to the lower temperature at
which it happens the decomposition of RTP in this case, we can stabilize the anatase
phase, while in our previous studies [36], we could only observe the formation of rutile,
since the RTP decomposed at much higher temperatures.

In that case, by plotting the intensity of the peak appearing at 142 cm™ in the
Raman spectra we could analyze which is the thickness of the TiO, layer around the
ablated and annealed grooves. Figure 8(a) shows the difference in intensity of this peak
along the surface of the RTP1 sample after annealing, covering ablated and unablated
areas. Figure 8(b) shows the same results but as a function of depth. In both cases we
added as background for these profiles a SEM cross-section image of the sample after

annealing for a better comparison of the real width of the grooves and the thickness of

the TiO; layer surrounding them.

i

L ;

6 250 0 2500 5000
Distance (um) Intensity (arb.units)
(a) (b)

Figure 8. Variation of the intensity of the Raman peak located at 142 cm™ (a) along the
surface and (b) along depth for the RTP1 sample.

In Figure 8, we observed that the width of the channels from the recorded profiles from
Raman scattering spectra is more than the width of the channels determined from SEM

images. The profile obtained by Raman scattering is 0.5 pm wider at each side of the
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channel. This would realize that the surface roughness at the edges of the channels is

increased due to the longer annealing time.

In Figure 8 , the difference in the intensity of the Raman peaks appeared at processed
and unprocessed region along the depth of the channels of annealed sample establish a
profile from the recorded Raman spectra. The profile of the obtained Raman spectra
shows that the depth of the channels of annealed sample is more than the determined
depth of the channels from SEM images. The recorded profile from Raman spectra

shows the depth around 2 um inside the channels.

These results allowed us to propose the following schematic view of the ablated grooves

of the RTP1 sample after annealing (see Figure 9).

0.5 nm 0.5 nm
<> Width of the channel

Figure 9. Schematic view of the distribution of polycrystalline layer of TiO, along the width and
depth of the channels in the RTP1 sample after annealing.

From Figure 5(a) and Figure (9), it is observed that, the width of the channels
was increased around 0.4 pm and the depth of the channels was increased up to 2 pm.
These results indicate that the thickness of the TiO, formation around the channels after
annealing process. Since thermal annealing did not reduce the roughness observed on
the surface of the ablated grooves, we analyzed if it would be possible to remove the
polycrystalline layer of RTP by a selective chemical etching process, and the influence

that this process can have in reducing the roughness of the surface of the ablated
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channels. To do that, we etched the surface of the RTP2 sample with a mixture of
KOH:KNOs; dissolved in distilled water at 353 K and during different time intervals
from 5 min to 1 h. Although this mixture has been used specially to reveal ferroelectric
domains in crystals of the KTP family, we expect that this etchant can etch more
selectively polycrystalline RTP than the rest of the bulk crystal. In this way we would
remove the layer of polycrystalline RTP deposited by the ultrafast laser ablation process

on the surface of the ablated channels, and reduce then the roughness observed on these

channels, without affecting the rest of the sample.

Figure 10. SEM images (top view and cross-section) of the RTP2 sample after chemical
etching at different time intervals. (a) 0 min (b) 5 min (c¢) 10 min (d) 15 min (e) 30 min
() 1 h; inset figure represents the cross view image of corresponding image at different
etched time.

During the process and after each etching period, we analyzed how the
morphology of the fabricated channels changed by recording SEM images and recorded

Raman spectra of the ablated and unablated areas to follow the evolution of the
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polycrystalline RTP layer. We observed that between 5 and 15 minutes of etching, the
roughness of the channel walls reduced significantly, as can be seen in Figure 10. After
that, we did not observe a further improvement on the roughness of the surfaces but
instead, we observed a widening of the channels, and for etching times higher than 30
min we started to observe the ferroelectric domain structure on the surface of the
sample, revealing that this sample was not constituted by a single ferroelectric domain.
Comparing this last image with the initial one of the sample prior to the etching process
(see Figure 1(c)), we could not observe any difference in the grooves ablated in areas
corresponding to different ferroelectric domains, indicating that the ultrafast laser

ablation process is effective for both ferroelectric domain types.

In order to understand structural changes in the chemically etched RTP2 sample,
we recorded the Raman spectra at ablated and unablated regions of the sample. The
results are shown in Figure 11. This figure shows that the Raman peaks that appear in
the spectra recorded for ablated and unablated areas are located at the same positions
(see Figure 11(a)), indicating that the RTP polycrystalline layer has been removed.

Thus, the reduction of the roughness of the edges of the grooves that we observed on the
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Figure 11. (a) Raman spectra recorded at ablated and unablated arcas of the RTP2
sample after chemical etching (the spectra should be shifted in height). Intensity profiles
of the peak located at 758 cm™ (b) along the surface and (c) along depth for this sample.
(d) Schematic view of the distribution of structural stress on the sample.

SEM images is associated with the removal of the RTP polycrystalline layer, indicating
that this polycrystalline layer was responsible for the roughness observed in the ablated

areas.

However, the slight increase in intensity of the peak located at 693 cm™ in the
ablated region and the slight decrease of intensity of the 758 cm™ peak, indicate some
orientational changes in the crystal structure in the areas in the proximity of the ablated
region. These orientational changes lead to a mixture of Raman spectra corresponding
to different scattering geometries [39]. In fact, a more detailed analysis of the origin of
the 693 cm'l, reveals that this signal is related to the v, vibration mode of the TiOg

octahedron in the z(yy)z polarized Raman spectrum of RTP [40]. However, it is also
related to the v; and v; vibration modes of the TiOg octahedron in the x(yz)X, y(xx)y,
and y(zz)y polarization configurations for the same crystal, where it corresponds to the

most intense peak of these spectra. Thus, apart from the deposition of a polycrystalline

layer of RTP on the surface of the ablated channels, ultrafast laser ablation induces a
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permanent local stress of micrometric dimension produced by the shock waves
generated during the femtosecond pulse [39, 41]. This induced permanent local stress
was probably present in the samples all the time, but it was masked by the presence of

the polycrystalline RTP layer.

Then, similarly to what we did with the Raman spectra corresponding to the
polycrystalline RTP layer, we used the change of intensity of the peaks located at 758
cm’ at the ablated and unablated regions of the sample to obtain the profile of the area
affected by this permanent local stress around the ablated channel. This profile is shown
in Figure 11(b) as a function of the distance on the surface, while Figure 11(c) shows

the same profile as a function of depth.

The obtained width of the etched channels from Raman scattering spectra is around 3.3
um and the width of the etched channels is 1.65 pm at each side of the channels. This
analysis revealed that even though the polycrystalline layer was completely diminished,

the width of the channels was increased by etching process.
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Interparticle energy migration-mediated upconversion in oxide nanoparticles

By Joan Josep Carvajal*, Raj Kumar Golconda, Maria Cinta Pujol, Xavier Mateos, Maria de
la O Ramirez, Luisa Bausa, Marco Bettinelli, Magdalena Aguilo, and Francesc Diaz

In the last years, lanthanide (Ln)-doped
luminescent nanoparticles have converted
in versatile targets for many different
research areas, such as bioimaging,'
biological  labeling®,  solar  energy
conversion,’ color display”,
optoelectronics®, sensor technology®, and
data storage’, among others.

Upconversion (uo luminescent
nanoparticles are a particularly interesting
class of these Ln-doped luminescent
nanoparticles, that allow convert long
wavelength excitation radiation into short
wavelength output radiation, attracted the
interest of many scientists in the fields of
physics, chemistry, and materials and life
sciences because of their broad potential
applications. The mechanism of UC,
proposed initially by Bloembergen in
1959%, and discovered in the mid-1960s by
Auzel’, primarily originates from intra-
configurational 4f" electron transitions
within the localized Ln dopant ions. UC is
a process in which the sequential
absorption of two or more photons in the
near infrared (NIR) lead to the emission of
light in the visible region of the
electromagnetic spectrum, mainly through
mechanisms of excited state absorption
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(ESA) or energy transfer upconversion
(ETU) using physically
existingintermediary energy states of Ln
ions'. UC combines the benefits of high
conversion efficiencies without the need
for intense coherent excitation sources,
with the advantages of large anti-Stokes
shifts, sharp emission bandwidths, and
long exited-state lifetimes.

However, efficient upconversion is
generally restricted to Er*", Tm*" and Ho’*
activators, characterized by ladder-like
arranged energy levels essential for
facilitating ~ the  successive  photon
absorption and energy transfer steps''.
When co-doped with Yb*', the large
absorption cross section of this ion allows
for its use as a photosensitizer to overcome
the difficulty associated with the rather
smaller absorption cross section of Er’’,
Tm®" or Ho>" due to the dipole-forbidden
nature of intra-4f transitions''. Thus, Er’*-
Yb*" and Tm**-Yb** co-doped systems
remain as the key constituents for the
majority of UC materials for blue, green,
and red UC luminescence.

Novel UC mechanisms have been ideated
to overcome such a limitation, like the
energy migration-mediated upconversion
(EMUC)". Here, a sensitizer ion (Yb’") is
used to harvest pump photons and
subsequently promote a neighboring
accumulator ion (Tm®") to excited states.
Then, a migratory ion (Gd*") extracts the
excitation energy from high-lying energy
states of the accumulator, followed by
random energy hopping through the
migratory ion sublattice and trapping of the
migrating energy by an activator ion. One
of the main benefits of choosing Gd*" as
the migratory ion is the relatively large
energy gap between the ®S;, ground state
and the first excited state (°Ps), higher
than 3 x 10* cm™. This leads to minimized
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energy losses caused by multiphonon
emission and cross-relaxation'®. As a result,
tunable UC emissions have been
demonstrated for activators without long-
lived intermediary energy states, such as
Eu’’, Dy’ and Tm*" in NaGdF,'>. The
only restriction in this process is that to
regulate energy exchange interaction
between the accumulator and the activator,
the sensitizer/accumulator and the activator
have to be spatially confined in different
spatial regions to eliminate deleterious
cross-relaxation phenomena. Thus, core-
shell structures or different particles have
been used for this purpose. Here we
investigate the possibilities of the
interparticle EMUC mechanism in oxide
systems. In particular, KGd(WOy), and
Gd,03 have been chosen as host materials
for their probed efficiency in UC
processesl4’15, their relatively low phonon
energies (600 cm™ phonon cut-off for
Gd,05'%, the benefit of the existing Gd**
sublattice that can be used for fast energy
migration, and the fact that the lowest
excited level for this ions (6P7/2) is located
in the UV spectral region, where most of
the lanthanide ions have overlapping
absorption bands. Two different kinds of
nanoparticles where synthesized for these
materials. The first ones were co-doped
with  Yb’"  (sensitizer) and Tm’"
(accumulator). The second ones were only
doped with Eu®" (activator). In this way we
provided two spatially separated regions
for the sensitizer/accumulator and the
activator ions. We obtained efficient
EMUC in Eu3+:Gd203 nanoparticles. But
instead of favouring the red emission at
around 620 nm, as in the case of
Eu3+:NaGdF412, here we observed an
extraordinary enhancement of the emission
at 675-735 nm corresponding to the “Dy —
7133,7134 observed in the case of transitions
of Eu’* . We also observed the total
suppression of Tm*', a fact that was not
even observed in the case of
Eu’":NaGdF,'?, indicating that the energy
migration mechanism is more efficient in
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this oxide system. In Eu’":KGd(WO,),
nanoparticles instead, the Eu’" red
emission had a very low intensity, and
could not dominate the emission spectra in
front of the blue and red emissions of Tm"".
We correlated this behavior with the Gd*'-
Gd*" interionic distance in these structures,
since it seems that Gd’"-Gd*™ energy
transfer is dominated by exchange
interaction'’. We synthesized 45 at.% Yb*"
and 1 at. % Tm®" doped Gd,0s, 10 at.%
Yb*" and 5 at. % Tm®" doped KGd(WOs,),
nanoparticles, and 5 at. % Eu’" doped
Gd,0; and KGd(WO,), nanoparticles by
the modified sol-gel Pechini method'®. We
mixed Yb’',Tm’":Gd,03/Eu’":Gd,05 and
Yb*, Tm* " KGd(WO,)./Eu’ " KGd(WO,),
nanoparticles in four different ratios
ranging from 1/0 to 1/8 in weight, and we
recorded the emission spectra of the
different blends of nanoparticles after
excitation at 980 nm with a Ti:Sapphire
laser to analyze the efficiency of the
EMUC process in these systems. Figure 1
shows representative SEM and TEM
images of the luminescent nanoparticles as
well as as the blends we prepared with
them. While Yb**, Tm*":KGd(WO4),
nanoparticles as well as the blends we
pre?ared with them. While
Yb', Tm*" : KGd(WO,), nanoparticles
show a shape with smooth edges and round
forms and size around 100-120 nm (see
Figures 1 (a) and (e)), Yb'', Tm’":Gd,0;s
nanoparticles show a more facetted
morphology with smaller sizes of the order
of 30-40 nm (see Figures 1 (b) and (f)).
Since we used the same synthesis
parameters (calcination temperature and
time, basically) for these two systems, it
seems that this methodology allows us to
obtain smaller nanoparticles for simpler
oxide systems. However, the Pechini sol-
gel method is one of the most effective
techniques to obtain nanoparticles of
complex oxide structures.
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Figure 1. SEM images of the (a) Yb*' Tm’":KGd(WO,), (b) Yb*',Tm*:Gd,O; nanoparticles, (c)
Yb3+,Tm3+:KGd(WO4)2/Eu3+:KGd(WO4)2, and (d) Yb¥ , Tm**:Gd,05/Eu*":Gd,0; nanoparticles mixed blends.
TEM images of (e) Y0 Tm* KGA(WO,),, ®  Yb Tm’":Gd,0, nanoparticles, (g)
Yb* Tm* " :KGd(WO,),/Eu* :KGd(WO,),, and (h) Yb*',Tm’":Gd,05/Eu*":Gd,0; nanoparticles mixed blends.

This is one of the main reasons why we
have chosen this technique to synthesize -
the nanoparticles in this work.

After preparing the
Y6, Tm* " KGd(WO4,)./Eu’ : KGd(WO,),
and the Yb> Tm’":Gd,0yEu’":Gd,0;
blends of nanoparticles, adding ethanol and
using ultrasonication for a better mixing,
we recorded again some SEM and TEM
pictures, and we observed that the aspect
of the samples is similar to that observed
before, as can be seen in Figures 1 (c-d)
and (g-h).

o

Tm,Yb:KGd(WO,),

Intensity (a.u)

- JCPDS-01-89-6489

10 20 30 40 50 60 70

20 (degrees)

K>

Figure 2 shows the X-ray diffraction
patterns  taken from the different
nanoparticles obtained in this work. All the
peaks in the diffraction patterns recorded
for Yb , Tm* " KGd(WO,), and
Eu3+:KGd(WO4)2 nanoparticles could be
indexed following a monoclinic cell with [ )

space group C2/c, in good agreement with L | ‘CPDS’(;MZ'WW
the reference pattern JCPDS No. 89-6489, — L e L L
as expected”’. From the other side, all the 1 2 30 4 N 6 70
peaks in the diffraction patterns recorded 20 (degrees)

Intensity (a.u)

for Yb3+,Tm3+:Gd203 and Eu3+:Gd203
nanoparticles were indexed following a
cubic cell with space group Ia3, according
to the reference pattern JCPDS No. 12-
0797%°. No other peaks corresponding to
additional ~ phases  were  observed
demonstrating high purity of the prepared
phases and suggesting that the Ln dopants
occupy chemical substitutional sites.

Figure 2. X-ray diffraction patterns of (a) the
Yb*, Tm*:KGd(WO,), and Eu*":KGd(WO,), and
(b) Yb**, Tm**:Gd,05 and Eu**:Gd,0; nanoparticles
with their corresponding JCPDS standars for
comparison

Figures 3 and 4 shows the emission
spectra recorded for the different blends of
luminescent nanoparticles prepared in this
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work after pumping them at 980 nm with a
Ti:sapphire laser. In the case of
Y6, Tm* " KGd(WO4)./Eu’ " KGd(WOy),
mixed nanoparticles, we explored the
ratios from 1:0 to 1:8. As can be seen in
Figure 3(a), the blue emission at 472 nm
associated to the 'G4 —°Hg transition from
Tm®", and the red emission centered at 650
nm and corresponding to the 'G4 —°F,4
transition of Tm®" dominate the spectra for
all the mixtures analyzed. However, by
taking a closer look at the spectra (see
Figure 3(b)) we can see that the
characteristic red emission from Eu’" due
to the Dy — F, transition starts to appear
between 610-622 nm for a ratio equal to

a)

Intensity (a.u)

g

Intensity (a.u)

608 612 616 620
Wavelength (nm)

Figure 3. (a) Emission spectra of the
Yb*', Tm* : KGd(WO,),/Ev*": KGd(WO,),  mixed
nanoparticles blends for different ratios ranging
from 1/0 to 1/8. (b) Magnification of the range of
wavelengths between 610-622 nm, showing the red
emission generated by Eu’” in these blends.

1:1. Then, by increasing the concentration
of Eu’:KGd(WO,), nanoparticles, the
intensity of this emission increases up to a
ratio of the mixture equal to 1:6, that

ADVANCED
submittedto /MATERIALS

shows the maximum intensity. After that,
if we still increase the concentration of
Eu’™: KGd(WOy), nanoparticles, the
intensity quickly decreases again.
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Figure 4. (a) Emission spectra of the
Yb* Tm**:Gd,05/Eu**:Gd,0; mixed nanoparticles
blends for different ratios ranging from 1/1 to 1/5.
(b) Magnification of the range of wavelengths
between 665-750 nm, showing the red emission
generated by Eu’” in these blends.

The situation is totally different for the
Yb*' Tm*":Gd,03/Eu’":Gd,0; system. As
we can see in Figure 4(a), for low
Yb'', Tm’":Gd,05/Eu’ :Gd,0; ratios (1/1),
the emission spectra is dominated by the
blue and red emissions of Tm*". However,
when we increase the ratio to 1/3, a new
peak located between 675 and 735 nm
appears, which we considered is due to the
Dy — F; and °Dy — 'Fy4 transitions of
Eu’’ in these crystals®', while the intensity
of the 'G4 —’Hs (blue) and 'G4 —°F; (red)
transitions of Tm’>* decreases substantially.
If we increase the concentration of
Eu’ *.Gd,04 nanoparticles still further, for a
ratio of 1/5, the deep red emission
originating from Eu’" is the only emission
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ADVANCED

observed in the spectra, while the other
emissions arising from Tm’" are totally
quenched. This can be seen in a more
detailed view in Figure 4(b). increase the
concentration of Eu3+:Gd203 nanoparticles
still further, for a ratio of 1/5, the deep red
emission originating from Eu’" is the only
emission observed in the spectra, while the
other emissions arising from Tm’" are
totally quenched. This can be seen in a
more detailed view in Figure 4(b).

Thus, in this system it is possible to pump
effectively Eu’" by using the strategy of
interparticle energy migration
upconversion. This process starts by
pumping Yb*', than then transfers its
energy to Tm’", and after different excited
state absorption processes, Tm®" transfers
its energy to Gd*", that finally excites Eu*"
Figure 5 shows an schematic view of the
energy levels and electronic transitions
involved in this process when we only
have Yb®*, Tm’>" doped nanoparticles, and
when we add nanoparticles doped with
Eu’" in the case where the matrix host
contains Gd*".

This is the first time that this mechanism
has been observed in oxide systems, and
opens the door to new investigations using
these systems to tune the color emission of
the nanoparticles by  upconversion
processes.

The different behaviour between the two
systems analyzed can be found in the
dependence of the exchange migration
probability (EMP) with the distance
between the active ions of the material™.
This EMP is in fact proportional to an
exponential that comprises the interionic
distance (R) between the ions that
participate in the energy migration
mechanism and the Bohr radius (rp) in the
following way:

EMP o exp (-2R/1y)

We took R as the distance between two
Gd*" ions in the KGd(WOQ4), and the
Gd,03 structures, since the gadolinium
lattice is the responsible for transferring
the energy from one particle to the other.
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For KGd(WOQy),, the Gd**-Gd®" distance
takes a value of 4.1 A, while in Gd,O; it is
reduced to 3.6 A. We considered 1, as 0.3
A, since this is a reasonable value for
lanthanide ions®. Thus, with these
considerations, we can calculate that the
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Figure 5. (a) Proposed energy transfer mechanism
in Yb*", Tm*" doped nanoparticles. (b) Proposed
energy transfer mechanism between
Yb*" Tm’*:Gd,0; nanoparticles and Eu’*:Gd,0;
nanoparticles

EMP is around 29 times faster in Gd,O3
than in KGd(WOy),. This would explain
why the Eu®" emission can dominate the
spectra for the
Yb'',Tm’:Gd,05/Eu’":Gd,0;  system,
while it is seen as a low intensity emission
in the
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Y6, Tm* " KGd(WO4)./Eu’ " KGd(WOy),

system.
From another site, to give an explanation
about why in the

Y6, Tm* " KGd(WO,)./Eu* : KGd(WO,),
system, Eu’" is emitting through the >Dy —
7F2 transition while in the
Yb3+,Tm3+:Gd203/Eu3+:Gd203 system it
emits through the Dy — 'Fg transition, we
should take into consideration the position
of the Eu’" states in these systems in
relation with the valence and conduction
bands of the host. Although the position of
these electronics levels has been
established previously in the literature for
KGd(WO,),** no data are found for Gd,Os,
hampering us from taking a conclusion.

In conclusion, we successfully probed the
EMUC concept in oxide nanoparticles. In
particular, mixed nanoparticles blends of
Yb*',Tm’":Gd,05/Eu’":Gd, 04
nanoparticles synthesized by the modified
Pechini method show efficient deep red
emission from Eu’" after pumping at 980
nm, while the blue and red emissions from
Tm®" are effectively avoided. This opens
up the possibility to expand this approach
to other activator ions without resonant
energy levels with Yb®" in oxide
nanoparticles, such as Tb*", Dy** or Sm*",
allowing the generation of green, yellow
and red emissions, among others from
these ions after pumping Yb>" at around
980 nm. This approach, provides a
versatility to upconversion nanoparticles of
oxide systems that might expand the
already wide range of applications of this
kind of systems, since we can construct
novel luminescent nanoparticles with high
designability and tunability. This might
impulse the use of these nanoparticles in
fields such as biolabelling, color displays
or optoelectronics, among others.

Experimental Section

Synthesis of Ln-doped oxide nanoparticles:
To prepare luminescent nanoparticles
K2C03, szO}, Tm203, Eu203, Gd203 and
ammonium  paratungstate  (NH4), WO,
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materials were used and dissolved in
concentrated HNO;3; at room temperature.
The nitrate solution was totally evaporated
maintaining the solution temperature at
around 373 K. We used
ethylenediaminetetraacetic acid (EDTA) as
complex agent and ethylene glycol (EG) as
polymerization agent. The nitrates salts
were dissolved in an aqueous solution with
a molar ratio of EDTA to metal cations
[EDTA]/METAL = 1. In this way, the
EDTA forms complexes with the metal
cations. Further, EG was added to the
mixture in a molar ratio [EDTAJEG = 2,
and then heated on a hot plate under
constant stirring. When the water was
removed, an esterification reaction began
forming a polymeric viscous gel, where the
cations are randomly dispersed in an
organic network. The gel was calcinated at
573 K, generating a brown powder
(precursor powder). Finally, the obtained
precursor powders were calcined at 1073 K
for 2 h to obtain the nanocrystalline
products Yb*', Tm* " KGd(WO,),,
Yb*, Tm*":Gd,05, Eu’":KGd(WO,), and
Eu3+:Gd203.

Preparation of the mixed nanoparticles:
We prepared two different sets of samples

by mixing Y, Tm* " KGd(WO,),
nanoparticles ~ with  Eu*":KGd(WO,),
nanoparticles, and by mixing
Yb3+,Tm3 *.Gd,04 nanoparticles  with

Eu’":Gd,05 nanoparticles in different
weight ratios ranging from 1/0 to 1/8. To
mix the nanoparticles we formed a
suspension of the nanoparticles in ethanol
and mixed them in an ultrasonic bath for
10 min.

Microscopy characterization: The
morphology, and size distribution of the
nanoparticles and the mixed nanoparticles
blends was characterized using a scanning
electron microscope Jeol JSM 6400 and a
transmission electron microscope JEOL
JEM-1011 with a Mega View I Soft
Imaging System.

X-ray powder diffraction: X-ray powder
diffraction patterns were recorded using a
Bruker-AXS D8-Discover diffractometer
with a parallel incident beam (Gobel
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mirror) and vertical goniometer. Cu Ko
radiation (A = 0.154247 nm) was obtained
from an X-ray tube operated at 40 kV and
40 mA. Measurements were taken in the
20 angle range between 10° and 70° with a
step size of 0.02° and an integration time of
16 s.

Luminescence spectra: Emission spectra
were recorded in a confocal microscope
after excitation at 980 nm with a
Ti:sapphire laser.
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Multi-color emission from luminescent nanoparticles
embedded into micro-structures of KTiOPO, for
RGBY laser phosphor display devices

R.K. Golconda, J.J. Carvajal*, M.C. Pujol, X. Mateos, J. Massons, A. Ruiz de la cruz,

J.S. Céspedes, M. Aguilo, and F. Diaz

Abstract:

Luminescent nanoparticles are key components for the development of

multifunctional devices and the success of many lighting and display systems. We
demonstrate here that an approach for developing transparent emissive high resolution
RGBY laser phosphor displays by embedding upconverting luminescent nanoparticles
into the micro-meter size conical pores inscribed on the surface of optical materials. The
multi-color emissions from luminescent nanophosphors can be achieved by exciting
single NIR wavelength at 980 nm rather than using expensive UV pump sources.

Key words: Ultrafast laser ablation, KTiOPO4, up-conversion, luminescent phosphors

1. Introduction

Display technology plays a crucial role
in how information is conveyed. A
picture is a worth of thousand words, so
display technology simplifies
information sharing. The cathode ray
tube (CRT), that used scanning electron
beams in a vacuum tube to excite color
phosphors on the screen to emit colored
light was the first device which
revolutionized the display industry.
However, the use of CRTs placed
severe technical limitations, such as the
difficulty to set possible geometric
configurations of electron gun axis and
aperture positions in the CRT displays.
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J. Massons, M. Aguild, F. Diaz

Fisica i cristal-lografia de materials i Nanomaterials,
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Tel: +34-977558790, Fax: +34-977558563

A vast research on display technology
has developed displays that surpass
CRTs parameters such as picture
quality, size, and power consumption.
Liquid crystal displays (LCD) devices
replaced CRTs due to their light weight,
low operating power, and compact
design. Thus, this technology allowed
designing numerous devices such as cell
phones, laptops and many small
screened electronics. Display
technology has extended to design other
display devices, such as plasma
displays, light emitting diodes (LEDs)
displays, and field emission displays
(FEDs). The modern displays have
direct configuration where the screen
itself contains light emitting color pixels
to directly form color images on the
screen.

Transparent emissive displays are
among the key issues in the fields of
next-generation information displays.
Currently, the emissive layers with a
typical thickness of 20-40 pm are
formed using micrometer-sized
phosphor  particles!”!,  leading to
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substantial light scattering in the layers
and a total opacity. Introduction of thin-
film phosphors deposited by different
technologies, such as vacuum, sol-gel or
solution processes, may significantly
improve the visible transparency of
emissive layers. However, such thin-
film phosphors posses processing
difficulties, such as high-temperature
post-annealing  to  activate  the
luminescent centers, which limits the
choice of substrates that are compatible
with the high-temperature annealing'>’!
An alternative to develop partially
transparent displays might be the
structuration of the layer of phosphors
at the micrometer scale forming thin
stripes or more complex structures, such
as two-dimensional (2D) ordered arrays.
This strategy provides two advantages.
From one side, we can fabricate
partially transparent emissive displays,
since it exists a free transparent space in
between the structured phosphor layer.
From the other side, we can fabricate
high resolution displays, since the pixel
size can be as small as the structures
designed on the phosphor layer.

From another side, a lot of effort has
been deposited on developing flexible
transparent emissive layers consisting of
either multilayered nanophosphors or
nanophosphor-embbedded polymer
composites ®. However, such displays
suffer from two basic problems. First,
the brightness that can be achieved with
such displays is limited, since the pump
power that can be used to pump the
phosphors is limited by the stability of
the polymer used as substrate. From the
other side, most of the phosphors used
in such displays are typically pumped in
the UV, which also reduces the
operative lifetime of the phosphors and
the polymers since UV light can
degrade them both.

A significative research line has been
the development of laser phosphor
displays (LPD) consisting on a

phosphor panel (display screen) that
comprises a substrate on which parallel
phosphor stripes are made of different
phosphors that emit in red, green and
blue (RGB) colors by absorbing light at
a particular excitation wavelength in the
UV, emitted by a laser engine. By
varying the amount of light emitted
from the three primary colors, that can
be controlled by the power of the
pumping laser, can provide a full color
image. Finally, the system contains a
laser module that is used to project and
scan the laser beam onto the screen,
producing color images generated by
the phosphor stripes deposited on the
substrate!”). However, the commercially
available systems of this kind are
pumped with UV lasers, so these LPD
suffer not only from limited lifetime due
to the degradation of the phosphors
used, but also from a high cost due to
the expensive prizes of UV lasers with a
certain power.

We propose an alternative to develop
new partially transparent emissive
displays for LPDs, by using high
refractive  index optically active
lanthanide ion-doped nanoparticles,
emitting in the red, green and blue
regions of the electromagnetic spectrum
by upconversion processes after
excitation in the near IR (NIR). We
propose to embed these nanophosphors
in  two-dimensional (2D) ordered
microstructures inscribed on a lower
refractive index non-linear optical
substrate with a high laser damage
threshold. This would provide the
possibility of wusing high pumping
power and at the same time the
possibility to confine the emitted light
to the cavity formed by the inscribed
microstructures, providing  brighter
emissions from the phosphors. Apart
from this, the use of microstructured
non-linear optical substrates might
provide multifunctional devices capable
to generate additional electromagnetic
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radiations
processes.

through nonlinear optical

So far, many techniques have been
proposed to microstructurate non-linear
optical materials such as the electric
field poling technique™, lithography
based processes’”, or liquid phase
epitaxy!'”, among others. Nowadays,
ultrafast laser ablation has attracted a lot
of attention to fabricate 1D and 2D
microstructures on the surface of hard
dielectric materials, including non-
linear optical materials, since this
process offers low cost, fast procedure
and one step processing producing high
accurate microstructures!' >

We chose potassium titanyl phosphate
(KTiOPO4 or KTP) as the non-linear
optical material to constitute the
substrate of our LPDs. It belongs to the
orthorhombic system with the space
group of symmetry Pna2,'. These
crystals show large nonlinear optical
coefficients, large electro-optic
coefficients, good phase-matchability,
and high optical homogeneity with
appropriate  transparent wavelength
range from 0.3 to 4.5 um"*!, but most
interestingly, they show a high laser
damage threshold of around 1.5-2.2 GW
cm? in the NIR!"™ that allows us to
increase substantially the pumping
power used in conventional laser
phosphor displays to obtain a high
brightness.

As upconverting phosphors we propose
to use nanoparticles of the monoclinic
phase of potassium rare earth double
tungstates, KRE(WO4), (RE =
Yb*",Gd*, rare earth), which is w1dely
known as an important host material for
lanthanide active ions (Er3+, Tm®",
Ho®") for solid state laser applications
due to the high absorption and emission
cross sections of these ions in these
materials!'®! These materials

crystallizem] with the space group of

symmetry  C2/c.  We  prepared
ErKYb(WOs),,  Tm’ :KYb(WOs),
and Ho’',Yb*":KGd(WO,),

nanocrystals for the generation of green,
blue and yellow light, respectively,
through  up-conversion  processes.
Ytterbium ions present a broad band
absorption in the 900-1000 nm spectral
range, which is suitable for pumping
through commercially available InGaAs
laser diodes. This ion shows a higher
absorption cross section than Er’*, Tm?"
or Ho*". Thus, it can be used as a
sensitizer for these ions. Energy transfer
occur efficiently from Yb*" to any of the
other optically active lanthanide ions
with which we doped our nanoparticles.
Red light through up-conversion
processes can be obtained in Er''-Yb**
co-doped systems, by increasing the
Er’" concentration and favoring in this
way the red emission from Er’" instead
the green one!"™. However, in
monoclinic double tungstates the green
emission from Er’" is the most efficient,
and it is difficult to obtain red light
through up-conversion processes in this
family of materials. This is why we
have replaced monoclinic double
tungstates by Gd,Os; nanocrystals co-
doped with Er’* and Yb**

Thus, by filling the 2D squared arrays
of ordered pores we inscribed on the
surface of KTP single crystals with
these nanoparticles we can generate
RGBY up-conversion LPDs. Groups of
pores have been filled with a different
kind of luminescent nanoparticles, so
we control also spatially where every
different color of light is generated.
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Figure 1: The SEM micrograph of conical pores inscribed on the surface KTP sample. The higher
maginification images corresponding to the each set of inscribed conical pores.

2. Results and Discussion

2.1 Fabrication of the structures
substrates

KTP bulk single crystals have been
grown by the Top-Seeded Solution
Growth-Slow  Cooling  (TSSG-SC)
technique. Because these crystals melt
incongruently[w], they cannot be grown
by conventional melting methods. After
growth, KTP crystals have been sliced
in pieces perpendicular to the ¢
crystallographic direction with a typical
thickness of 1.5 — 2 mm. The typical
area of the samples was 10 x 10 mm?
along the a and b crystallographic
directions. Those crystal slides were
polished to a high optical quality using
Alumina powders. After polishing, we
used the wultrafast laser ablation
technique to fabricate conical pores on
the (001) surface of the KTP samples.

We used a pulsed Ti:sapphire fs laser
amplification system (Tsunami and
Spitfire from Spectra-Physics) for
ultrafast laser ablation. The system
delivers fs laser pulses at 799 nm with
120 fs pulse duration at a repetition rate
of 1kHz. The beam wavefront was

controlled by a spatial light modulator
(Hamamatsu X8267) before focusing on
the surface of the sample. This allowed
us designing the intensity profile of the
focused beam. The sample was placed
on a motorized 3-axis XYZ motorized
translation stage that allows us to
achieve optimal focusing on the surface
of the sample. A 2D square ordered
array of conical pores was fabricated on
the surface of KTP sample, focusing the
laser beam by means of a 7.5 cm
focusing lens using the pulse energy of
300 ul. In this work, 9 different sets of
100  conical pores each  were
fabricatedby varying the laser pulse
irradiation time from 1 to 10 sec. In all
the sets of the 2D square ordered array
of conical pores, the same pulse energy
was used. Also, in each set, the 100
holes were fabricated with one laser
shot.

Figure 1 shows the scanning electron
microscope (SEM) image of the 2D
square ordered array of conical pores on
the surface of the KTP sample by
ultrafast laser ablation. High
magnification images are shown for the
sets chosen to be filled with the
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luminescent nanoparticles. SEM
micrographs reveal that the fabricated
micro-structures have a high degree of
periodicity. The diameter of the conical
pores was different not only at every
different set of holes due to the change
of laser irradiation while processing the
sample, but also inside a set, due to the
accuracy limit of the spatial light
modulator. These images show that the
diameter of the conical pores is around
28 um, and the periodicity of the 2D
array is around 50 pm. However, when
we analyze the roughness at the edges
of the conical pores, it is very small.

2.2 Crystal structure and size of
nanophosphors.

The modified sol-gel Pechini method is
used to synthesize Er’":KYb(WO,),,

Tm*  KYb(WO,),,
Ho’,Yb* :KGd(WO,), and
Er’,Yb’":Gd,0s nanocrystals.

Stoichiometric ~ amounts  of  the
component were first converted to their
nitrate forms by dissolution in
concentrated HNOs. Later the excess of
HNO; was evaporated to obtain nitrate
precipitates by slow heating. In the next
step, an aqueous  solution of
ethylenediaminetetraacetic acid
(EDTA), used as a chelating agent, was
added to the nitrate precipitates in a
molar ratio Cyy= [EDTA])/[METAL] =
1 to prepare metal-EDTA complexes.
Afterwards, ethylene glycol (EG), used
as the sterification agent, was added in
amolar ratio Cg = [EDTA]/[EG] =2. The
resulting solution was heated slowly to
obtain the precursor resin, which is a
rigid polyester net that reduces any
metal segregation. Finally, the precursor
powders were calcined at 1073 K for 2
h to obtain the Iluminescent
nanoparticles. The structural
characterization of the as prepared
luminescent nanoparticles was carried

out by X-ray powder diffraction. Figure
2 shows the X-ray powder diffraction
patterns of synthesized nanoparticles.
Figure 2(a) shows the powder
diffraction patterns of KRE(WOu),
nanoparticles. For comparison we added
the X ray powder diffraction pattern of
KYbW. All these nanoparticles show
the same diffraction peaks,
corresponding to the C2/c phase.

(@)F

b Ho:Yb:KGdW
=1
St Tm:KYbW

r m
% 3 || | et l S s (" A
CF
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Figure 2: Figure 1: XRD spectra of as prepared
luminescent nanoparticles (a) Double tungstate
nanoparticles (b) Er:Gd,0; nanoparticles

Figure 2(b) shows the X-ray diffraction
spectra of GdyO; doped with Er
lanthanide ion. The typical diffraction
peaks of cubic Gd,Os3 with space group
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Figure 3. SEM images of different set of conical pores after filling and annealing the sample.

Ia3 are shown and the most dominant
peak was observed at (222). In this
figure we added the X-ray diffraction
pattern corresponding to the Gd,0s
phase, according to the JCPDS file 86-
2477 P9,

The size of the particles was estimated
from transmission electron microscopy
(TEM) images. It was found to be
around 40 nm.

2.3 Fabrication and spectroscopic
characterization of the LPDs.

The 4 different types of luminescent
nanoparticles were introduced in 4
different sets of 2D square ordered array
of conical pores by mechanical means
separately. After filling each of those
sets of pores with the corresponding
luminescent nanoparticles, the sample
was annealed at 1173 K for 3 h. The
SEM micrographs of the KTP sample
with the nanoparticles inside the pores
after annealing are shown in Figure 3.
Each set of hole is labeled according to
the color of the emission generated by
the luminescent nanoparticles with
which it was filled.

The photoluminescence measurements
of the LPDs were performed by optical
excitation at the maximum of the optical
absorption band of Yb*" ions at 980 nm
(with an associated energy of 10204 cm’
") using a Ti:Sapphire laser. The emitted
photons were collected and dispersed by
a monochromator placed at 90° with
respect to the incident laser beam.

In Er’-Yb®™ systems, the green
emission obtained after infrared pump
can be attributed to an up-conversion
energy transfer process of Er*
sensitized by Yb’" involving two or
three photons. These absorption-
emission mechanisms associated with
the up-conversion energy transfer
process depend strongly not only on the
pumping wavelength and pumping
power, but also on the nature of the
crystalline matrix. The green emission
can also be linked to a cooperative
sensitization, in which the simultaneous
interaction of two excited Yb’" ion
produces the excitation of Er’’. The
electrons of Yb®" are excited to 2F5/2
level after absorbing a photon at 980
nm. After that, they transfer part of
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energy to the electrons of Er'’, that
promate to the 4111/2 energy level. Then,
a second photon at 980 nm is absorbed
by Yb*" promoting again its electrons
from the fundamental 2F7/2 level to the
excited 2F5/2 level. Then, a second
photon at 980 nm is absorbed by Yb**
promoting again its electrons from the
fundamental 2F7/2 level to the excited
2F5/2 level. Then, energy can be
transferred again to Er’"  that
consistently increases the energy of its
electrons from the *1;,) level to the *F7
level. A very fast nonradiative
relaxation took place to the 4S3/2 and
2Hn/2 levels, where the transitions 2H] 12
— 55 and *S3, — 1155, take place at
around 520 and 550 nm. From the *S3
level a nonradiative relaxation can also
take place to the *Fop, level, and
generates an emission in the red region
of the electromagnetic spectrum at
around 669 nm (4F9/2—> 4115/2). The
corresponding green emission spectrum
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Intensity (a.u

recorded for the Er :KYb(WO,),
nanoparticles is shown in Figure 4 (a).
The red emission spectrum recorded for
the Er3+,Yb3+:Gd203 nanoparticles is
shown in Figure 4(d).

Similarly, in the case of Tm®" doped
systems, the Yb>" ion absorbs radiation
at 980 nm, and it transfers its energy to
the Tm®" ion. In that case, the energy
transfer promotes the electrons of Tm’"
to the 3H5 level and then relaxe down
through a nonradiative process to the
’F, energy level. This level has a
relatively long lifetime, and it allows
another nearby Yb'" ion to absorb
another photon and transfer its energy to
the Tm’" so that its electrons can
promote to the higher excited state 3F2.
After another internal relaxation to the
*He¢ level, Tm®" ion receives another
energy transfer process to reach the
higher level 'Gy, from which emission
at 475 nm can be obtained
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Figure 4. The recorded emission spectra of luminescent nanocomposites (a) Er:KYbW
(green) (b) Tm:KYbW (blue) (c) Ho:Yb:KGdW (yellow) (d) Er:Yb:Gd, O3 (red)
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from the 1G4 — 3H6 transition. From multicolor emissions that can be
another side, the transition 1G4 — 3F4 obtained with these LPDs.
generates also red light at around 660
nm. The corresponding emission spectra @
of the Tm3+:KYb(WO4)2 nanoparticles —
is shown in Figure 4(b). LU
The photoluminescence from the 20000 - s
Ho’',Yb>:KGdW nanoparticles after ~ 4
Yb*" excitation generated yellow light. ‘TE
In this case, the absorbed energy of g 15000 1 ’ 2
Yb** ions is transferred to the 516 level a L 53,143
of Ho™", which experiences excited state g 10000 1 slle

. . C ) N
absorption with the energy of pump w © v3ﬂs
photons to the °S, + °F, levels. At this S ‘ﬁm £ )
stage, a small part of the electrons 01 c g £ é .,
5excited in the °S; level are relaxed to the 8 § D @ .
Fs level from where photons at 580 nm 0 Er’* ﬁ15/2 3 i Tm3+ s

are generated. The red photons are
generated by the transition from the “F;
level to the upper stark level of the °I;
level with an associated wavelength of
680 nm. The emission spectrum of
Ho®',Yb>":KGd(WO,), nanoparticles is
shown in Figure 4 (c).

The energy levels of these ions, together
with the different absorption, emission
and energy transfer processes involved
in the wupconversion processes are
presented in Figure 5.

We also performed photoluminescence
measurements on the surface of the
KTP sample where the luminescent
nanoparticles are embedded. In these
measurements, we used again optical
excitation at the maximum of the optical
absorption of Yb*" ions at 980 nm using
a Ti:Sapphire laser. The sample was
placed on the 2D stage, perpendicular to
the direction of the incident NIR laser

(b)

(m) (iv)

'

Figure 5. (a) Energy diagram of Er:Tm:Yb
system (b) The recorded CCD images of the
multicolor light emission different luminescent
composites (i) Green (ii) Blue (iii) Yellow (iv)

radiation. Th mpl m . .

Td alt 0 ; sa P,e Wash Ovﬁd Red, inset figure shows the corresponding CCD
slowly to the p951t10n where  the image of light emissions recorded from
different nanoparticles are located. luminescent nanocomposites.

Images of the emission at each set of
embedded luminescent nanoparticles
were recorded with the help of a CCD
camera both with the lights of the
laboratory on and off. These images are
also shown in Figure 5, showing the

Excitation of upconversion luminescent
nanocomposites using NIR wavelength
posseses several advantages in the
applications for luminescent displays,
including an excellent signal-to-noise
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ratio, improved detection sensitivity and
excitation with a low power NIR laser
that is compact and inexpensive. The
conventional techniques used for these
applications have several limitations.
For instance, the excitation of
luminescent nanoparticles by UV
radiation results in some limitations
such as small penetration depth inherent
to the short wavelength excitation light
and possible damage of both, substrates
and phosphors.

In conclusion we successfully fabricated
RGBY multicolor laser phosphor
displays through upcoversion processes
after excitation in the NIR based on
microstructured KTP substrates with
luminescent nanoparticles embedded in
the 2D square ordered arrays of pores
inscribed by ultrafast laser ablation on
the surface of the substrates.
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