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Abstract

Congruent lithium niobate (LiNbO3) and 5-mol% MgO-doped LiNbO3 (MgO:LN) crystals
are widely used as nonlinear-optical crystals in frequency-conversion devices due to their
large nonlinear-optic coefficients. These devices usually require high optical pump powers,
but absorption of photons by impurities limits their usability due to heat accumulation
that leads to thermo-optic refractive index changes. These refractive index changes distort
the beam shape and disturb the phase-matching condition. Furthermore pyroelectric fields
can build up.

In this thesis the residual optical absorption in congruent LiNbOs (CLN) and MgO:LN
crystals is studied. Absorption spectra of CLN and MgO:LN crystals between 400 —
2000 nm reveal a residual absorption up to 0.04 cm~!. This absorption is mainly caused
by transition metal impurities. Between 2300 — 2800 nm unknown hydrogen absorption
bands in CLN and MgO:LN are revealed on the order of 0.001 cm™!. High-temperature
annealing is applied to the CLN and MgO:LN crystals, which decreases optical absorption
by up to one order of magnitude. As an application, the operation of a 1550-nm pumped
singly-resonant CW optical parametric oscillator, resonant around 2600 nm, using a low-
loss, periodically-poled, annealed CLN crystal is demonstrated.

Another issue that affects CLN is photorefractive damage (PRD), i.e. light-induced refrac-
tive index changes. In contrast, MgO:LN crystals do not suffer from PRD even at high
optical intensities. However, it is shown in this thesis that PRD can occur within seconds
in MgO:LN, using green laser light at light intensity levels as low as 100 mW /cm?, if the
crystal is heated by several degrees Celsius during or before illumination. Photorefrac-
tive damage does not occur in CLN crystals under the same conditions. We show that
the pyroelectric effect together with an elevated photoconductivity compared to that of
CLN causes this beam distortion and that this effect also influences frequency conversion
experiments in the infrared due to beam self-heating.
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Chapter 1

Introduction

The sun is a source of an enormous amount of energy. Life on earth would not be possible
without using this energy source. The physical mechanism that enables the use of this
energy source is photon absorption, also often referred to as optical absorption. Photon
absorption can be found almost everywhere in nature, science and technology. For instance,
photon absorption by the earth’s surface and atmosphere enables the conversion of solar
energy into heat [1]. A prominent example, in which solar energy is converted into chemical
energy, is photosynthesis, i.e. organisms synthesize organic chemical compounds, most
importantly carbohydrates such as glucose (sugar), from mainly carbon dioxide and water
with the help of absorbed light [2,3]. An important field in science and technology, which
is based on photon absorption, is the field of photovoltaics, i.e. conversion of solar energy
into electrical energy [4].

However, there are also fields in science and technology where photon absorption is detri-
mental, e.g. in high-power laser applications. One of the most exciting very recent exper-
iments where optical absorption can be a serious obstacle is conducted at the National
Ignition Facility (NIF) at the Lawrence Livermore National Laboratory, USA. In the ex-
periment 192 laser beams at the wavelength 351 nm are focused to a single spot with a
total energy of about 1.8 MJ to initiate nuclear fusion of a deuterium-tritium pellet [5].
Due to the enormous laser power the optical components have to exhibit very low optical
absorption, but residual absorption, which is mostly caused by impurity centers [5,6], is
still present. Hence cool-down times between subsequent laser pulses are about eight hours
so far, the aim is to fire one pulse every four hours [7]. One important step on this path is
to gain control over the absorption in every optical component in the beam lines.

This shows that with the development of more powerful lasers photon absorption also
becomes more important. This can especially be seen in the field of nonlinear optics
where optical absorption limits the performance of devices. One of the most promis-
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ing nonlinear-optical materials are lithium niobate crystals (LiNbO3) doped with 5 mol%
magnesium oxide (MgO). These 5-mol% MgO-doped LiNbO3 (MgO:LN) crystals are ro-
bust and relatively inexpensive, and they exhibit various technologically relevant physical
properties, e.g. they are ferroelectric, electro-optic, and they have high nonlinear-optical
coefficients [8-10]. Because of these outstanding properties MgO:LN crystals are widely
used for high-power frequency conversion applications, e.g. frequency-doubling into the
blue-green spectral range in the 1 — 5 W output power regime has been reported [11,12].
However, for higher laser powers optical absorption limits the achievable output power,
e.g. absorption leads to heat accumulation and thus changes the refractive index, limit-
ing the conversion efficiency of frequency-conversion devices [13,14]. As laser technology
advances, more powerful pump-laser systems are developed, e.g. there exist pump lasers
at 1123 nm emitting continuous-wave optical powers of more than 100 W [15]. MgO:LN
crystals, however, cannot be used with such high-power lasers. If the residual optical ab-
sorption is reduced, MgO:LN may become the material of choice for future high-power
nonlinear-optical applications, not only because of its outstanding physical properties, but
also because of its commercial availability, low cost, high quality, robustness, and long-term
stability, which is important for industrial applications.

So far little is known about the origin of optical absorption in MgO:LN crystals, e.g. it is
unknown if the optical absorption is dominated by photon-absorbing impurities, so-called
extrinsic defects, or if the absorption is caused by intrinsic defects. In this dissertation
optical absorption centers in MgO:LN are identified. Additionally, optical absorption in
undoped congruent LiNbOj3, which is an important material for nonlinear-optical applica-
tions in the infrared spectral range, is also studied. Furthermore it is explored how optical
absorption can be reduced by post-growth processing. Finally it is investigated theo-
retically and experimentally under which experimental conditions unwanted light-induced
refractive index changes can occur in MgO:LN although this material is commonly believed
not to suffer from such effects.



Chapter 2

Fundamentals

2.1 Interaction of light with matter

The major focus of this work is on the interaction of light with LiNbOg crystals. Hence, in
this chapter a short introduction to interaction of light with matter with special focus on
nonlinear optics is given followed by a detailed overview over the physical properties and
characteristics of LiNbOg, one of the most prominent nonlinear-optical crystals.

The analysis for any interaction of light with matter is based on Maxwell’s equations [16]:

V-D = p (2.1)
V-B = 0
0B
VxE = -5 (2.3)
. 0D

where E and B are the electric and magnetic fields and D and H are the electric displace-
ment and the auxiliary magnetic fields. Furthermore, p and j are the charge and current
density respectively, and t is the time. Furthermore the material equations are described
by
D = ¢E+P (2.5)
B = pH+M, (2.6)

where P and M are the electric polarization and magnetization densities and €y and pg
are the vacuum permittivity and vacuum permeability. Furthermore, it is

P = ¢XE , (2.7)

3
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where Y is the electric susceptibility tensor (second-rank tensor). The dielectric tensor €,
which also is a second-rank tensor, is given by é = 1+ x, hence, with Eq. 2.9, it is D = ¢gcE
for isotropic media.

Any interaction of light with matter in classical electrodynamics can be described as a
solution of Maxwell’s equations.

2.1.1 Optical absorption

Optical absorption can be observed when a light beam of initial light intensity Ij is trans-
mitted through a medium of length L and the intensity I of the transmitted beam is
measured. If the energy of a photon is taken up by the material, e.g. electrons, the light
intensity I after the medium will be smaller than the initial light intensity Iy, i.e. light
is "absorbed" by the medium. Thus a measure for optical absorption is the transmis-
sion T = I/Iy. Another important measure is the optical density OD (also often called
absorbance) which is defined as

Iy 1
OD =logy — =logy = - 2.8
€10 Ji €10 T (2.8)
The attenuation of the intensity of a plane light wave propagating in z-direction inside an

optical material can be described by
dI(\) = cpo® (NI (N)dz , (2.9)

where dz is the infinitesimal increment in z-direction, X is the wavelength, c, is the con-
centration of the absorbing species X, and ¢*%()\) is the absorption cross section [17].
Consider an optical plate of thickness L. Then the light intensity of the beam after pass-
ing the plate is

I(\ L) = Iyexp (—cxaabs(A)L> . (2.10)
The absorption coefficient a(\) is defined as
a(X) = c,o™3(N) . (2.11)
Thus Eq. 2.9 can be simplified to
I(\, L) = Ipexp (—a(A)L) . (2.12)

The absorption coefficient « is an accurate measure for describing intensity losses due
to optical absorption and light scattering, e.g. at refractive index inhomogeneities. In
most technologically useful optical media scattering can be neglected due to high mate-
rial quality, hence a is a measure for optical absorption. The absorption coefficient «

4
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can be derived from the measured transmission 7" and the Fresnel reflection coefficient
R = [n(A\) — 1]2/[n(\) + 1]2 where n(]) is the refractive index of the material [18]:

1 / 1 . (1 - R)?
= —— _ 2 - -
a Lln( b+4/b%+ R2> with b STR2 - (2.13)

Note that the dispersion relation n()) is given by the Sellmeier equation which is an empiri-
cal relationship describing the dispersion relation for a particular transparent medium [17].
If an optical material is anisotropic the phase velocity v of light traveling through this ma-
terial, and thus the refractive index n, becomes polarization and direction dependent. This
phenomenon is called birefringence. Note that in uniaxial, birefringent materials there is a
direction in which a transmitted light beam does not experience birefringence, this direc-
tion is called optic axis. In the following we will focus on the special case that the beam
is entering the crystal perpendicular to the crystal surface, and the optic axis is also per-
pendicular to the beam. Due to the perpendicular incidence there is no beam splitting or
walk-off, however the phase velocity, i.e. the refractive index, depends on the light polariza-
tion: The refractive index for light that is polarized perpendicular to the optic axis (o-wave
light) is the ordinary refractive index n, the refractive index for light that is polarized in
parallel with the optic axis (e-wave light) is the extraordinary refractive index. Thus, in
order to determine the absorption coefficient in an uniaxial crystal from transmission data
(Eq. 2.13), the Fresnel correction has to take light polarization into account.

2.1.2 Nonlinear-optical processes

In the simplest case the dependence between polarization P and electric field E in dielectric
media is linear (Eq. 2.7), however in nonlinear dielectric media P depends nonlinearly on
E [19], i.e.

P(E) = ¢ (X(l)E DR 4B ) = pW) 4 pNL | (2.14)

where x(!) is the linear susceptibility, ¥, x®,... are higher-order susceptibilities, and
PNL s the nonlinear polarization. For simplicity we have taken P, E, and the tensors
)2(1), )2(2),.. to be scalar quantities. Note that, in the cases where the frequencies of the
optical waves are much lower than the lowest resonance frequency of the material, x is
weakly frequency dependent and often the notation 2d;;, = Xz(jl)c is used, where d;;i is
called nonlinear-optical coefficient [19]|. Details about how to treat the vector nature of P

and E can be found in [19].

In order to understand the nonlinear effects, assume a laser beam whose electric field is
given by
E(t) = Ege™" +c.c. , (2.15)

5
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where Ej is the field amplitude, w is the frequency, and ¢ is the time. Combining Eq. 2.15
with Eq. 2.14 one obtains

P(t) =€ (X(l)EoeM + xP Ey2e?t 4 ) : (2.16)

As can be seen from Eq. 2.16 there is a term with frequency 2w. This term is responsible
for the generation of light with frequency 2w. This process is called "second-harmonic
generation" (SHG) or frequency doubling. However, due to dispersion, the fundamental
wave and the newly generated wave travel with different velocities. That causes destruc-
tive interference of the frequency-doubled light generated at different crystal positions.
The distance over which the phase-mismatch between the two waves becomes 7 is called
the "coherence length" [¢. Thus efficient energy transfer to the frequency-doubled light
wave is only possible if the nonlinear oscillations of all dipoles in the material are properly
phase matched. Other nonlinear-optical processes than SHG are also feasible, e.g. in the
case the incident optical field consists of two frequencies w; and ws, the nonlinear polar-
ization contains frequency components 2wy 2, w1 £ ws, and a DC term. The corresponding
frequency-conversion processes are second harmonic generation, sum and difference fre-
quency mixing, and optical rectification respectively.

An often used process is "optical parametric oscillation": A nonlinear optical crystal
pumped with light of frequency wy, is placed in an optical resonator with, e.g. high re-
flectivity mirrors for light with frequency ws, the signal wave [19]. If ws < wy, a so-called
"idler field" with frequency w; = wp — ws is generated and coupled out of the resonator,
and the resonating signal wave wg builds up to high amplitude inside the resonator. Such
a setup is called "optical parametric oscillator" (OPO). The major advantage of OPOs is
their tunability over a wide frequency range, because for any frequency ws < wp meeting
the resonance condition a frequency w; can be found obeying w, = ws + wj. Note also
that, as is the case for SHG, or any other nonlinear frequency-generation process, phase
matching has to be maintained for efficient parametric amplification and oscillation. In
Fig. 2.1 the processes of SHG and OPO are shown schematically.

Quasi-phase-matching There are several phase-matching techniques, e.g. birefringent
phase matching [19] uses the birefringence of the nonlinear-optical material to obtain equal
refractive indices for different light polarizations and different frequencies, however limited
tuning capabilities make birefringent phase matching challenging. Another possibility is
so-called "quasi-phase-matching" (QPM) [20, 21| for which ferroelectric media often are
employed. This process is less effective, but independent of birefringence. In the following
quasi-phase-matching is explained for the case of SHG as an example:

Ferroelectric media possess a permanent spontaneous polarization Pg whose direction can
be flipped by application of an external electric field. This process is called "electric-field

6
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a) b)
OPO
Pump SHG Pump Pump Pump
) @ - X®
Second Idler
harmonic ) ]
Mirror 1 Signal Mirror 2

Figure 2.1: a) Schematic of second harmonic generation and b) signal-resonant optical
parametric oscillation in a linear cavity. Mirror 1 is highly-transmissive (HT) for the pump
wave and highly reflective (HR) for the signal wave, mirror 2 is HR for the signal wave
and HT for the signal and idler waves; X2 denotes the nonlinear-optical material.

| A
20

_(©)
0 t 20 3z

Figure 2.2: Schematic diagram for phase matching in the case of SHG (redrawn from
[21]). Intensity Ia, of the frequency-doubled light vs. light propagation distance z inside
the crystal. The drawn periodic inversion of the spontaneous polarization Ps for every
coherence length € only applies for graph (b). Graph (a) shows perfect phase matching.
Graph (b) shows the case of quasi-phase matching and (c) the case of no phase matching.

poling" [22]. The term ferroelectricity is used in analogy to ferromagnetism in materials
which have a permanent magnetic moment. The region where Pg is constant is called
"domain". Let us assume that a pump laser beam is transmitted through a periodically
poled crystal in which the domain width is chosen to be one coherence length ¢ and the
direction of Pg changes by 180° for every domain, then a phase-shift of 7 is induced every
coherence length ¢. Hence the phase mismatch between the fundamental and the SHG wave
is reset to 0 every coherence length ¢ of light propagation and destructive interference of
SHG light generated at different positions in the crystal can be avoided. Constructive
interference helps to build up intensity of generated light over distances much longer than
the coherence length. Note that the periodic domain flip is called "periodic poling". The
efficiencies of birefringent phase matching and QPM are schematically depicted in Fig. 2.2.
In the following, lithium niobate, one of the most prominent nonlinear-optical, ferroelectric
materials suited for QPM, is introduced.
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2.2 Lithium niobate crystals

Lithium niobate (LiNbOg, LN) belongs to the group of ABOs-type ferroelectrics. Due to
its ferroelectricity, LiNbOg is a non-centrosymmetric crystal below the Curie temperature
Tc = 1165 °C [23,24]. The crystal structure is depicted in Fig. 2.3 [25].

o* o Li*

+C
A F—
(ONbB*

LT

Figure 2.3: Crystal structure of LiNbOs redrawn from [25].

Below T the orientation of the crystal’s c-axis is given by the position of the lithium
(Li) and niobium (Nb) cations and the empty sites between the oxygen atom planes. The
alternation of cation sites may be schematically depicted as a chain ...Li-Nb-o-Li-Nb-o...,
where ¢ denotes the empty octahedron [24]. This leads to the spontaneous polarization
Pg of the crystal with Pg = 10 uC/cm? at room temperature.

Lithium niobate belongs to the rhombohedral (trigonal) space group R3¢ with point group
3m, which means it is an uniaxial crystal with the crystallographic c-axis being the 3-
fold rotational symmetric axis. Any turn by 120° around this axis leads to an identical
image [25]. This is different from crystals with the perovskite structure, which is face-
centered cubic.

Due to their non-centrosymmetric crystal structure LiNbOj3 crystals possess several out-
standing crystal properties. LiNbOj crystals are not only ferroelectric, but also piezo-
electric and birefringent. Furthermore, LiNbOj3 possesses high nonlinear-optical coeffi-
cients [26,27], and due to the fact that Pg in LiNbO3 can be changed by applying an elec-

8
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tric field, LiNbOj3 can be periodically poled so that it can be used for QPM devices [28,29].
Periodically poled LiNbO3 will be denoted PPLN in the further chapters.

Pyroelectricity Due to their ferroelectricity, LiNbOg crystals also exhibit pyroelectric-
ity. The pyroelectric effect is the change in spontaneous polarization Pg of the crystal
resulting from a change in temperature 7. The pyroelectric coefficient ps for LiNbOs3 at
room temperature is [30]

dP
p3 = <dTS> = —64x107° CK'm™?%, (2.17)

where (dPg/dT), denotes the z-component.

2.2.1 Crystal growth and stoichiometry

There are several LINbOg growth techniques, e.g. Bridgman, Verneuil, flux methods, etc.,
but the most widely used industrial growth method is the Czochralski growth method [31].
First, the starting material for the melt is prepared: Lithium carbonate (Li2COg3) and
niobium pentoxide (NbyOs) powders are mixed, and the powder mixture is annealed at
700 — 800 °C for up to 12 hours in order to dry and calcinate the carbonate. Then a
sintering process follows at about 1050 °C for 2-4 hours and, back at room temperature,
the sintered mixture is ground [32]. The powder is then melted in a platinum crucible.
A rotating crystal seed is lowered into the melt until a tip of the seed touches the melt.
The melt temperature is slightly above the melting point, thus crystal growth starts when
the seed rod is slowly pulled out of the melt. The new crystal grows on the crystal seed
and along the crystallographic axes provided by the seed. The diameter of the growing
crystal boule is influenced by the crucible temperature, e.g. the closer the temperature of
the crucible is to the melting point of LiNbOs, the faster crystallization becomes. The melt
composition must be controlled very precisely. Control of impurities, thermal gradients,
exact weighing of the powders, and control of moisture by drying of the starting powders
and many other parameters are crucial for obtaining high quality crystals [8]. The melt
fraction converted into crystal material, that is typically used for high optical quality and
compositional homogeneity, is 50 %.

Lithium niobate is usually grown in ambient air, hence no special atmosphere is needed.
In order to grow homogeneous LiNbOj crystals the ideal melt composition is at the
congruency point which means that the crystal has the same composition as the liquid
melt. The phase diagram for LiNbOgs is depicted in Fig. 2.4. A congruently melting
LiNbO3 crystal (CLN crystal) is grown if the corresponding oxide concentrations are
CLiQO/(CLiQO + CNb205) = 48.34 mol% and Cszos/(CLiQO + Cszos) = 51.66 mol% and

9
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Figure 2.4: Phase diagram of Lix O-NbyOs near the congruent and stoichiometric com-
position of LiNbOs. The variable x denotes the ratio cri/(cLi + cNb) where cr; is the
concentration of Li ions and cny, is the concentration of Nb ions [24].

cLi/en, = 0.94 [24]. This composition is where the liquidus and solidus curves intersect
with each other in Fig. 2.4. Stoichiometric LiNbO3 crystals (SLN), i.e. oxide concentra-
tions are Cri,, /(CLi,0 + CNbyO5) = CLinb, 05 /(¢cLi,0 + ¢Nby05) = 50 mol%, are complicated
to grow because they melt incongruently like many complex oxides. Even though it is
possible to obtain near-stoichiometric LiNbOsg, either by special growth techniques such
as the double-crucible Czochralski method or post-growth processes such as vapor trans-
port equilibration (VTE), commercial CLN crystals still exhibit the best optical quality
among all compositions of LiNbOg so far [24], although the non-stoichiometry implies a
high density of intrinsic crystal defects.

2.2.2 Intrinsic defects - lattice defects and polarons

CLN crystals contain about 6 mol% empty Li sites (V;) because cri/en, = 0.94. The
non-stoichiometry of CLN causes several different types of intrinsic defects which strongly
influence the optical properties of the crystal. Hence understanding the defect structure
is crucial. The most important types of intrinsic defects and their absorption bands are
listed in Tab. 2.1 and explained in the following.

Empty Li and Nb sites There are empty Li (Vr;) and Nb (Vyyp,) sites. These empty
sites do not cause absorption bands, however the closer a LiNbOgs crystal comes to stoi-

10
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Polaron ) Wavelength g Lifetime/comment Reference
(em™1) (nm)
Nbif 12900 = 3200 75 s 133, 34]
Nbf{fg 8050 + 3000 1240 us - ms in reduced LiNbO3  [34-36]
A nppdt stable in
NbAF-NbE 20140 + 4400 490 redueed LiNDOS [24,34]
o- 50000 500 metastable, induced by [36,37]

e.g. X-ray irradiation

Table 2.1: Polarons in CLN and their absorption peaks. Given are the centers vy (wave-
length \o) and the half-width-at-half-mazximum (HWHM) values (where available) of the
absorption peaks.

chiometry, the more the fundamental absorption edge is shifted to shorter wavelengths [18].

Small bound polaron Since there is an excess of Nb atoms, and NbT ions have a similar
radius as Li*™ ions, Nb ions partially fill empty Li sites. This is called a "Nb antisite defect"
(Nbr;). Four lithium vacancies Vi; in the vicinity of a Nby; antisite defect compensate
the excess charges in order to keep charge neutrality. When an electron is trapped at a
Nb“;jr antisite, the crystal lattice is locally distorted. Thus the electron is bound to that
site. An intrinsic defect, a so-called "small bound polaron", forms which is denoted with
Nbﬁr [33,34]. These small bound polarons absorb light with the corresponding absorption
peak centered at 7y = 12900 cm~! and a half-width-at-half-maximum (HWHM) value of
3200 cm~!. In this case the absorption of photons is attributed to an intervalence transition

from Nbﬁr to Nb?;{), i.e. from a localized level to the conduction band [34].

Small free polaron Electrons can also be self-trapped at the regular Nbl“r{;g sites and form
another type of polaron, a so-called "small free polaron" Nb4NJg [34,35]. They absorb light in
a broad absorption band at 805043000 cm™~!. Both, the bound and small free polarons are
unstable at room temperature. Hence they are usually barely populated. However, they
can be populated if enough electrons are provided. This situation can either be obtained by
reduction treatments or optical excitation, e.g. pulsed laser or UV illumination, that excites
electrons from extrinsic defects or the valence band to the conduction band. The typical
lifetime of small polarons is on the order of microseconds in strongly reduced crystals.

11
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Bound bipolaron Another possibility is that Nbif—Nb5N'g nearest neighbor pairs bind

two electrons forming a bound bipolaron Nbﬁr—Nbﬁg [34,38]. These bound bipolarons are
stable at room temperature in reduced LiNbOj3 crystals and can be dissociated thermally
or optically by absorbing light in a broad absorption band at 20140 + 4400 cm™!. Optical
dissociation of the bipolaron creates a Nbii+ polaron and a Nbi‘{ﬁg polaron of which the
latter is easily ionized and the electron is rapidly trapped by a further empty Nb}:’jr defect,
thus the bipolaron is dissociated into two bound small polarons Nbﬁr which then again
absorb light at 12900 cm™! [24].

Small bound hole polaron In the case of illumination with high photon energy such
as ultraviolet (UV) or X-ray irradiation direct excitation of an electron from the valence
band (VB) to the conduction band (CB) is possible which leaves a hole in the VB. In
this case the hole can be captured by an O?~ ion in the vicinity of an empty Li site thus
forming a stable O~ small bound hole polaron [37]. This type of polaron absorbs light at
20000 cm ™! in a very broad absorption band [36].

2.2.3 Extrinsic defects — impurities and dopants

There are many vacant Li and also some Nb sites in the crystal lattice of CLN where
impurity ions can be incorporated instead. These defects are extrinsic, and the impurity
ions might occupy either of three available octahedra sites (Li, Nb, and empty octahedron)
or even interstitial sites. However, although the ionic radii of Nb®* and Lit are similar,
most impurities prefer empty Li sites independent of their charge [24|. The distribution
of an impurity within a crystal is mathematically described by the so-called "effective
distribution coefficient" keg [8]:

csfem = kar [(1—9)] (2.15)

where ¢ is the solidification fraction, and cg and ¢y are the impurity concentrations in the
crystal and in the melt respectively.

2.2.3.1 Transition metal impurities

Typical extrinsic defects in LINbOg crystals are transition metal (TM) impurity ions [39-41|
such as iron (Fe), copper (Cu), chromium (Cr), manganese (Mn), and Nickel (Ni). From
intentionally doped LiNbQOj3 crystals it is known that all these impurities show strong op-
tical absorption bands from the UV up to the near-infrared wavelength range. A summary
of known transition metal impurities of LiNbO3 and the spectral positions (center) of their
optical absorption bands is given in Tab. 2.2.
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Ion 7o (em™)  # (em~!) Transition References
o-wave e-wave
Cr3t 13820 13780  “Ay — 2E (spin-forbidden) [42-44]
15330 15300  4Ay — 4Ty [42-44]
20850 21390 44, —4Ty [42-44]
Fe? ™ 8860 N/A Ty —5E [10,45]
20970 21510 Fe?t —Nb°* intervalence transfer [10,45,46]
Fe3 ™ 20570 N/A d — d (spin-forbidden transition) [10,45,46]
Ni2+ 7970 7810 3A23F) =3 Th(3F) [47]
13330 13900  3A5(3F) -3 Ty (3F) [47]
20410 19420  3A45(3F) -'T»('D) [47]
23360 21980  3A(3F) -3 T1(3P) [47]
Cu?t 10070 10020  3E —3T, [45,48, 49
Cu* 26670 26300  Cu™—Nb°T intervalence transfer [45,48, 49
Mn3* or Mn*+ 17330 18180  °E T, [50]

Table 2.2: Spectral positions of known absorption bands of intentionally doped LiNbOs
crystals for o-wave and e-wave polarization.

As can be seen from Tab. 2.2 some transition-metal impurities can be incorporated in
different valence states, e.g. Fe can be incorporated as Fe?* or Fe3t and Cu as Cu™ or Cu?*.
In the case of Mn it is still under discussion in which valence states Mn is incorporated
into LiNbO3, most likely they are Mn3* and Mn** [50]. The multivalence impurities can
be oxidized or reduced by special post-growth high-temperature annealing that adds or
removes electrons from the crystal as is known from electrochemistry, e.g. Fe?t — Fe3T 4~
denotes an oxidization process [45,51]. In contrast, Cr is only incorporated as Cr®* [52]
and Ni as Ni?* [53,54]. However, there are reports that Ni* ions can be created by
reducing Ni?* due to an annealing treatment or y-radiation [10]. Nevertheless, there are
no absorption bands reported from Nit.

2.2.3.2 Hydrogen impurities

OH-stretch vibration Hydrogen is a typical impurity in many different materials. Es-
pecially oxide compounds tend to incorporate hydrogen ions in order to form OH™ molecu-
lar ions [55,56]. In the case of LiNbOs, hydrogen ions (HT) enter the crystal via attachment
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to the starting powders or during crystal growth in ambient air [56,57]. Note also that
LiNbOj3 crystal boules are single-domain through post-growth poling by an external electric
field at temperatures close to the Curie temperature [31]. This poling treatment can also
lead to hydrogen incorporation [58]. The H* ions in LiNbOg form OH™ stretch-vibration
bonds which can be excited by photons resulting in the so-called "OH-stretch-vibration
absorption peak" (OH-vibration peak). In CLN the OH-vibration peak is strongly ordi-
narily polarized from which it can be inferred that the OH™ bonds are mainly oriented
perpendicular to the crystal c-axis [56]. It was shown that the hydrogen ions are located in
the oxygen plane perpendicular to the c-axis. Taking into account lattice distortions, there
are six different OH-bonds possible, however only four are energetically favorable [59]. In
CLN the OH-vibration peak usually is a superposition of up to five different absorption
bands whose amplitudes vary with temperature. The maximum of that composed absorp-
tion band is centered at about 3483 cm™! with a full-width-at-half-maximum (FWHM)
of about 32 cm~!. The exact absorption band position depends on stoichiometry, crystal
growth method, and impurities [24,59].

Combination bands and higher harmonics of the OH-vibration peak Besides
the characteristic OH vibration band there are higher harmonic OH-vibration bands, e.g.
the first overtone can be found at 6778 cm™! [60], a second overtone can be found at
9900 cm~! [61]. Another type of OH-related absorption bands can be found at 4448
and 4435 cm~!. It was shown that these bands are vibration-libration combination side

bands [57,62,63].

Determination of the hydrogen concentration from the OH-vibration peak The
magnitude of the of the OH-peak for the hydrogen concentrations typically found in as-
grown LiNbO3 boules is on the order of 1 ecm™! [57]. The magnitude and peak area of
the OH-vibration peak is a measure for the hydrogen concentration of the crystal and it
usually is easy to measure, thus the OH-vibration peak is commonly used as a tool to
determine the hydrogen content. In the case of CLN the absorption cross section of the
OH vibration band (being the superposition of the different vibrational-bonds) is about
oo = (64+3) x 1072% em ™2 [64,65]. Typical hydrogen concentrations vary from 1029 cm=3
for crystals grown in humid atmospheres and 10'7 cm ™3 grown in pure, dry oxygen [56].

Enrichment and depletion of LiNbOj3 with hydrogen As already indicated, hydro-
gen can also be incorporated into the crystal by post-growth annealing techniques. There
are various processes known, e.g. annealing at temperatures as low as 700 °C in a water-
vapor-rich atmosphere can homogeneously enrich the crystal with hydrogen within a few
hours [56]. There are many other post-growth procedures that can incorporate hydrogen
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into the crystal lattice such as proton exchange or high-energy H' ion implantation, just
to name a few [56]. In contrast, hydrogen can also be permanently removed from the
crystal by annealing LiNbOj3 at temperatures above 400 °C in vacuum. After this an-
nealing step the crystal is strongly reduced and subsequent annealing at 900 °C in pure
oxygen re-oxidizes the crystals. Such treatment decreases the hydrogen amount by at least
two orders of magnitude (detection limit was reached) [66]. Adding or removing hydrogen
by annealing treatment is a diffusion process [64]. The temperature dependence of the
diffusion constant can be described by an Arrhenius equation

Ex
D = Dye o 2.19
where Dy is the pre-exponential factor, kg is the Boltzmann constant, 1" is the temperature,
and Ey is the activation energy. Thus, using the one-dimensional diffusion equation, the
proton out-diffusion can be approximately described by

D%t
where A is the absorbance, t is the time, A is the initial OH™ absorbance of the as-grown
crystal, and d is the sample thickness [64]. Proton out-diffusion experiments show that
(E = 1.140.2) eV and Dy ~ 0.1 cm?/s [64]. This shows, that no proton diffusion is
possible at room temperature within finite time. Once the protons have left, e.g. due to
an annealing process, and the crystal is cooled down to room temperature, the crystal
stays proton-free. Note, it was under discussion for a long time whether OH™ ions or HT
ions diffuse in or out in the according annealing process, however it could be shown that
protons are moving, not entire OH™ ions [56,67].

2.2.4 Overview — Optical transitions

Intrinsic and extrinsic crystal defects absorb light. The various defect absorption processes
can be categorized in the following way:

a) Internal transitions: Charge state of impurity ion is unchanged, e.g. crystal field tran-
sition.

b) Charge transfer or intervalence transitions: Charge state of impurity ion is changed.

c) Optical transfer of free and bound small polarons.

These processes are also schematically shown in Fig. 2.5. Thus, impurities and antisite
defects strongly influence the optical properties of LiNbOj3 crystals.
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CB_E_/ \M/
L 7 "W

Figure 2.5: Optical absorption processes in LiNbOs (redrawn from [40]). a) Internal
transitions, e.g. crystal field transitions. b) Charge transfer or intervalence transitions.
c¢) Optical transfer of free (upper diagram) or bound (lower diagram) small polarons. CB
denotes the conduction band, VB the valence band.

VB

The absorption peaks caused by the above mentioned optical absorption mechanisms are
rather broad. It is assumed that the crystal lattice is subject to thermal vibrations that
cause broadening of the energy levels [68]. Thus an absorption peak is best fit by a Gaussian

_% (5 ;’30>2] 7 (2.21)

where A is the amplitude, 7 is the wavenumber, 7y is the peak center, ag is an offset,
and 21 is the width (1/e? value) that relates to the full width at half-maximum (FWHM)
according to FWHM = 2wv/21n 2.

Note that absorption spectra are often plotted versus wavelength A in the field of nonlinear
optics. In the field of absorption spectroscopy, however, absorption spectra are commonly
plotted versus wavenumber 7 = 1/) in the unit cm~! because the wavenumber is propor-
tional to photon energy. Both notations are used in this work.

line shape, i.e.

a(P) = ag + Aexp
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2.3 Implications of optical absorption — Light-induced refrac-
tive index changes

Due to its large nonlinear-optical coefficients and its commercial availability LiNbOs is an
important material for nonlinear-optical applications such as SHG or OPO. In principle
the optical quality of the commercially available LiNbOj3 crystals is already very good and
commercial vendors of LiNbOg crystals typically control impurity levels of transition metals
to values lower than 1 wt. ppm. Hence, absorption levels are small (o < 0.005 cm™1) in the
wavelength range 350 — 2950 nm. But absorption of photons, even at these low absorption
levels, is the starting point of processes that most notably disturb nonlinear-optical devices.

Optical losses in LiNbOg crystals are mostly caused by electronic transitions. This can
lead to changes of the refractive index in several ways. For nonlinear-optical applications
it is very important that the transmitted laser beam is not distorted or scattered. It is also
crucial that there are no slowly varying refractive index changes in the material along the
propagation direction, because these would decrease the conversion efficiency of nonlinear
optical processes due to dephasing.

LiNbOj crystals are susceptible to light-induced refractive index changes. There are mainly
two mechanisms causing these refractive index changes:

e "Photorefractive effect" (PRE): Light-induced refractive index change due to charge
redistribution. This redistribution of charges is caused by electronic excitation due to
photon absorption. In the case this effect is unwanted it is also called "photorefractive
damage" (PRD).

e "Thermo-optic effect": Light-induced refractive index change due to a temperature
change. The temperature change is caused by heat accumulation inside the crystal
because of photon absorption.

In the following PRD and the thermo-optic effect will be explained in more detail and their
consequences for high-power optical applications will be shown.

2.3.1 Photorefractive effect in bulk-photovoltaic media

If a photorefractive crystal such as undoped CLN is illuminated with light of intensity I(r)
(r is the spatial coordinate) at a wavelength where electrons are excited into the conduction
band, a charge migration process is initiated due to the bulk-photovoltaic effect, diffusion,
and drift or a combination of these effects. Note that the most prominent effect causing
PRD, which is characteristic for LiNbOs, is the bulk-photovoltaic effect [25,69-71]. The
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charge transport can be described by the total current density j:
J = Jphv + Jaiff + Jaritt - (2.22)

The different contributions are as follows [72]:

e Bulk-photovoltaic current density jony: In a simplified picture, the bulk photovoltaic
effect can be described as a light-induced current in the absence of an electric field
taking the form j,n, = BIc [25,69]. Here 8 = as3 is the bulk-photovoltaic constant of
LiNbOj3 and agg is the 33-component of the contracted third-rank bulk-photovoltaic
tensor ;i [25] (Note: Implications of deviations from this simple model are discussed
in Ch. 5) and ¢ is the crystal’s c-axis. Since this thesis is limited predominantly to
LiNbOs3, we furthermore assume z || €. The bulk-photovoltaic current causes charge
migration to darker areas of the crystal which leads to formation of a space-charge
field.

e Diffusion current density jqig: The diffusion current is given by jaig = (kbT") e Vte,
where ki, is the Boltzmann constant, T is the temperature, 7, is the concentration
of electrons in the conduction band, and y, is the electronic mobility. The diffusion
current also leads to the formation of a diffusion field .

e Ohmic drift current density jqritt: The drift current is given by jarirge = oE, where
o is the conductivity and E is the total electric field. This total electric field is the
summation of all fields involved, i.e. it consists of space-charge fields, diffusion fields,
drift fields etc.

The current density then takes the form
j=08Iz+ kyTueVie + cE . (2.23)

We assume intensities low enough that the photoconductivity is linear in the optical in-
tensity, i.e. ophoto = K1, with k being the specific photoconductivity. Then the total
conductivity o is given by

o=krl+oq4, (2.24)

where o4 is the dark conductivity. Note, the photoconductivity, the dark conductiv-
ity, as well as the electronic mobility are in principle second rank tensors, however in
LiNbOs3 these tensor properties can be neglected [8,73,74]. In contrast, in materials
such as barium titanate (BaTiO3) or Cr-doped strontium barium niobate mixed crystals
(Cr:Srp.61Bag.30Nb2Og, Cr:SBN) electric tensor properties cannot be neglected [75, 76].

The charge migration process during illumination changes the total electric field E with
time, and due to the electro-optic effect this change in the electric field creates a refractive
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index change according to

EZ
? )
with np, ¢ being the refractive indices for ordinarily and extraordinarily polarized light,
respectively, and 71333 being the elements of the electro-optic tensor (13 and 33 are
contracted indices) with rss ~ 3r13 in LiNbOg3. The variable E, denotes the z-component
of E. Note that there is no contribution from the z- and y-component of the electric field
due to vanishing tensor elements. In the following section we only consider extraordinarily
polarized light, thus An = fngrggEZ /2, unless otherwise noted. If the electric field E is
inhomogeneous, as will be the case for any finite-diameter beam, the resulting refractive
index distribution will be inhomogeneous as well. This refractive index inhomogeneity leads
to focusing or defocusing of the whole beam. It can also drive the evolution of smaller
scale index inhomogeneities that cause light scattering and characteristic dynamic light
patterns in the far field [77]. These dynamic patterns together with the beam distortion
are commonly referred to as PRD or "optical damage".

Anjoq = _n:[))o,e]r[13,33] (2.25)

Note that, although the refractive index change is a whole-beam effect, the characteristic
pattern formation, especially the dynamical substructures, might be caused on a micro-
scopic scale. The exact mechanism by which these patterns build up is still under discus-
sion. The theory most discussed in literature is photo-induced or so-called "holographic
light scattering", i.e. inhomogeneities such as the refractive index change cause weak initial
scattering centers which then act as seeds for subsequent holographic amplification [77,78].
However, it is beyond the scope of this work to go into detail concerning the dynamic sub-
structure formation, here the focus is on whole-beam effects, i.e. how the refractive index
changes are caused on a macroscopic scale.

2.3.1.1 Suppression of bulk-photovoltaic photorefractive damage in LiNbOsj:
Magnesium doping

There are several methods to reduce or even suppress bulk-photovoltaic PRD in CLN,
e.g. by thermo-electrically oxidizing CLN [79] or heating the CLN crystal up to a tem-
perature of about 200 °C [29]. However, the most common solution to this problem is
to dope LiNbO3 with magnesium oxide (MgO) [9]. Photorefractive damage can only be
inhibited if the MgO concentration in LiNbO3 crystals of near congruent composition is at
least 4.5 — 4.9 mol% [9,80]; in near-stoichiometric LiNbOg crystals doping concentrations
of about 0.8 — 1.8 mol% are sufficient [81,82]. This doping-threshold is called "optical
damage threshold". In the following, 5-mol% MgO-doped LiNbOg crystals will be denoted
MgO:LN or LiNbO3:MgO unless otherwise mentioned. These crystals do not show PRD
even at very high light intensities in the visible wavelength range [12,83]. The MgO-doping
changes some of the crystal properties significantly, e.g. the photoconductivity is one to
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two orders of magnitude larger in MgO:LN than in CLN, using green laser light, and the
bulk-photovoltaic current density is one order of magnitude smaller in MgO:LN than in
CLN [81,84]. Both changes in properties contribute to the suppression of PRD in MgO:LN
by lowering E, (Eq. 2.25).

The effects of MgO doping are similar to bringing the crystal closer to stoichiometry. For
MgO concentrations below the optical damage threshold, Nby; sites are substituted by Mgy,
sites. This means that the crystal lattice has to compensate for less Nby;, which means
that there are less empty Nb sites available. When the MgO concentration reaches the
optical damage threshold almost all Nby; sites are replaced by Mgr;. Any further increase
of the MgO concentration forces the Mg ions to occupy Nb sites (Mgnp). This shifts
absorption bands, e.g. one characteristic change is the energy shift of the OH-vibration
band from 3484 cm~! (2870 nm) in CLN to about 3533 — 3539 cm™~! (2830 — 2826 nm)
in MgO:LN [9,85]. Another difference is the polarization dependence: In CLN the OH-
vibration band is strongly ordinarily polarized, i.e. e-wave light absorption can be neglected.
In contrast, in MgO:LN an OH-vibration band contribution is also measured for e-wave
light [85].

Another effect of MgO-doping above the optical-damage threshold is that transition metal
impurities, which compete with Mg ions for the Li sites, are forced to occupy Nb sites.
Thus doping LiNbOs with MgO also changes the absorption bands caused by transition
metal impurities, e.g. the Cr3* absorption band centered at 20850 cm ™! shifts to smaller
wavenumbers in CroO3-MgO-codoped LiNbOg crystals with increasing MgO-content [43].
Additionally, the fundamental UV absorption edge shifts to shorter wavelengths with in-
creasing MgO concentration [86,87].

Note that, since Mg ions occupy Li sites, the formation of Nbii+ small bound polarons is
inhibited in MgO-doped LiNbOsg crystals above the optical damage threshold and hence
bipolarons do not occur as well [36]. In contrast, small free Nb4NJg polarons can occur in
MgO:LN, but they are metastable and usually not populated as is the case in CLN [88,89].
For the sake of completeness it has to be mentioned that there also are bound hole-polarons
in MgO:LN absorbing around 20000 cm™!, but they are also metastable and can only be
populated by using high light intensities [36].

2.3.2 Thermo-optic effect and thermal lensing

Absorbed photons do not only generate charge transport due to charge excitation, but also
lead to heat accumulation if the absorbed energy is not completely re-emitted as radiation.
Absorbed light heats the crystal and, due to the thermo-optic effect, changes the refractive
index. Heat accumulation and its resulting refractive index changes are a serious problem:
Optical absorption limits the use of MgO-doped periodically poled MgO:LN. For instance,
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heating due to optical absorption and subsequent beam-quality degradation in the infrared
range have been reported in [14] for input-pump powers exceeding 10 W.

For CLN at the wavelength A = 632 nm the thermo-optic refractive index change is [90]

dne

o = LT+6.9x 10737 (107°K 1) (2.26)
dne -3 —5po—1
o = —26+224 < 107°T (107°K ™) . (2.27)

This creates a thermal lens with focal length [91]

T2 Ay

1~ SPL (dnjdT) °

(2.28)

where P is the laser power, Ay, is the thermal conductivity (A, = 5 W/(m K) for
LiNbOg3 [8]), w is the characteristic size of the beam (typically the beam radius), and
L is the crystal length, however this approximation is restricted to cases where f > L. As
an example, a laser beam with 10 W optical power, a typical beam radius of 150 pym, an
absorption coefficient of & = 0.005 cm™!, and a crystal length of 20 mm at 7' = 100 °C
induces a thermal lens with about 100 mm focal length.

Importance of photon absorption for OPOs With respect to OPO operation photon
absorption is not only troublesome because of the thermo-optic or photorefractive effect.
Optical parametric oscillation is only possible if the pump power exceeds a certain threshold
power Py, e.g. for continuous-wave (CW) singly-resonant OPOs this threshold power is
proportional to the roundtrip losses of the resonant wave [92]. One portion of these losses
is attributed to optical absorption in the nonlinear crystals, i.e. PPCLN or PPMgOLN.
For instance, an absorption coefficient on the order of 0.0001 cm™' is considered to be
troublesome for typical continuous-wave (CW) singly-resonant OPO configurations using
10 — 20 W of pump power.

All these facts together show that, even if PRD is suppressed, e.g. in MgO:LN, small ab-
sorption losses limit the usability of LINbOg crystals, e.g. optical absorption increases OPO
pump power thresholds and absorption-induced heating can disturb the phase matching in
nonlinear optical setups, can cause thermal lensing, or even destroy the LiNbOgs crystal.
The demanding question is, what causes absorption bands in MgO:LN and CLN and how
can they be reduced. Thus a thorough study on absorption in nominally-pure, optical-
grade MgO:LN and CLN has to be performed between 350 — 2950 nm, i.e. the spectral
range of interest for most optical applications.
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2.4 Thesis overview

The major scope of this dissertation is to study, characterize, and develop means to avoid
the residual optical absorption in nominally undoped CLN and MgO:LN crystals that limits
their performance in nonlinear-optical applications [13,14,29]. Thus a careful study of the
absorption spectra in CLN and MgO:LN is necessary. So far, conventional absorption
spectroscopy in lithium niobate using grating absorption spectrophotometers has been
limited to measurement of absorption coefficients down to values on the order of 0.01 cm™!.
Hence it was not possible to determine the origin of residual optical absorption in these
crystals and find ways to suppress it. Therefore one component of this dissertation is to
increase measurement sensitivity of already existing conventional spectroscopic methods in
order to measure absorption coefficients down to 1x10™* cm™! in some spectral ranges and
to study the absorption spectra of CLN and MgO:LN. Thus, in chapter 3 the method used
for the absorption spectroscopy experiments will be explained and results of absorption
measurements in CLN and MgO:LN crystals will be presented and analyzed in the spectral
range 350-2000 nm (28600-5000 cm™!). Impurities will be identified and the question will
be addressed to which extent transition-metal impurities impact the optical absorption
in these crystals. To accomplish this characterization, absorption spectra of CLN and
MgO:LN will also be compared to absorption spectra of intentionally transition-metal
doped LiNbOs and MgO:LN crystals.

In chapter 4 the results of absorption measurements in CLN and MgO:LN are presented for
the spectral range 2000 — 2950 nm (5000 — 3400 cm~!) which is of special interest for OPO
applications. In this spectral range the main impurity causing residual absorption is already
known to be hydrogen [56,63|. The demanding question will be addressed, if there are
unknown absorption bands in CLN and MgO:LN which have have not been discovered yet
because conventional optical absorption measurements were limited to measure absorption
coefficients exceeding 0.01 ecm™!. As it was discussed in Sect. 2.3.2 an absorption coefficient
of only 0.0001 cm~! is already too large for some nonlinear-optical applications.

The other major component of this dissertation is to study the effects absorption of photons
can have on MgO:LN other than causing heating and thermo-optic lensing. These studies
will be presented in chapter 5. As already mentioned, bulk-photovolatic PRD is suppressed
in MgO:LN;, so the question will be addressed if there are experimental parameters so that
other forms of PRD, that are relevant for applications, occur.
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Chapter 3

Absorption in congruent LiNbO35 and

LiNbO3:MgO between 350 and
2000 nm

So far, studies of absorption in LiNbOj3 have focused on multi-valence transition metal
impurities such as iron (Fe), copper (Cu), or manganese (Mn) in intentionally Fe-, Cu-, or
Mn-doped LiNbOsj crystals, because these impurities can be incorporated in different va-
lence states. Thus they cause optical absorption and play a key role in the bulk-photovoltaic
process in LiNbOg crystals [41,70,93]. These ions are incorporated as unwanted impurities
in nominally pure CLN, especially Fe [39,41]. They are believed to be responsible for
bulk-photovoltaic photorefraction in CLN, however this is still under discussion [24|. The
effects of these impurities on photon absorption in CLN have not been studied yet due to
the limited detection resolution of the absorption coefficient in these studies, which is about
0.01 cm~! [24]. The same applies to MgO:LN, where bulk-photovoltaic PRD is suppressed,
but absorption is still a problem. Thus, in this chapter the residual optical absorption in
nominally pure CLN and MgO:LN crystals is studied in the spectral range 350 — 2000 nm
(28600 — 5000 cm~1). In order to identify small absorption bands, the obtained spectra
are compared to spectra of intentionally doped crystals. While those spectra for CLN can
be mostly found in literature, there is a lack of transition-metal codoped MgO:LN absorp-
tion spectra. Hence, in addition to nominally pure CLN and MgO:LN crystals, MgO:LN
crystals intentionally codoped with Fe, Cr, Cu, Ni, and Mn are grown and their optical
absorption is also studied. Note also that one LiNbO3 boule doped with only Cr is grown
in order to simplify comparison of Cr-doped LiNbOj3 to undoped CLN.
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3.1 Methods

High-precision optical transmission measurements are performed with a Varian Cary 500
dual-beam absorption spectrophotometer, which is a grating spectrophotometer operating
in the wavelength range 200 — 3050 nm (50000-3300 cm™!). The wavelength resolution
used in this work is 1 nm. The setup is shown schematically in Fig. 3.1.

Reference beam ‘ ./\/

Aperture Polarizer Sample  Aperture Photodetector

Signal beam

Figure 3.1: Optical dual-beam absorption spectroscopy.

Since the beam diameters in both arms are larger than 1 cm, apertures are used to limit the
size of the beam. The spectrophotometer has two arms, in one arm the optical transmis-
sion of the sample is measured, the other arm can be used as the reference. Glan-Taylor
polarizing prisms are used as polarizers. The spectrophotometer has several drawbacks
that make precision measurements difficult, e.g. it switches detectors at 800 nm and lamps
at 350 nm which leads to different measurement sensitivities in different spectral ranges.
The beam is also slightly divergent which is an obstacle for studying thick samples. The
thicknesses of samples used in this study are chosen such that the assumption of a parallel
beam within the sample is still valid. The maximum sample thickness is 25 mm. Further-
more, in order to maintain stable conditions, the measurement chamber is purged with
dried air and it is made sure that there is a homogeneous distribution of dried air within
the chamber and that air flow is very stable.

Prior to each measurement a baseline measurement is performed with no samples in either
of the measurement arms. Then the sample is consecutively thoroughly cleaned with
water, acetone, and isopropanol and placed in the measurement arm (the reference arm
contains no sample) and optical transmission is measured. The data are then automatically
corrected for the baseline by the Cary 500 software. Finally the absorption coefficients are
calculated from the optical transmission data by using Eq. 2.13, taking into account the
Sellmeier equation for CLN or MgO:LN respectively [94].

Then the peak positions are determined, thus one ideally would subtract the intrinsic
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Accuracy
Wavelength range (nm) | Background (offset) (cm™') Absorption band (cm™!)

300- 800 0.005 0.0001
800-2000 0.01 0.005
2000-2950 0.001 0.0005

Table 3.1: Measurement accuracy for spectrophotometer measurements.

band edge absorption. Unfortunately, absorption measurements, especially in the blue
and UV spectral range, are very sensitive to Rayleigh scattering which increases steeply
with decreasing wavelength, i.e. the intensity of scattered light is proportional to 1/\*.
This adds additional losses. An imperfect Fresnel correction adds further uncertainty.
Therefore, in order to determine the correct shape and amplitude of the absorption peaks,
a common procedure in spectroscopy is used, which assumes that the background can be
approximated by a straight line in the vicinity of an absorption peak [95]. Hence in the
visible and near-UV range Gaussian lineshapes (Eq. 2.21) on top of a straight line are fitted
to the observed absorption peaks in the respective wavelength range.

Note also that an imperfect Fresnel correction due to uncertainties in the angle of the
incident light, thickness of the sample, and surface scattering can lead to an offset of the
underlying absorption background within the spectral region of an absorption peak. This
limits the accuracy for the underlying absorption background. However the accuracy of
the measured absorption bands with respect to that background is much higher. Both
accuracies also vary for different spectral regions because of lamp, grating, and detector
changes in the spectrophotometer itself. A list of the spectrophotometric accuracy is listed
in Tab. 3.1.

Note that the detection limit in terms of a in the range 800—2000 nm (12500—5000 cm™1) is
worse than in the other spectral ranges covered by the spectrophotometer. Unfortunately
this limit is caused by the instrument detectors and the use of large crystals does not
increase measurement accuracy in this spectral range.

25



ABSORPTION IN CONGRUENT LINBOj3 AND LINBO3:MGO BETWEEN 350 AND 2000 NM

3.2 Crystals

Since the impurity content in today’s commercially available, optical-grade CLN and
MgO:LN crystals is specified by the crystal growers to be lower than 1 wt. ppm for tran-
sition metal impurities, the optical path length within the crystal should be as long as
possible in order to achieve the best signal-to-noise ratio for the optical absorption mea-
surements. This means that the optical path within the crystals should be on the order of
20 — 25 mm. Hence crystals with standard wafer-thickness of about 1 mm cannot be used
for conventional spectrophotometric means, instead customized crystals (with respect to
size) are grown, cut, and polished by Crystal Technology, Inc.

3.2.1 Undoped congruent LiNbOj; crystals

Congruent LiNbOj crystals can be grown very efficiently: Because of congruency it is
possible to convert large fractions from the initial melt into crystalline material without
having any or only minimal axial composition variations with respect to the Li and Nb
concentration. Thus a CLN boule is grown for which the fraction of melt converted to
crystal material exceeds 80 %. Such a high conversion factor is commonly only applied for
CLN crystals intended to be used in surface acoustic wave (SAW) devices, however for this
special boule the same raw materials are used as for the growth of optical quality CLN
boules. The reason for growing such a large boule is that a large melt-to-crystal conversion
helps to reveal segregation of impurities that lead to concentration gradients along the
growth axis.

Two CLN crystal cubes, of dimensions 20 x 20 x 20 mm?, are cut from this boule and
they are oriented following standard convention orientation for the x, ¢, and z principal
axes with respect to the crystal boule (Tab. 3.2).

Boule position Dimensions z x 3 x z (mm3) Short name

Top 20 x 20 x 20 CLNT
Bottom 20 x 20 x 20 CLNg

Table 3.2: CLN crystals used in the experiments and their short names.

The solidified fraction, defined as the crystallized portion of material over the initial melt
charge, is approximately 15 % for the CLN cube fabricated from the top part of the boule,
whereas the sample fabricated from the bottom part of the boule corresponds to a solidified
fraction of about 70 %. The z-faces are polished to high optical quality. A representative
picture of one of the CLN cubes is shown in Fig. 3.2
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Figure 3.2: Picture of a CLN cube.

Two additional crystal pieces, one from the top and one from the bottom of the CLN
boule, are used for impurity analysis. The impurity levels are measured by glow discharge
mass spectrometry (GDMS) at Shiva Technologies (Evans Analytical Group). The GDMS
technique can resolve trace impurities down to sub-parts per million and even parts per
billion when interferences are not present; the precision (reproducibility) of the technique
is about 30%. The drawback of GDMS analysis is that the samples are destroyed for
GDMS sample preparation and, furthermore, GDMS cannot determine the valence state
of multivalence ions incorporated into the crystal. Thus GDMS analysis is a helpful tool to
investigate distribution coefficients, but it is not possible to directly connect the impurity
content to optical absorption.

The GDMS results show that mainly five transition metal impurities are incorporated. The
results are summarized in Table 3.3.

Impurity level (wt. ppm)
Fe Cr Ni Cu Mn

Top 1.20 0.50 0.14 0.09 0.03
Bottom 1.10 0.06 < 0.01 <0.06 <0.01

Table 3.3: GDMS results for CLN

The Cr concentration changes dramatically from top to bottom. For Cu and Ni this is
also the case, but the concentrations of Cu and Ni in the top part of the boule are already
much lower than the concentration of Cr in the top part. The only impurity that is
evenly distributed within the crystal is Fe. The Mn concentration is low compared to the
concentrations of the other impurities.

27



ABSORPTION IN CONGRUENT LINBOj3 AND LINBO3:MGO BETWEEN 350 AND 2000 NM

3.2.2 MgO-doped LiNbOj; crystals

All MgO:LN crystals used for this study are provided by Crystal Technology, Inc. and they
are all doped with 5 mol% MgO and the Li/Mg ratio is chosen such that all MgO:LN
crystals are above the optical-damage threshold (OH absorption peak is shifted to shorter
wavelengths compared to that of CLN). The crystal samples are listed with their short
names in Tab. 3.4.

MgO:LN boule Dimensions # x y X z (mm?®) Short name

A 25 x 15 x 20 MgOLN;
A 25 x 15 x 20 MgOLN,
A 25 x 15 x 20 MgOLN;
A 25 x 15 x 20 MgOLN,
B 25 x 25 x 25 MgOLNupe
R 0% 6x 7 MgOLNRgs T
R W0x 6x 7 MgOLNRef M
R 20x 6x 7 MgOLNRes B

Table 3.4: MgO:LN crystals used in the experiments and their short names.

Samples MgOLN{, MgOLNs, MgOLN3, MgOLNy4 are all cut from one optical grade com-
mercial MgO:LN boule A with 80 mm diameter. In contrast to the CLN samples it is
not possible to cut samples of that size from the top and bottom of the boule. MgO:LN
samples MgOLN;, MgOLN,, MgOLNj3, and MgOLNy are all cut from the same slab from
the center of the boule. The reason for that is that MgO-doped LiNbOg crystals present
measurable axial Mg-Li composition variations [96], i.e. the distribution coefficient for Mg
is larger than unity. This limits the fraction of how much crystalline material can be pulled
from an initial melt charge. The melt fraction crystalized typically is below 30% ensuring
high-purity and strain-free optical-quality material [94|. For comparison reasons a crystal
sample MgOLNcupe, grown under the same conditions as boule A, is cut from the center of
another optical-grade MgO:LN boule B. Additionally, an optical grade MgO:LN boule R
is grown using the same growth conditions as were used to grow boules A and B, but with
an exceptionally large melt fraction of about 50% being converted into crystal and only
having a diameter of about 45 mm. This helps to study segregation effects of impurities
in MgO:LN. From this boule samples are cut from the top (=~ 10% solidified melt fraction,
MgOLNRet, 1), the center (= 30% solidified melt fraction, MgOLNRes M), and the bottom
(= 50% solidified melt fraction, MgOLNRe¢ B).

All MgO:LN samples listed in Tab. 3.4 have their z-faces polished enabling e- and o-wave
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Impurity level (wt. ppm)
Fe Cr Ni Cu Mn

<1 <05 <01 <£1 <01

Table 3.5: Specified impurity content of the MgO:LN crystals.

illumination. Unfortunately the surface polish of the samples from boule R is not as good
as the surface polish of samples cut from boules A and B. Inspection reveals some small
scratches and dents. These surface inhomogeneities can lead to scattering losses which
leads to artifacts in the absorption measurements.

The impurity content of the optical grade MgO:LN crystals is specified by Crystal Tech-
nology, Inc. as it is summarized in Tab. 3.5. Further GDMS data of the specific samples
are not available.

3.2.3 LiNbO3;:MgO crystals codoped with a transition metal

In order to identify absorption bands in the absorption spectra of nominally impurity-
free MgO:LN crystals, five boules of transition-metal codoped MgO:LN crystals are grown.
Dopants are Fe, Cu, Cr, Ni, and Mn. The MgO doping level is again 5 mol% and all codoped
crystals are above the optical damage threshold. The particular dopant concentration of
the transition metal oxide is listed in Tab. 3.6 for each boule.

Transition metal oxide Doping  Transition metal Doping MgO added
wt. ppm wt. ppm
CI‘203 50 Cr 34.2 v
CuO 100 Cu 79.9 v
F6203 100 Fe 73.7 v
MnOs 100 Mn 63.2 v
NiO 50 Ni 39.2 v
CI“QOg 40 Cr 27.4 —_

Reference MgO:LN boule R —— — -

\

Table 3.6: Transition metal dopant and their concentration in the melt.
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LiNbO;:MgO:Cr,0; LiNbO;:MgO:CuO LiNbO;:MgO:Fe,04

=

=

|

7cm

N

LiNbO,:MgO:NiO LiNbO,:MgO:MnO, LiNbO,:MgO

Figure 3.3: Pictures of MgO:LN and CLN crystal boules which are each (co-)doped with
a transition metal

The crystal boules are grown with the same melt fraction converted into crystal material
and having the same dimension as the optical grade boule R described in the previous
section. Thus boule R also serves as reference for the intentionally transition-metal codoped
MgO:LN boules. Furthermore, one LiNbOj crystal boule doped with Cr, but without Mg,
is grown. Pictures of the crystal boules are shown in Fig. 3.3.

Samples of dimensions 20 x6x 7 mm? (xxyx z) are cut from the top, middle, and bottom of
each boule with approximately 10%, 30%, or 50% of the melt fraction converted into crystal
material respectively. Note that the sample from the top of the Mn-codoped MgO:LN
cracked during dicing, and therefore it is not available for measurements. The z-surfaces
of all samples are polished, but polishing characteristics of these samples are different
from those of the optical grade MgO:LN samples and some scratches on the surfaces are
visible. However this does not significantly influence the absorption measurements because
the doping level is chosen such that minor losses due to surfaces inhomogeneities can be
neglected with respect to the strength of optical absorption.
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3.3 Results and discussion: Congruent LiNbQOj crystals

In this section the results of the absorption measurements with the CLN and the Cr-doped
LiNbOsg crystals will be presented and discussed.

3.3.1 Results
3.3.1.1 Undoped congruent LiNbQO3 crystals

In Fig. 3.4 absorption spectra of the top-part sample CLNt (solid line) and the bottom-
part sample CLNp (dashed line) are shown for o-wave (a) and e-wave illumination (b) in
the visible spectral range.

Wavelength (nm)
400 500 600 700 800

a) 0.08

o-wave
0.06 -

0.04+

0.02+

Absorption coefficient (cm™")

b) 0.0

0.06 -

0.04

0.02+

Absorption coefficient (cm™")

-
”’\4-‘.6)“"‘.

0.00

25000 20000 15000
Wavenumber (cm™)

Figure 3.4: Absorption spectra of the top-part sample CLNr (solid line) and the bottom
part sample CLNg (dashed line) for ordinarily polarized light (a) and extraordinarily polar-
ized light (b). As an example, the fits for the top part of the o-wave spectrum are presented
(red square-dotted line).
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Crystal Polarization Dp(cm™) @ (em™!) A (cm™1)
13750 70 0.0023
15300 900 0.0174
CLN Top o-wave 20850 400 0.0023
23400 400 0.0006
13750 - -
15500 600 0.0023
CLN Bottom o-wave 20900 B _
23400 - -
13650 200 0.0006
CLN Top e-wave 15550 1500 0.0065
21350 700 0.0040
15650 300 0.0010
CLN Bottom e-wave 21300 600 0.0018

Table 3.7: Absorption peak parameters of the CLN crystals for o-wave and e-wave illumi-
nation, where Uy denotes the peak center, 2w the peak width parameter, and A the peak fit
amplitude. Entries with "-" indicate that a fit is not possible, because o < 0.0001 ¢cm™!.
In this case, 1y is the position of the local maximum absorption.

Figure 3.4 shows that the measurement method is able to clearly resolve distinct absorption
bands whose amplitude is on the order of 0.0005 cm™'. The results reveal that absorption
features cover the whole visible spectrum. In order to quantify the results, the absorption
peak parameters iy, W, and A defined in Eq. 2.21 are determined for each absorption peak
by the fit procedure described in Sect. 3.1. The results are summarized in Tab. 3.7.

For both, o-wave and e-wave illumination, the absorption in the bottom part of the boule
is drastically decreased over the entire visible spectrum. In the bottom part the absorption
peak at 15500 cm~! almost vanishes. In the near-infrared range 800 — 2000 nm (12500 —
5000 cm~1!) the accuracy of the absorption measurement is not sufficient to resolve any
possible absorption peaks.

Fit accuracy Although the Gaussian peak fits show less than 1 % error, the fits slightly
depend on the definition of the peak boundaries which is a systematic error. Hence, the
actual errors for the peak parameters are larger than the error obtained by least-square
fits. Therefore a set of errors for the peak position, width, and amplitude is estimated for
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every peak which takes into account the difference in the fit results when slightly different
peak boundaries are used. The accuracy for A is about 0.0001 cm™!, for 7y and @ about
50 cm~!. It is important to note that, in the case of a weak broad absorption peak on
top of a larger absorption shoulder, errors from assuming a linear peak background will
appear, although the respective peak fit might have a very small error. This is the case,
e.g., for the e-wave spectrum of the bottom CLN cube. However, for the narrow peaks at
13750 ecm™! (0-wave) and 13650 cm™! (e-wave) 7y can be determined to an accuracy of

10 cm~! and @ to about 25 cm™!.

3.3.1.2 Cr-doped LiNbOj crystals

In Fig. 3.5 absorption of the Cr-doped LiNbOj crystal boule is shown. As can be seen

Wavelength (nm) Wavelength (nm)
20 400 500 600 700 400 500 600 700 800
v| CrLN Cr:LN

e |..-_ o-wave e-wave

S 15 | —Top T\ —Top .
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'S '\ - - - Bottom "\ - - -Bottom

= v .
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Figure 3.5: Absorption spectra of LiNbOs doped with 27 wt. ppm Cr for o-wave (left) and
e-wave illumination (right).

from Fig. 3.5, there is a significant decrease in absorption peak amplitude A from the top
to the bottom of the boule, however, spectral positions 7y of the peaks do not change.
Absorption peak parameters from peak fits for the sample cut from the top part of the
boule are summarized in Tab. 3.8.

Table 3.8 shows that the centers of the most pronounced absorption peaks of Cr-doped
LiNbOs, e.g. 7y = 13750, 15300, 20750 for o-wave light, coincide with those of the most
pronounced peaks in CLN, that are listed in Tab. 3.7.
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Dopant  wt. | 7 (cm™) @ (em™') A (em™!) | % (em™!) @ (em™!) A (em™1)
ppm o-wave e-wave

13750 50 0.07 13750 50 0.01

14550 100 0.06 14500 100 0.03

Cy 97 4 15300 800 1.18 15200 750 0.26
20750 1250 0.40 19300 500 0.13

20050 220 0.06

21250 950 0.58

Table 3.8: Peak fit parameters of the absorption peaks of the Cr-doped LiNbOs crystal
from the top part of the boule for o-wave and e-wave illumination. The accuracy for A is
about 0.01 cm™', for by and @ the accuracy is about 50 cm™. For the narrow peaks at
Dy = 13750 em™! the error for the spectral position is only about 10 cm™t. Same systematic

error sources as for the CLN absorption spectra apply.

No absorption band can be detected in the spectral range
800 — 2000 nm (12500 — 5000 cm™!), that is why the spectra for this range are not
shown in Fig. 3.5.
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3.3.2 Discussion

The absorption spectra of the CLN crystals show that it is indeed possible to resolve dis-
tinct absorption bands in optical-grade CLN. In the following the results of the absorption
measurements with CLN crystals are discussed and related to impurity analysis data and
spectra of transition-metal doped LiNbO3 absorption spectra. These data are either avail-
able from literature (Tab. 2.2) or the results of the absorption measurements with Cr-doped
LiNbOj3 crystals in Fig. 3.5.

3.3.2.1 Identification of impurities in undoped congruent LiNbO3 crystals

Chromium GDMS measurements reveal that the main impurities in CLN are the tran-
sition metals Fe, Cr, Cu, Ni, and Mn. Thus the absorption spectra of CLN are analyzed
with respect to characteristic absorption bands these impurities usually cause in absorption
spectra of intentionally transition-metal doped LiNbOj3 crystals known from literature (see
Tab. 2.2).

The absorption-spectra of the undoped CLN crystals depicted in Fig. 3.4a and b show
absorption peaks centered at the same spectral positions as the peaks in the spectra of the
Cr-doped LiNbOsg crystal in Fig. 3.5, i.e. The o-wave absorption spectra of CLN and Cr-
doped LiNbOj3 show the most pronounced absorption peaks centered at 15300 cm™! and
20850 cm ™!, and the e-wave absorption spectra of CLN and Cr-doped LiNbO3 show the
most pronounced absorption peaks centered at 21350 cm ™! and 15550 cm ™. The observed
absorption peaks are in accordance with Cr3* absorption bands known from literature (see
Table 2.2). Additionally the characteristic narrow absorption peaks known from literature
(Table 2.2) can clearly be identified around 13750 cm~! (o-wave) and 13650 cm ™! (e-wave)
in the CLN spectra shown in Fig. 3.4 as well as in the spectra of the Cr-doped LiNbOgs
crystal shown in Fig. 3.5. Comparison of the five impurities that are detected in the CLN
crystals by GDMS measurements (Tab. 3.3), i.e. Fe, Cu, Cr, Ni, and Mn, to literature data
of impurities and their respective absorption bands listed in Tab. 2.2 shows, that only Cr3*
can absorb in all three spectral regions, i.e. around 13850, 15300, and 21000 cm~! for o-
wave and e-wave light. It is also remarkable that the absorption peak amplitude decreases
from top to bottom, which is also characteristic for Cr-impurities in LiNbOg as can be
seen from Fig. 3.5. Thus we deduce that Cr3* impurities cause the dominant absorption
features in the CLN samples.

Iron It is interesting to note that the o-wave absorption peak around 15300 cm™! in the
bottom part of the boule almost vanishes, whereas this is not fully the case in the region
around 20850 cm™!; a shoulder remains. The most probable impurity to cause this absorp-
tion shoulder is Fe?*. According to the GDMS data in Tab. 3.3, the Fe content is almost
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the same for the top and the bottom CLN sample. If part of the Fe impurities are incor-
porated in the valence state Fe?t an o-wave absorption peak centered around 20970 cm ™!
is caused, which extends from 16000 to 24000 cm™! [45]. Hence, the Fe content may
contribute significantly to the remaining o-wave absorption shoulder around 20850 cm™!.
Unfortunately, the actual Fe?* content is unknown. However, the maximum Fe?T con-
tent can be calculated according to Eq. 2.11 with the known Fe?*-o-wave-absorption cross
section at 20970 cm ™! of 0%2& = 4.63 x 107! cm? [45] and the maximum contribution
from Fe?T ions to the shoulder in Fig. 3.4 of about o ~ 0.02 cm™!. This results in
cpe2+ < 0.1 wt. ppm. It means, that from 1 wt. ppm Fe less than 10 % of the entire Fe
amount are actually incorporated as Fe?T which contribute to the absorption shoulder.
About 90 % of the Fe amount are incorporated as Fe?* which only absorbs photons via a
narrow spin-forbidden transition (Tab. 2.2).

Similar observations are made for e-wave light: Comparison of the peaks in Fig. 3.4b to the
peaks listed in Tab. 2.2 reveals, that Fe?* ions most likely cause the residual absorption
around 21350 cm™!, but in this case the shoulder is less pronounced than for o-wave
illumination. This is also expected, since the Fe shoulder around 21510 cm™! for e-wave
light is weaker than the corresponding shoulder around 20970 cm™! for o-wave light [45].

Nickel, copper, and manganese The GDMS data in Tab. 3.3 show that Ni, Mn, and
Cu are also present in the top part of the CLN boule, however, these impurities cannot be
detected in the bottom part of the boule within the measurement accuracy.

The effect of Cu on the absorption in the spectral region between 25000 — 20000 cm ™!
(400 — 500 nm) is small, e.g. the o-wave absorption cross section caused by Cu™ absorption
at 20970 cm~! is about og'iﬂ = 5.0 x 10718cm? [97]. This leads to an absorption coefficient
that is smaller than 0.002 cm™!, if we assume that, similar to the Fe impurities, Cu is
also mainly incorporated in the oxidized state Cu?t and not as Cut. So on obtains
coutr < 0.1 coy. A significant contribution to absorption from Cu impurities can be
excluded for e-wave illumination, because the e-wave absorption cross sections between
25000 — 20000 cm ™! (400 — 500 nm) are even a factor of two smaller than the o-wave
absorption cross sections [48].

Only little is known about the absorption cross sections of Ni and Mn ions in LiNbOj
from the literature. However, Table 2.2 shows that Ni** ions probably cause the small
o-wave absorption peak in CLN at 23400 cm™!, and together with Cu™ ions they con-
tribute to the o-wave-absorption shoulder in the entire spectral region between 25000
and 18200 cm™'. A small contribution from Ni is also possible for e-wave illumina-
tion, because an absorption band is situated at 21980 cm~! in e-wave spectra of Ni-
doped LiNbOg crystals. The impact of Mn impurities can probably be neglected because
no absorption band can be seen in CLN between 15000 — 16550 cm™! (600-500 nm),

36



ABSORPTION IN CONGRUENT LINBOj3 AND LINBO3:MGO BETWEEN 350 AND 2000 NM

the spectral region where Mn has absorption bands.

Polarons There is no measurable impact of polarons on the optical absorption; only a
bipolaron absorption band centered at 20140 cm ™! caused by bipolarons could theoretically
match the measured absorption bands in CLN, however, bipolarons are only stable in
strongly reduced LiNbOj crystals as mentioned in Tab. 2.1, and our CLN samples are
rather oxidized than reduced as can be seen from the fact that Fe is mainly incorporated
in the oxidized state Fe3* rather than in the state Fe?t. Furthermore, the theoretical
width of the bipolaron-absorption band (Tab. 2.1) is much larger than the observed width
of the absorption bands in CLN.

3.3.2.2 Cr3t absorption cross sections in LiNbO3

The distribution coefficient of Cr in LiNbO3 depends on many different parameters such
as the pulling and rotation rates during crystal growth, and the electrical current flowing
through the growing interface [98]. However, it is known that the distribution coefficient of
Cr in LiNbOQOj is larger than unity, which agrees with our GDMS data. Hence it is expected
that Cr-impurities in nominally undoped LiNbOg crystals show higher absorption in the
top part of the boule than in the bottom part of the boule for almost the entire visible
spectrum, as seen in Fig. 3.4. A Cr distribution coefficient larger than unity also means,
that the more crystal material is grown, the more the Cr content of the melt is depleted
and subsequently grown crystal material has less Cr incorporated. This gives opportunities
to get a purified melt concerning Cr and therefore obtain crystals that contain less Cr.

The absorption cross sections of the main contributing impurities are useful in order to
be able to estimate the peak absorption amplitude from GDMS data instead of being
forced to cut large pieces of crystals out of a boule for absorption spectroscopy. The
Fe?T absorption cross sections in CLN are already known [45], but for Cr3* there are
several references giving different absorption cross sections, e.g. at 15500 cm ™! the o-wave
absorption cross sections found in literature vary by almost two orders of magnitude: They
are 12 x 1071 cm? [99], 8 x 107 ecm? [100], and 0.14 x 10712 em? [101].

The absorption cross sections of the top and the bottom of the CLN crystal are determined
according to Eq. 2.11 using the absorption peak amplitudes from the fits in Tab. 3.7 and
the GDMS data from Tab. 3.3. However, it is more reasonable to determine the o-wave
absorption cross section at 20850 cm™! in a different way, because the o-wave absorption
in CLN at 20850 cm~! (Fig. 3.4a) is not very pronounced and there is an underlying
absorption shoulder: From the spectra of the Cr-doped LiNbOj crystals in Fig. 3.5 a§8§5010r
can be estimated to be 3.5 times smaller than U?Egoo,cr. For e-wave light the same procedure

is applied, i.e. for e-wave light GS})?S:OO,Cr is about 2 times larger than 0%’;007&.
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The results for 0P are summarized in Tab. 3.9.
Crystal ‘ 7o (cm™!)  o® (cm?)
CLN Top: o-wave 15300 7x 10719

20850 2 x 10719
CLN Bottom: o-wave 15500 7% 10719
20900 2x 10719

CLN Top: e-wave 15550 2 x 1071
21350 4% 1071
CLN Bottom: e-wave 15650 3x 10719
21300 6 x 10719

Table 3.9: Cr3t absorption cross sections in LiNbOs.

The accuracy of the absorption cross sections in Tab. 3.9 is about 30 % because the accuracy
of the GDMS data is about 30 %. Additionally, for the bottom CLN cube the absorption
peak fits are less precise as was discussed earlier. The independently determined absorption
cross sections for the top and the bottom CLN crystal agree with each other respectively
within the accuracy limits. Furthermore, the o-wave absorption cross section for the peak
centered at 15300 cm ™! agrees with the one determined from [100]. The e-wave absorption
cross section is not given in Refs. [100, 101] and the value in Table 3.9 does not agree
with that provided in [99]. One explanation for the deviation of the Cr3*-absorption cross
section in Refs. [99,101] from our values might be that the determination of the impurity
content was less precise in these early studies.

Note on Cr-doped LiNbQO3 Another important result is that the spectra of the Cr-
doped LiNbOj crystals show more absorption bands (Fig. 3.5 and Tab. 3.8) than there are
reported from literature [42—44], i.e. the spectra reveal a small absorption band centered at
14550 cm ™! for both polarizations. For e-wave light there are additional small absorption
bands centered at 19300 and 20050 cm™~!. Due to the high doping level it is unlikely that
these unknown absorption bands originate from other impurities. It is more likely that
these absorption bands can also be attributed to Cr. One reason, why these absorption
bands have not been reported so far, might be that these bands have very small amplitude
with respect to the well-known absorption bands and therefore could not be identified in
previous studies. The exact electronic transitions that cause these absorption bands cannot
be determined by absorption spectroscopy. Electronic paramagnetic resonance studies may
help to reveal the origin of these transitions [52].
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3.4 Results and discussion: MgO-doped LiNbOj crystals

In this section the results of the absorption measurements with the MgO:LN and the
transition-metal codoped MgO:LN crystals will be presented and discussed.

3.4.1 Results
3.4.1.1 MgO-doped LiNbOj crystals
Absorption spectra of three 5-mol% MgO-doped LiNbO3 samples from differ-

ent boules, i.e. samples MgOLN;, MgOLNRge T, and MgOLNcype, are shown in
Fig. 3.6 for o-wave and e-wave illumination.

a) Wavelength (nm) b) Wavelength (nm) c) Wavelength (nm)
0.05 400 500 600 700 400 500 600 700 400 500 600 700
MgOLN, ! MgOLN_ . | MgOLN
0.04f — o-wave T M — owave T A — o-wave |
- - e-wave \ - - e-wave R - - e-wave

e

L

€

.0

o

g 0.03r .

()]

8

< 0.02F

kel

[oR

5 0.01F \

2 ‘\lm,_“‘

< 0.00 . . R . . L . . !

25000 20000 15000 25000 20000 15000 25000 20000 15000

Wavenumber (cm™) Wavenumber (cm™) Wavenumber (cm™")

Figure 3.6: Absorption spectra of 5-mol% MgO-doped LiNbOs samples from three differ-
ent boules for o-wave (solid line) and e-wave light (dashed line).

All three samples show the same characteristic pronounced absorption bands
around 20000 cm~! and 15000 cm™!' for o-wave light. Peaks are less pro-
nounced for e-wave illumination. The peak amplitudes of all three samples
are in the same absorption range, therefore peak-parameters of the characteristic
absorption peaks of sample MgOLN; are summarized exemplarily in Tab. 3.10.

There is no significant difference within the accuracy of the measurement between absorp-
tion spectra in the visible spectral range from samples MgOLN, MgOLNy, MgOLN3, and
MgOLNy, which are cut from the same crystal slab, indicating that the absorbing species
is uniformly distributed in the plane normal to the growth direction. Usually commercial
wafers are cut from that part of the crystal, i.e. the absorption of different positions in a
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Crystal ~ Polarization | 7p(cm™) @ (em™) A (em™)

13750 100 0.0006
15200 660 0.0029
MgO:LN" o-wave 19000 750 0.0022
20350 760 0.0023
15050 1000 0.0012
MgO:LN  e-wave 18800 650 0.0002
21300 480 <0.0001

Table 3.10: Fit parameters of the absorption bands of sample MgOLN; for o- and e-wave
illumination. The accuracy for the amplitude A is about 0.0001 cm™", for vy and @ the
accuracy is about 50 cm™'. The spectral position ¥y of the narrow peak at 13750 cm™!
1

(o-wave) is determined with an accuracy of 10 ecm™".

single wafer is nearly constant, whereas it may vary between wafers from the same boule.
Our measurement method is able to clearly resolve distinct absorption bands as is the case
for the CLN absorption spectra.

The axial variation in absorption in boule MgOLNR¢ is shown in Fig. 3.7.
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Figure 3.7: Auzial absorption variation for reference MgO:LN boule R (MgOLNRet) for
o-wave (left) and e-wave illumination (right).

Figure 3.7 shows that the characteristic absorption bands decrease from the top to the
bottom of the crystal. No new absorption bands are present in the spectra from the
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middle and the bottom part of the boule. Note also that the decrease in absorption from
the top to the bottom of the boule is more pronounced for o-wave than for e-wave light.

Again, the accuracy of measurement is too low to reveal absorption peaks in the spectral
range 800-2000 nm (12500-5000 cm™1).

3.4.1.2 LiNbO3:MgO codoped with a transition metal

Spectral range 400—-800 nm In Fig. 3.8 the absorption spectra from the top part of
the Fe-, Cr-, Cu-, and Ni-codoped MgO:LN boules and from the middle part of the Mn-
codoped MgO:LN boule are shown for o- and e-wave illumination in the spectral range
400 — 800 nm (25000 — 12500 cm™1).
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Figure 3.8: Absorption spectra of MgO:LN crystals codoped with Fes Oz, Cro O3, CuO,
NiO, and MnQOy respectively in the range 400 — 800 nm (25000 — 12500 cm™!) for o-wave
(black solid line) and e-wave (red dashed line) illumination. Also shown are spectra scaled to
transition-metal itmpurity levels typical for optical-grade MgO:LN. The critical absorption
level o = 0.0001 c¢m™!, typical for nonlinear-optical applications, is drawn as a guide to
the eye.

Between 350 —400 nm (28600 — 25000 cm™!) optical absorption is too high to be measured.
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In Fig. 3.8 scaled absorption spectra are also shown. They are obtained from the measured
absorption spectra by scaling them to dopant levels as they are common in optical grade,
nominally impurity-free MgO:LN crystals. Here the assumption is made that the valence
states of the ions do not change and that the dopant concentration in the melt is the same
as in the crystal. Thus distribution coefficients of the dopants are neglected. Especially in
the case of the Cr-doped MgO:LN crystal this is a significant simplification. The horizontal
line represents the absorption level of v = 0.0001 cm™!. This is a typical level of absorption
where thermal lensing can already impact nonlinear-optical applications. Hence Fig. 3.8
shows that impurity concentrations as low as 0.1 wt. ppm cause significant absorption.
In Tab. 3.11 peak fit parameters of the measured absorption peaks are listed respectively.
Comparison of the peak position in the spectra of Fig. 3.8 and Tab. 3.11 to the spectral
positions of absorption peaks in the optical-grade MgO:LN crystals in Fig. 3.6 and Tab. 3.10
shows agreement for many absorption peaks, especially with respect to Cr.

With respect to the segregation of the dopants within the crystal boule, measurements
show that the amplitudes of the absorption peaks of the Fe- and Ni-codoped MgO:LN
crystals do not significantly vary from the top to the bottom of the boule (< 10%). In the
Mn-codoped MgO:LN boule, where the top sample is not available for measurements, there
is also no change in absorption measurable from the middle to the bottom of the boule
(< 10%). For the Cu-codoped MgO:LN boule there is only a slight increase in absorption
band amplitude from top to bottom (/& 25%). In contrast, a significant axial composition
variation can be observed for the Cr-codoped MgO:LN boule which is shown in detail in
Fig. 3.9.
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Figure 3.9: Auxial absorption variation of the MgO:LN boule codoped with 34.2 wt. ppm Cr
for o-wave (left) and e-wave illumination (right).
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Dopant  wt. | % (cm™) @ (em™!) A (em™1) | % (em™') @ (em™!) A (em™1)
ppm o-wave e-wave
13750 50 0.05 13700 200 0.04
14750 400 0.11 14400 250 0.02
Cr 349 15300 750 0.92 15000 750 0.27
' 18800 650 0.09 19250 500 0.18
20350 1150 0.49 20000 250 0.09
21150 950 0.47
19650 1700 0.11 20600 1550 0.58
Fe o 73T o0 8 B K * -
12200 750 0.08
. 13150 1350 0.19 13900 850 0.20
N 3920 90000 - - 19400 - -
23150 900 0.38 21900 1300 0.30
Cu 79.9 X% X
M 63.2 17300 1i()0 0.05 17200 1100 0.05

Table 3.11: Peak fit parameters of the absorption bands of the transition-metal-codoped
MgO:LN crystals from the top part of respective boules for o- and e-wave light in the visible
spectral range. Entries filled with "-" indicate that a fit is not possible, because respective
peaks are not resolved well, i.e. « < 0.01 em™. In this case ¥y is the position of the
local maximum. Rows marked with % indicate that the absorption band merges with the
UV absorption edge, hence no peak parameters can be fitted. The accuracy for A is about
0.01 em™*, for iy and W the accuracy is about 50 cm™'. Again, the accuracy of Dy of peaks

with w < 200 em™1 is about 10 em™1.

Figure 3.9 shows that for the Cr-doped MgO:LN boule some absorption bands do not
only decrease from top to bottom by up to factor of three, but different absorption bands
change their amplitudes differently from top to bottom, e.g. resulting in a red-shift of the
combined absorption band between 400 — 550 nm (25000 — 18200 cm ™). This is different
from the spectra of Cr-doped LiNbOg3 shown in Fig. 3.5.
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Spectral range 800—-2000 nm The absorption spectra of the transition-metal codoped
MgO:LN crystals between 800 — 2000 nm (5000 — 12500 cm ™) are shown in Fig. 3.10.
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Figure 3.10: Absorption spectra of MgO:LN crystals codoped with FeyOs, CryOs, CuO,
NiO, and MnOs in the wavelength range 800 — 2000 nm (12500 — 5000 cm™!) for o-wave
(black solid line) and e-wave (red dashed line) illumination. Also shown are spectra scaled to
transition-metal impurity levels typical for optical-grade MgO:LN. The critical absorption
level a = 0.0001 c¢m™! is again drawn as a guide to the eye.

Here measurements are feasible because the doping level is high enough to measure ab-
sorption bands, although the measurement accuracy is smaller than in the visible range
as mentioned in Tab. 3.1. The absorption peak parameters of the absorption bands are
listed in Tab. 3.12. Scaling of the absorption spectra of the intentionally transition-metal
codoped MgO:LN crystals to impurity doping levels found in optical-grade MgO:LN is also
performed and shown in Fig. 3.10. The scaled curves in Fig. 3.10 show that only MgO:LN
crystals codoped with Fe, Cu, or Ni respectively have significant absorption bands in this
spectral range with a > 0.0001 cm™!.
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Dopant  wt. | 7 (em™) @ (em™!) A (em™!) | % (em™!) @ (em™!) A (em™1)
ppm o-wave e-wave
Fe 73.7 9250 1850 0.03 - - -
Ni 39.2 7850 800 0.37 7750 750 0.12
Cu 79.9 10200 1550 0.16 10450 1400 0.11

Table 3.12: Peak fit parameters of the absorption bands of the transition-metal-codoped
MgO:LN crystals from the top part of the boule for o- and e-wave light in the spectral range
800—2000 nm (12500—5000 cm™1). Entries filled with "-" indicate that a fit is not possible

because respective peaks are not resolved well, i.e. o < 0.01 cm™
about 0.01 em™L, for iy and W the accuracy is about 50 cm™'.

L. The accuracy for A is

1
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3.4.2 Discussion

The measured absorption spectra of the optical-grade MgO:LN crystals reveal distinct
absorption bands, similar to the CLN crystals. In the following, the MgO:LN absorption
spectra will be discussed in detail and compared to the measured absorption spectra of the
transition-metal codoped MgO:LN crystals.

3.4.2.1 Identification of impurities in MgO-doped LiNbOj crystals

The first thing to note is that the absorption spectra and the levels of absorption of all
tested MgO:LN boules depicted in Fig. 3.6 are very similar to the absorption spectra and
levels of absorption of the CLN samples shown in Fig. 3.4, and that the same impurities
occur in the MgO:LN crystals as in the CLN crystals (compare Tab. 3.3 to Tab. 3.5).
Fig. 3.6 shows that the main absorption features are the same in all three boules although
absolute absorption coefficients slightly differ from each other. The different absorption
peak amplitudes might be caused by different impurity concentrations. However, note
that the higher level of absorption in sample MgOLN ¢ T compared to the ones in samples
MgOLN; and MgOLNgyhe might also be caused by the imperfect surface polish which
increases scattering losses with decreasing wavelength due to Rayleigh scattering, for which
the intensity of scattered light is proportional to 1/A\*. This might also explain why the UV
absorption edge seems to be shifted to longer wavelengths in sample MgOLN ¢ T compared
to samples MgOLN; and MgOLNcupe.

Chromium As is the case for CLN crystals, Cr also causes the characteristic absorption
peaks in the MgO:LN crystals. Fits of the o-wave absorption peaks in the spectrum of
sample MgOLN; (Fig. 3.6a) yield a pronounced absorption peak centered at 15200 cm™~!
and a second absorption band that is composed of two absorption peaks centered at 19000
and 20350 cm~! (Tab. 3.10). These peak positions are consistent with the absorption
spectra of the Cr-codoped MgO:LN crystals (Fig. 3.9 and Tab. 3.11). A similar observation
is valid for e-wave illumination. Furthermore, the observed absorption peak positions are
consistent with Cr3* absorption bands reported in literature [43]. Especially the small
and narrow peak at 13750 cm~! in the o-wave spectrum of sample MgOLN; (Fig. 3.6a)
is characteristic for Cr3* [43]. However, due to a limited resolution of measurement, it is
not possible to determine if there is an effective red shift of the absorption bands from top
to bottom of the reference MgO:LN boule R (Fig. 3.7) as is the case in the spectra of the
Cr-codoped MgO:LN boule (Fig. 3.9) and which is also reported from the literature [43].

The segregation of impurities can only be studied for the reference MgO:LN boule R
(Fig. 3.7). One can clearly see that the characteristic absorption peaks decrease for both
polarizations from the top to the bottom of the boule. This is also the case for the inten-

46



ABSORPTION IN CONGRUENT LINBOj3 AND LINBO3:MGO BETWEEN 350 AND 2000 NM

tionally Cr-codoped MgO:LN boule (Fig. 3.9) and the Cr-doped LiNbO3 boule (Fig. 3.5).
However, Fig. 3.7 also shows that the UV-absorption edge in the sample from the top rises
much more steeply than in the samples from the middle and the bottom of the crystal.
This might also be an artifact due to light scattering centers, because the surface polish of

samples cut from MgO:LN boule R is not as good as for the other samples as mentioned
in Sect. 3.2.2.

Finally, note that there is an additional small peak centered at 14750 cm™! in the o- and
e-wave absorption spectra of the Cr-codoped MgO:LN crystal. As is the case for the Cr-
doped LiNbOs crystal this peak has not been reported in the literature so far. Another
unknown peak is centered at 20000 cm ™! in the e-wave spectra of the Cr-codoped MgO:LN
crystal.

Iron, nickel, copper, and manganese Figures. 3.9 and 3.7 show that an underlying
absorption shoulder on the order of 0.01 cm™" is present besides the characteristic peaks,
which cannot solely be attributed to the UV absorption edge due to its sharp bend at
22500 cm~!. It is likely that Fe, Cu, Ni, and Mn impurities contribute to this shoulder as
is the case for CLN. The spectra of the MgO:LN crystals codoped with either Fe, Cu, Ni, or
Mn in Fig. 3.8 show that these impurities strongly absorb in the visible range, especially
between 25000 — 20000 cm™! (400 — 500 nm) which can be disturbing for high-power
applications.

Superposition of scaled absorption spectra Scaled absorption spectra in Fig. 3.8
show that impurity concentrations of Fe, Cr, Cu, Ni, or Mn as small as 0.1 wt. ppm
most likely cause absorption levels larger than a > 0.0001 cm~'. However, note that
the transition metal impurities Fe, Cu, and Mn (denoted as TM) are incorporated into
LiNbO3 in multiple valence states and the concentration ratio cyye /cpye+1 for different
valence states might change from high doping levels to very small doping levels. So the
scaled spectra might not perfectly reflect the real absorption spectrum, but they provide
an estimate how pronounced absorption peaks might be. The scaled spectra are a good
reference for the absorption in MgO:LN where standard absorption measurements are
reaching their measurement resolution limits, especially for Ni and Cr ions, which are only
incorporated into LiNbO3 and MgO:LN in one single valence state, i.e. Cr* and Ni%*.

In Fig. 3.11 it is shown that a superposition of scaled absorption spectra of the various
dopants matches the measured o- and e-wave absorption spectra of sample MgOLN; well
between 400 — 800 nm (25000 — 12500 cm~!). The scaling is performed in analogy to
the scaling procedure shown in Fig. 3.8 by using the following dopant concentrations:
0.1 wt. ppm Cu, 1.5 wt. ppm Fe, 0.1 wt. ppm Cr, 0.1 wt. ppm Ni, and 0.05 wt. ppm Mn.
Then the resulting scaled spectra are superposed. The scaling procedure is not valid in
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Figure 3.11: Superposition of scaled absorption spectra of Fe-, Cr-, Cu, Ni- or Mn-codoped
LiNbOs. Scaling is performed to represent the following concentrations: 0.1 wt. ppm Cu,
1.5 wt. ppm Fe, 0.1 wt. ppm Cr, 0.1 wt. ppm Ni, 0.05 wt. ppm Mn. Also shown are the o-
and e-wave absorption spectra of sample MgOLN; .

the spectral region 400 — 376 nm (21000 — 25000 cm ™) because absorption is too high
to be measured in the MgO:LN crystals codoped with Mn or Cu, as is shown in Fig. 3.8.
Note that the Fe-concentration of 1.5 wt. ppm is slightly larger than the maximum Fe
concentration that the optical-grade MgO:LN crystals are specified for in Tab. 3.5, however
the concentration ratio cp2+/cpa+ in optical-grade MgO:LN is probably not exactly the
same as the one in Fe-codoped MgO:LN, and only Fe?* causes significant absorption. So it
might be that a total Fe concentration smaller than 1.5 wt. ppm yields the same absorption
spectrum.

Near-infrared spectral range In previous sections it was shown that Fe, Cr, Cu, Ni,
and Mn cause the residual optical absorption in MgO:LN in the visible. In the near-
IR spectral range between 5000 — 12500 cm™! no absorption bands can be measured in
MgO:LN due to the limited measurement accuracy. Nevertheless, absorption spectra of
the transition-metal codoped MgO:LN crystals in Fig. 3.10 show that Fe, Cr, and Ni
impurities absorb in this spectral range. Furthermore, these spectra show that impurity
concentrations of less than 1 wt. ppm for Fe and less than 0.1 wt. ppm for Ni and Cu
cause absorption bands with amplitudes A larger than 0.0001 cm™', e.g. for Ni the peak
amplitude is on the order of A = 0.001 cm~! at 7% = 7850 cm~! for o-wave light and
A =0.0003 cm™! at 7y = 7750 cm ™! for e-wave light.
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3.5 Comparison: Congruent LiNbOj vs. MgO-doped LiNbOg

In CLN and MgO:LN chromium impurities mainly cause the characteristic absorption
bands in the visible together with contributions from Fe, Cu, Ni, and, to a small extent, Mn.
The main absorption peak amplitudes are on the order of 0.001 —0.01 cm~!. Contributions
from polarons can be neglected for both, CLN and MgO:LN crystals. In the spectral range
12500—5000 cm ™~ (800—2000 nm) Ni plays the key role in MgO:LN with a broad absorption
peak centered at 7850 cm~!. Nickel impurities can be present in CLN with concentrations
on the order of 0.1 wt. ppm as well (Tab. 3.3). Absorption spectra of Ni-doped LiNbO3
crystals [47] show similar absorption bands and absorption cross sections as the bands
seen in Ni-codoped MgO:LN in Figs. 3.8 and 3.10 [49]. Hence, Ni probably causes similar
residual absorption in the spectral range 12500 —5000 cm~! (800—2000 nm) as in MgO:LN.
Chromium and Ni are incorporated into CLN and MgO:LN in one single valence state, i.e.
Cr3T and Ni%?*. In contrast, son far research has focused on the multivalent impurities Cu,
Fe, and Mn that play a key role in the bulk-photovoltaic process. Other impurities have
usually been neglected in analyses because they were believed not to be important for the
charge transport processes. Our results show that this assumption no longer holds not
only with respect to absorption, e.g. studies have shown that the combination of Fe and
Cr in Fe-Cr-codoped LiNbOs crystals can even enhance charge transport processes [100].
Nevertheless, the spectra of the transition-metal codoped MgO:LN crystals in Figs. 3.8
and 3.10 also show that absorption cross sections for e-wave light are smaller than for o-
wave light for all five transition metal impurities. This can also be observed in the spectra
of the optical-grade CLN and MgO:LN crystals. This knowledge is very important for
applications because the nonlinear optical coefficient of CLN and MgO:LN is largest for
e-wave light, making this polarization the most favorable.
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3.6 Outlook and conclusion

Outlook The results of the absorption measurements in the spectral range 350 —2000 nm
(28600 — 5000 cm~1) have shown that optical absorption in CLN and MgO:LN crystals is
dominated by transition-metal impurities. It is technically extremely challenging to obtain
purer starting powders for crystal growth so far. The impurity content already is very low
with respect to absolute numbers. Therefore, other approaches have to be pursued in order
to reduce absorption. Our results have also shown that the absorption characteristics are
the same as in intentionally transition-metal doped crystals with impurity contents that
are two orders of magnitude larger than the impurity content in the optical grade CLN
and MgO:LN crystals. Absorption measurements in such intentionally doped crystals
have a better signal-to-noise ratio, and the effects that post-growth experiments have
on absorption are much easier to observe. One promising post-growth process in order to
decrease some absorption bands is thermo-electric oxidization, i.e. changing the oxidization
state from, e.g. Fe?t to Fe3t by application of an electric field during annealing between
600 — 700 °C [102,103]. Experiments with Fe-doped LiNbOj crystals show that the Fe?*
absorption peak in the blue can be reduced by more than two orders of magnitude [102,
103]. Frequency doubling experiments in undoped CLN indicate that this oxidization
process also works for CLN because PRD is strongly reduced. The inhibition of PRD
after processing is an indicator for the oxidization of Fe?T ions [79]. However, absorption
spectra have not been determined. Furthermore, thermo-electric oxidization has not been
tried with MgO:LN so far. Therefore it would be interesting to measure the absorption
in thermo-electrically oxidized CLN and MgO:LN in future experiments. One can expect
that those impurities that are incorporated in more than one valence, i.e. Fe, Cu, and
Mn, are affected by the thermo-electric oxidization process. Nevertheless, a reduction or
oxidization treatment probably cannot fully suppress absorption, because ions are only
transformed from one valence state to the other. This means that with the decrease of one
absorption band another band might increase. For Fe this is not a problem because Fe3*
ions do not significantly absorb photons in the visible, but for, e.g. Cu, this is different.
There oxidization could suppress absorption caused by Cu't, however absorption bands
caused by Cu?t would increase (Tab. 2.2). Anyway, it might still be possible to fabricate
CLN or MgO:LN crystals that have low optical absorption in a limited spectral range that
is of interest for a particular application.

In the case of impurities that are only incorporated in one single valence state, i.e. Cr and
Ni, studies with applied electric fields during growth might be promising. For instance,
crystal growth experiments have shown that varying the rate with which a crystal is pulled
out of the melt strongly influences Cr impurity incorporation, i.e. the distribution coefficient
of Cr increases from one to three by decreasing the pulling rate from 15 mm to 3 mm per
hour [98]. The larger the distribution coefficient of an impurity is, the more the crystal
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is enriched with the particular impurity in the top part of the crystal and depleted in the
bottom part. Interestingly, the distribution coeflicient of Cr was even smaller than unity
by application of an electric field during growth [98]. In this case Cr prefers to stay in the
melt, and thus the top part of the boule will have less Cr incorporated than the bottom.
These segregation studies were only performed with Cr as the dopant, but similar studies
might also be performed with Ni, Fe, Cu, and Mn. Ideally, segregation of impurities in one
part of the boule would allow to use the purified part for low-loss applications. The rest
of the boule could be used for applications where optical losses are not critical.

Conclusion In this chapter it was shown that it is feasible to resolve absorption co-
efficients in CLN and MgO:LN, using a conventional grating spectrophotometer. The
measurement accuracy in terms of absorption coefficient was about 0.0001 cm ™! between
350 — 800 nm (28600 — 12500 cm ™), which is an improvement of about two orders of
magnitude in comparison to already existing absorption spectroscopy data in literature.
The results of the absorption measurements with CLN and MgO:LN crystals showed that
Cr causes the characteristic absorption bands in the range 350 — 800 nm together with
contributions from Fe, Cu, Ni, and Mn. The observed Cr3* absorption bands between
350 — 800 nm had amplitudes on the order of 0.001 — 0.01 cm™! for a concentration of
0.5 wt. ppm that is typical for optical grade CLN. In MgO:LN the observed absorption
band amplitudes caused by Cr3* were on the order of 0.001 cm™!. The underlying absorp-
tion shoulder that merged with the UV-absorption edge was probably caused by Fe, Cu,
Ni, and Mn impurities. Absorption spectra of transition-metal codoped MgO:LN crystals
in the range 800 — 2000 nm (12500 — 5000 cm™!) showed that typical Ni concentrations
of 0.1 wt. ppm would cause absorption bands with amplitudes on the order of 0.001 cm™!
for o-wave and 0.0001 cm ™! for e-wave light. Typical concentrations of Cu and Fe impuri-
ties probably cause absorption bands with amplitudes on the order of 0.0001 cm™!. This
spectral range is of special interest for OPO applications because of available pump lasers,
and an absorption coefficient exceeding 0.0001 cm~! can already cause thermal lensing.
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Chapter 4

Suppression of mid-infrared
absorption in congruent LiINbO3 and

LiNbO3:MgO crystals

Optical parametric oscillators have been established as attractive sources of tunable
coherent radiation in the mid-IR [104]. The practical range of operation of OPOs has
been drastically expanded since highly nonlinear and non-critically phasematched materi-
als such as PPLN crystals became available. This development was of great importance
especially for continuous-wave (CW) singly-resonant oscillators (SROs) [104,105]. Up to
now, CW mid-IR SROs have been pumped with light in the spectral range 1000-1100 nm,
with resonant wavelengths around 1400-1900 nm. However, pumping a CW SRO in the
1545-1560 nm wavelength range has not been successful so far, although very powerful,
narrow-bandwidth, highly tunable pump laser sources are available such as external-cavity-
diode lasers (ECDL) in connection with erbium-doped amplifiers (EDFA), delivering 20 and
more Watts of optical output power. Note that, because of larger pump wavelengths, the
corresponding resonant wavelengths also typically shift into the wavelength range 2500-
2700 nm for idler outputs in the 3600-3850 nm wavelength range. A schematic of the
proposed CW-SRO setup is shown in Fig. 4.1.

Pumping at the wavelength 1550 nm is of interest for signal processing applications, e.g.
to convert the amplitude and phase modulation of a tunable telecom-band pump wave in
the 1445-1560 nm range into a long-wavelength idler around 3800 nm. The idler wave can
be transmitted through air because of low optical absorption in this spectral range [106].
Successful conversion of a telecom signal at 1550 nm onto a long-wave idler at 3800 nm
would be a first step towards building a free-space optical communication system. There
have been efforts to build such a CW SRO using 5-mol% MgO-doped PPLN (PPMgOLN) in
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Figure 4.1: Continuous-wave SRO pumped at A\, = 1550 nm , with the resonant signal
wavelength around A = 2600 nm and the idler wavelength Ai = 2800 nm. The 1550-nm
light is amplified by an erbium-doped amplifier (EDFA) in order to achieve high enough
pump intensities. Mirrors M1, M2, M3, and M4 have high reflectivity R for the resonant
signal wave (> 99.9%) and high transmission T for the pump and idler waves (T > 97%).

previously published work [107]| and in our own laboratories, however these attempts failed
because of threshold pump-powers Py, that exceeded the available power of 20 W. One
well-known difficulty of CW SROs is that that they are very sensitive to optical absorption,
especially of the resonant wave, as the threshold pump power P, is proportional to the
total round trip loss in the cavity [92]. Since Py, o s, where ag is the absorption
coefficient of the resonant signal wavelength, an absorption coefficient in the range of
only 0.005 cm™! in a several centimeter long crystal would add significantly to the total
loss of a well designed cavity and therefore increase P;,, substantially. As mentioned in
Sects. 2.2.3.2 and 2.3.1.1, some absorption bands in CLN and MgO:LN are known in the
range 2000 — 2900 nm: The OH-vibration peak that is always present in CLN (pp =
2870 nm) and MgO:LN crystals (7p = 2826 nm) and combined OH-vibration-libration
absorption bands that have only been reported from CLN around 2250 nm. Typical OH-
vibration peak amplitudes are on the order of 1 em™! [59], the combined OH-vibration-
libration absorption bands in CLN have amplitudes on the order of 0.01 cm™! [57]. There
are no absorption bands known so far for CLN and MgO:LN between 2300 — 2800 nm.
Measurements in the range 2000—3000 nm with detection limit smaller than o = 0.01 cm ™!
are not reported in literature. Thus, increasing the sensitivity of absorption measurements
to about 0.0005 cm™! might reveal so-far unknown absorption bands.

In this chapter we present results of optical absorption measurements in CLN and MgO:LN
crystals in the range 2000 — 2950 nm (5000 — 3390 cm~!). Some MgO:LN and CLN crystals
are subject to high-temperature annealing, and absorption spectra of as-grown crystals
will be compared to those of the annealed crystals. Finally the annealing process will be
evaluated with respect to the above mentioned SRO problem.
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4.1 Crystals and measurement method

4.1.1 Crystals

The CLN and MgO:LN samples used in the experiments are provided by Crystal Technol-
ogy, Inc. A complete list of samples is presented in Tab. 4.1.

Crystal  Position in boule Dimensions Process  Tanneal (°C)  Short name
r Xy x 2z (mm?3)

MgO:LN Center 25 x 15 x 20 as-grown - MgOLNg
MgO:LN Center 25 x 15 x 20 annealing 1050 MgOLN 4
CLN Top 20 x 20 x 20 as-grown - CLNTop.c
CLN Top 20 x 20 x 20 annealing 1000 CLNTop,A
CLN Bottom 20 x 20 x 20 as-grown — CLNBottom,c
CLN Bottom 20 x 20 x 20 annealing 1000 CLNBottom,A

Table 4.1: Undoped CLN and MgO:LN samples used in the infrared absorption experi-
ments. The annealing temperature is denoted with Tyyneal. Entries marked with "-" denote
crystals that are not annealed.

Some of the MgO:LN and CLN crystals used in this study are subject to a post-growth
annealing process performed by Crystal Technology, Inc. Those unpolished CLN and
MgO:LN samples are annealed at 1000°C and 1050 °C respectively in a dry oxygen at-
mosphere for 24 hours. The purpose of the annealing step is to diffuse hydrogen out of
the crystal [108]|. After annealing, back at room temperature, the diffusion coefficient of
hydrogen is too low for significant incorporation back into the crystal, and the crystals are
permanently reduced in hydrogen content [108].

Two MgO:LN crystal pieces are cut from the center slab of one MgO:LN boule, but only
one sample is subject to the high-temperature annealing process. Thus one can expect that
both samples have about the same initial concentration of impurities and the same optical
absorption spectrum in the as-grown state (as it was already seen in Sect. 3.2.2). Due to
the annealing procedure that is applied to sample MgOLN, it is thus possible to evaluate
the annealing effect by comparison of the resulting absorption spectra to the spectra from
the as-grown sample MgOLNqg. The same applies to the CLN samples. There two CLN
samples are cut from the top part (15% solidified melt fraction) of a CLN boule and two
sample are cut from the bottom part (70% solidified melt fraction) of that boule. Note also
that the z-surfaces of every crystal used in this study are polished to high optical quality.
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4.1.2 Measurement method

Absorption measurements are performed as already described in Sect. 3.1. However, it is
important to note, that the purge with dried air is crucial for absorption spectroscopy in
this spectral range due to pronounced absorption bands of the ambient, undried air that
would overlap with the absorption spectrum of the crystal [106]. But even though dried
air is used for purging, problems can occur due the sensitivity of the measurements and
the high optical absorption of air in this spectral range. Thus absorption measurements
require extreme caution to keep measurement conditions, especially air flow, stable so
that the baseline correction is valid. Therefore, in order to check for any baseline drift,
a final measurement without any samples inside the compartment is also performed. If
this measurement shows a flat zero-line in terms of optical density within an accuracy of
OD = 0.0001, the measurements performed previously using the same baseline can be
further evaluated. In contrast, if the result deviates by more than OD = 0.0001, previous
measurements using the same baseline are rejected.
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4.2 Experimental results

4.2.1 Infrared absorption spectra of MgO-doped LiNbO; crystals

In Fig. 4.2 the absorption spectra of the as-grown and annealed MgO:LN samples, i.e.
samples MgOLNg and MgOLN,, are shown for o-wave (left) and e-wave (right) light.

Wavelength (nm) Wavelength (nm)
0 012800 2250 2500 2750 2250 2500 2750
— MgO:LN as-grown "|| —— MgO:LN as-grown .
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2 - |
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Figure 4.2: Absorption spectra of as-grown MgO:LN (black solid line) and annealed
MgO:LN (red dashed line) for o-wave (left) and e-wave (right) light in the spectral range
5000 — 3390 cm~t (2000 — 2950 nm).

Figure 4.2 shows that besides the well known OH-vibration band, broad absorption bands
between 4000 — 3570 cm™! (2500 — 2800 nm) can be determined for the as-grown sam-
ple MgOLNg. The magnitude of the absorption coefficient is similar for ordinary and
extraordinary light polarization within these absorption bands, however the wavelength
dependence is somewhat shifted for the two polarizations. Due to the limited resolution
it is not clear how many distinct absorption peaks the entire absorption band is built of,
thus it is not possible to fit Gaussian peaks to these absorption bands. In contrast, there
are further more pronounced absorption bands in the spectral range 5000 — 4000 cm™*
(2000 — 2500 nm) where Gaussian fits can be applied. The fit results are summarized in
Tab. 4.2 for the as-grown sample MgOLNg.

Figure 4.2 also shows that absorption is decreased by up to one order of magnitude in
the annealed sample in comparison to that of the as-grown sample. Some absorption
peaks even vanish within the accuracy of measurement in the case of the annealed sample.
Note that the small negative absorption coefficients in Fig. 4.2 can easily be explained
by an imperfect Fresnel correction due to uncertainties in the angle of the incident light,
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Crystal ‘ plem™) @ (em™!) A (em™!)
4083 26 0.0038
4158 19 0.0017
MgO:LN: o-wave 4367 18 0.0012
4422 21 0.0027
4455 13 0.0031
4081 31 0.0045
4164 26 0.0017
MgO:LN: e-wave 4358 18 0.0012
4415 27 0.0017
4454 17 0.0025

Table 4.2: Spectral positions of the absorption peaks of sample MgOLNg for o- and e-wave
light in the spectral range 5000 — 4000 cm~! (2000 — 2500 nm). The accuracy for the peak
amplitude A is about 0.0001 cm™", the accuracy for iy and @ is about 1 cm™' respectively.

thickness of the sample, and surface scattering which lead to an offset. The shape of
the graph is unaffected by these errors within the measurement accuracy which is about
Ao =0.0005 cm ™.

The well-known OH-vibration peak at 3538 cm ™! (2826 nm) is plotted separately in Fig. 4.3
for both polarizations because the amplitudes exceed the scale in Fig. 4.2. Furthermore,
since the OH-vibration peak amplitude and its peak area are a measure for the hydrogen
content [56], the OH-vibration peak amplitude and peak area are determined with Gaussian
peak fits for the as-grown and the annealed MgO:LN sample. The fit results are summarized
in Tab. 4.3.

From Tab. 4.3 it can be seen that annealing decreases the OH-vibration peak of MgO:LN
by an order of magnitude for both polarizations.

Alternative absorption measurement scheme and results An additional measure-
ment procedure is pursued in order to find the reason for the gradually increasing slope in
Fig. 4.2 between 4170 — 3450 cm ™! (2400 — 2900 nm) for the as-grown and the annealed
sample. The measurement setup is the same as depicted in Fig. 3.1, but the measurement
procedure is slightly changed: Instead of measuring the baseline with no sample in either
the signal arm nor the reference arm, the baseline is measured with the annealed sample
MgOLNy in the signal compartment for o-wave light first. Then the actual measurement
with o-wave light is performed with the as-grown sample MgOLNqg in the signal arm.

58



SUPPRESSION OF MID-IR ABSORPTION IN CONGRUENT LINBO3 AND LINBO3:MGO

Wavelength (nm)
120800 2820 2840 2860

0.10
"= 0.8 10.08
S
=
S 0.6} {0.06
E
S 04} {0.04
S
I
o
2 02} {0.02
g

0.0 B 0.00

H 1 M,
3560 3540 3520
Wavenumber (cm'1)

Figure 4.3: OH-vibration peaks of as-grown MgO:LN (solid lines) and annealed MgO:LN
(dash-dotted lines) for o- (black, left axis applies) and e-wave (red, right axis applies) light.
Note the different scales for o- and e-wave light.

Polarization = Crystal ‘Do(cm_l) w (em™!) A (em™!) Area (cm™2)

as-grown 3536 10 0.60 15.2
OWAVEe  annealed | 3538 11 0.07 2.0
as-grown 3539 11 0.085 2.3
CWaAVe  anmealed | 3539 11 0.008 0.2

Table 4.3: Impact of annealing on the OH-vibration peak in MgO:LN. Summarized are fit
parameters, including the peak area, of the OH-vibration peak for o- and e-wave light. For
o-wave light the accuracy of the peak amplitude A is about 0.01 ecm™', for e-wave light it is
0.001 cm™t. For both polarizations the accuracy for vy and W is about 1 cm™! respectively,

and for the peak area it is 0.1 cm™2.

Thus the difference in absorption between samples MgOLN and MgOLNg is measured.
Finally a measurement is taken with sample MgOLN, in the signal arm again. This final
measurement is supposed to deliver a flat spectrum, ensuring that there was no baseline
drift or change in the measurement chamber during the main absorption difference mea-
surement with sample MgOLNqg. Then the entire measurement procedure, including the
baseline measurement, is repeated for e-wave light. The advantage of this measurement
procedure is, that it directly measures the change in optical transmission between the as-
grown and the annealed crystal without the need to correct for Fresnel-reflection losses, i.e.
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Figure 4.4: Difference absorption spectrum A« of as-grown MgO:LN vs. annealed
MgO:LN (black solid line) for o-wave (left graph) and e-wave (right graph) light. The
measurement with the annealed sample MgOLNy yields flat lines (red dashed line) for both
polarizations.

without knowledge of the correct Sellmeier equation. But note also that this measurement
scheme is only valid because we can assume that the Fresnel reflections are the same for
both MgO:LN samples and that the dimensions and quality of the surface polish are the
same for both samples within the accuracy of the measurement. The disadvantage is that
this measurement procedure only measures changes in optical absorption and not absolute
absorption coefficients. The results are depicted in Fig. 4.4 for o-wave (left) and e-wave
illumination (right) between 4170 — 3450 cm~! (2400 — 2900 nm). This is the spectral
range where the underlying slope is most pronounced in Fig. 4.2.

In Fig. 4.4 the difference spectra between the as-grown and the annealed sample (black
solid line) show the same characteristic absorption bands for both polarizations as the
absorption bands in the spectra of the absolute measurements in Fig. 4.2, however, the
difference spectra do not exhibit the slope that is present in the spectra of the absolute
absorption measurements. Furthermore, the difference measurement with the annealed
sample yields a flat line (red dashed line) for both polarizations indicating that the baseline
correction is valid.

4.2.2 Infrared absorption spectra of congruent LiNbQOj; crystals

In Fig. 4.5 the absorption spectra of an as-grown CLN crystal (sample CLNBottom,c, black
solid line) and an annealed CLN crystal (sample CLNBottom,A, red dashed line) are shown
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Figure 4.5: Optical spectrum of as-grown CLN (sample CLNgottom,G, black solid line)
and annealed CLN (CLNgottom,A, red dashed line) for o- (left) and e-wave (right) in the
spectral range 5000 — 3390 em™! (2000—2950 nm). The inset shows the OH-vibration peaks
of the as-grown and the annealed sample for o-wave light.

for o-wave (left graph) and e-wave light (right graph). Note that there is no difference
in the absorption spectra in this spectral range between as-grown CLN samples from the
top and the bottom of the boule (CLNT,, G and CLNgottom,g) within the accuracy of
measurement. The same observation applies to the annealed CLN samples CLNT,, o and
CLl\IBottom,A-

There are absorption bands between 4000 — 3570 cm™! (2500 — 2800 nm) that are similar
to the absorption bands observed in the as-grown MgO:LN crystal. The magnitude of the
absorption coefficient is again similar between ordinary and extraordinary light polarization
within these absorption bands, but the wavelength dependence is also somewhat shifted
for the two polarizations. As for the case of MgO:LN it is not clear how many separate
peaks the bands are built of. Further pronounced absorption bands can be found in the
spectral range 5000 — 4000 cm ™! (2000 — 2500 nm) as well. For these peaks Gaussian fits
can be applied similar to the absorption spectra of MgO:LN. The peak fit results for the
as-grown sample CLNBottom,q are summarized in Tab. 4.4.

As mentioned in Sect. 2.2.3.2, the OH-absorption peak in CLN is a combination of several
absorption peaks due to the fact that hydrogen impurities on different sites have slightly
different OH-stretch-vibration frequencies. Similar behavior has been reported from studies
with stoichiometric crystals where the peak widths are narrower [59]. However, we are only
interested in the envelope of the these OH-vibration bands that appear to be one single
peak. A Gaussian fit describes this OH-vibration peak envelope very well for the crystals
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Crystal | Zo(ecm™) @ (cm™') A (em™!)
4028 29 0.0069
4345 39 0.0052
CLN: o-wave | 1og 19 0.0174
4581 21 0.0017
4026 30 0.0138
4344 36 0.0035
CLN: e-wave | og 19 0.0092
4579 24 0.0017

Table 4.4: Spectral positions of the absorption peaks of sample CLNgottom,c for o- and
e-wave light in the spectral range 5000-4000 cm™". The fit accuracy for the peak amplitude

A is about 0.0001 cm™", the accuracy for by and @ is about 1 em™' respectively.

used in this study. The fit results are summarized in Tab. 4.5.

Polarization  Crystal ‘ﬁo(cm’l) @ (em™!) A (em™!) Area (cm™2)

as-grown 3488 13 1.42 47.5
OWAE  nnealed | 3487 15 0.16 5.8
as-grown 3484 17 0.029 2.3
erwave annealed 3482 18 0.004 0.2

Table 4.5: Impact of annealing on the OH-vibration peak in CLN. Summarized are fit
parameters, including the peak area, of the OH-vibration peak for o-wave and e-wave light.
With respect to o-wave light the fit accuracy of A is about 0.01 cm™, with respect to e-wave
light it is 0.001 cm™'. For both polarizations the accuracy for vy and W is about 1 cm™!

respectively, and for the peak area it is 0.1 cm™2.

Figure 4.5 and Tab. 4.4 show that annealing efficiently suppresses absorption in the same
way as is the case for MgO:LN. The maximum decrease in absorption is about one order
of magnitude.
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4.3 Discussion

As mentioned in Sect. 4.2.2, the absorption spectra from the top part of the CLN boule
coincide with the spectra of the bottom of the CLN boule between 5000 — 3390 cm™!
(2000 — 2950 nm). This indicates that there is no axial change in absorption and that the
dominating, optically active impurities are evenly distributed in the crystal boule. This is
also observed for the annealed samples from the top and the bottom of the CLN boule,
indicating that annealing also homogeneously affects the crystal.

Identification of absorption bands in as-grown CLN and as-grown MgO:LN
Other than the well-known OH-vibration peaks in CLN and MgOLN only the peak centered
at 4429 cm~! in the o- and e-wave spectra of CLN can be identified with spectral features
in the literature. It is a combined OH-vibration-libration peak [62]. The corresponding
peak in the o- and e-wave spectra of MgO:LN around 4455 cm™! can probably also be
attributed to OH-vibration-librations due to the isomorphic crystal structure and due to
the fact that the spectral features are very similar in CLN, but only slightly shifted to longer
wavelengths. However, there is no reference in the literature reporting the other absorption
peaks in the range 4350 — 4000 cm~! (2300 — 2500 nm) and the broader absorption bands
in the range 4000 — 3570 cm~! (2500 — 2800 nm) for either CLN or MgO:LN.

Comparison of absorption between as-grown CLN and as-grown MgO:LN Ta-
bles 4.3 and 4.5 show that the amplitudes of the absorption peaks between 5000—3570 cm ™!
(2000—2800 nm) do only weakly depend on light polarization, while the OH-vibration peak
for MgO:LN is about 8 times larger for ordinarily than for extraordinarily polarized light.
In the case of CLN the OH-vibration peak is even more strongly polarized; there the peak
for o-wave light is about 50 times larger than the one for e-wave light. In this context it is
important to note that the absorption peak in CLN centered at 7 = 4028 cm™! is about
two times larger for e-wave than for o-wave light. The main difference between as-grown
CLN and MgO:LN is that all absorption bands in CLN for both, ordinarily and extraor-
dinarily polarized light, are shifted by about Ay ~ 48 cm™! (AX ~ 40 nm) to longer
wavelengths with respect to those in MgO:LN. This shift is similar to the well-known shift
of the OH-vibration peak [56].

Effect of annealing on optical absorption in CLN and MgO:LN Annealing is very
effective in reducing the hydrogen content, i.e. in both, CLN and MgO:LN, the respective
OH-vibration peak in the spectrum is reduced in terms of peak amplitude and area by
about one order of magnitude as is shown in Tabs. 4.2 and 4.4. This shows that the
annealing process is very efficient in decreasing the hydrogen content. Note also that the
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annealing process described here is performed in a single annealing step without reducing
the crystal first. This is different from the well-known two-step annealing process reported
from the literature [56,66] and which is described in Sect. 2.2.3.2.

Furthermore, Figs. 4.2 and 4.5 show that absorption in the annealed CLN and MgO:LN
samples is generally decreased between 5000 — 3390 cm™! (2000 — 2950 nm), so that,
e.g. in MgOLNg the peak structure almost vanishes between 4000 — 3571 cm™! (2500 —
2800 nm) and only a small slope in the spectra remains. In CLN there is not even a
slope remaining in this range and, e.g. the maximum decrease of absorption between
4000 — 3570 cm ™! (2500 — 2800 nm) due to annealing is about one order of magnitude, i.e.
from a = 0.005 cm™! to less than a = 0.0005 cm~! which is the limit of the measurement
accuracy. Note also that peak positions, in the case they still can be determined, do not
shift due to annealing.

With respect to applications such as the discussed CW SRO depicted in Fig. 4.1, it is im-
portant to know if the absorption bands completely vanish. Note that, e.g. an absorption
coefficient of about 0.005 cm™! in the signal wave of a CW SRO would raise P, by at least
7 W in typical 1550-nm-pumped OPO configurations. In the case of CLN the absorption
indeed decreases to values that are at the limit of the measurement accuracy. In contrast,
for MgO:LN a slope in the o- and e-wave spectra remains that is on the order of 0.001 cm™!.
The alternative measurements, for which Fresnel corrections are not necessary and which
are presented in Fig. 4.4, show the difference in absorption between the as-grown sample
MgOLNg and the annealed sample MgOLN for both polarizations. These spectra do not
exhibit any slope which shows that annealing does not influence the slope. This shows
that either the slope is already present in the spectra of the as-grown MgO:LN crystal and,
e.g. might be caused by another so-far unknown impurity, or it is simply a measurement
artifact, which is also indicated by the fact that this slope is not present in CLN and, so
far, the absorption spectra have been very similar from the UV to the IR spectral range.
One error source might be the Fresnel reflection correction based on an incorrect Sellmeier
equation. In the literature there are different publications reporting slightly different Sell-
meier equations for MgO:LN, e.g. compare Zelmon [94] to Gayer [109]. The refractive index
is very material specific, e.g. it depends strongly on Li/Nb and Mg/Nb ratios, and thus
the Sellmeier equation from [94] used for the Fresnel correction might be slightly different
from the actual Sellmeier equation for these particular MgO:LN crystals. One other reason
for the slope might be the so-called multiphonon edge that is slightly different for CLN
and MgO:LN, which drastically increases absorption for 7 < 2000 cm~! [110], and which
might already be measureable in the observed spectral range.

Origin of absorption bands All absorption bands observed between 5000 — 3390 ¢cm ™!
(2000 — 2950 nm) are probably caused by hydrogen impurities, because at least two of the
peaks in each spectrum, for MgO:LN at vy = 4455 cm™! and for CLN at 7y = 4429 cm ™!
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and the OH-vibration peaks respectively, are caused by hydrogen, and all peaks in the ob-
served spectral range decrease as the hydrogen content, i.e. OH-vibration peak, decreases.
Transition-metal impurities can be excluded as origin for these various absorption bands
because transition-metal impurities do not absorb photons in the range 5000 — 3390 cm ™!
(2000 — 2950 nm) in LiNbOg [10]. As already mentioned, the observed absorption bands
cannot be attributed to the already known combined OH-vibration-librations [62]. Fur-
ther experiments have to be performed in order to study the origin of these absorption
bands and if these bands might be explained by, e.g. defects in the vicinity of the hydrogen
atoms, different hydrogen sites, combination bands similar to OH-vibration-librations [63],
or coupled phonon-OH-vibrations.

Calibration The observation that the discovered absorption bands are caused by hy-
drogen is important for applications. In PPMgOLN crystals it is usually not possible to
directly measure the absorption coefficient of small absorption bands such as those in the
spectral range 4000 — 3570 cm~! (2500 — 2800 nm). The PPMgOLN crystals usually are
z-cuts and only 1 mm thick, which would not allow to measure e-wave absorption spec-
tra by means of conventional absorption spectrophotometers due to the limited aperture.
However, the OH peak for o-wave can be measured directly by conventional absorption
spectrophotometers without much effort. Thus only a scaling factor between the OH-
vibration peak and the absorption bands of interest has to be known, e.g. for o-wave light,
the ratio of the maximum absorption coefficient of the OH-vibration peak to the maximum
absorption coefficient of the absorption bands between 4000 — 3570 cm ™! (2500 — 2800 nm)
is & 300450 for both, CLN and MgOLN crystals. Applying this relation, the magnitude of
these absorption bands can be easily inferred from the amplitude of the OH-vibration peak
for o-wave light, and since the absorption bands between 4000—3571 cm™! (2500—2800 nm)
are similar in magnitude for both light polarizations, the magnitude of these absorption
bands for e-wave light can also be estimated.
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4.4 First OPO experiments — Operation of a 1550-nm-
pumped singly-resonant continuous-wave OPO

In order to demonstrate the success of the annealing procedure and the importance for
OPO applications, we build an SRO as described in Fig. 4.1 pumped with a tunable 1550-
nm source based on an external cavity diode laser amplified in an EDFA. It delivers up to
20 W of CW single-frequency radiation around A = 1550 nm. As the nonlinear medium
we use either as-grown PPMgOLN or annealed congruent PPLN (PPCLN). In order to
produce the annealed PPCLN crystal, first an as-grown 1-mm thick, 5-mm long z-cut CLN
crystal is subject to annealing as is described for CLN in Sect. 4.1. After annealing the
crystal is polished and subsequently poled with a 32.8-pm period by conventional electric-
field poling methods [22]. The CLN crystals are used instead of MgO:LN crystals because
of the easier poling properties, but poling of annealed PPMgOLN is also feasible.

The OPO is of conventional bow-tie type, designed for resonance at 2600 nm, with a spot
size of 80 pum at the center of the 1-mm thick, 5-cm long periodically poled crystal, which is
anti-reflection coated at the signal and pump wavelengths. The output coupler has 99.9 %
reflectivity at 2600 nm and 3 % reflectivity at the 3800-nm idler wavelength. It is important
to note that the entire bowtie is contained in a vacuum chamber (P =5 x 1075 Torr) to
eliminate absorption by water vapor in the cavity or adsorbed on the surface of the optics.

With the annealed PPCLN crystal CW SRO operation is achieved at a threshold pump
power of only Py, = 6.5 W. The pump wavelength can be tuned from A, = 1545—1560 nm
resulting in a corresponding idler output wavelength of \; = 3875 — 3850 nm. At 12 W
pump power the CW SRO achieves an idler output power of Pgje; = 3.2+ 0.2 W over the
entire pump wavelength tuning range. OPO operation is obtained with several annealed
PPCLN crystals.

As noted in the introduction of Ch. 4, OPO operation using not-annealed PPMgOLN
crystals cannot be obtained, which indicates that P, exceeds the available 20 W pump
power due to losses of the signal wave in the signal tuning range 2500 — 2700 nm. This is
exactly the range where we found tha hydrogen impurities cause absorption bands in as-
grown CLN and MgO:LN. The absorption coefficient of the as-grown PPMgOLN crystals
for which CW SRO operation cannot be obtained is estimated to be about agy = 0.008 £
0.001 cm~! around 2600 nm. This is deduced from the OH-vibration peak amplitude and
the calibration factor of 300. Therefore Py, is theoretically about 11-13 W larger than in
an annealed PPCLN crystal. Together with the fact that there are additional cavity losses
such as imperfect mirrors and coatings, and slightly changing adjustment, this explains
why OPO operation with these PPMgOLN crystals is not feasible with 20 W of maximum
available pump power.
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4.5 Outlook and conclusion

Outlook Our results indicate that all observed absorption bands are caused by hydrogen
impurities. High-temperature annealing decreases absorption significantly, however, it is
not clear which electronic transitions generate these particular absorption peaks. Further-
more, the resolution of the various peaks in the spectra is not very good as well. Here
further studies are necessary.

Absolute measurement methods such as photothermal-common-path interferometry [111]
have to be developed further, especially in terms of wavelength tunability. Then it might
also be possible, e.g. to determine if the observed slope in MgO:LN is a measurement
artifact and measurement precision might be significantly enhanced. In order to facilitate
such studies as long as convenient measurement methods are not available, the same idea
as in the case of the transition-metal impurities should be applied: Intentional doping with
hydrogen. This will help to resolve the various absorption peaks. There already is one very
efficient processes known to enrich CLN and MgO:LN with hydrogen, so-called "proton
exchange" (PE) in which Li atoms are exchanged with protons by chemical treatment of the
crystal with special acids [56]. The Li-H exchange rate can be up to 85%. Unfortunately
PE changes the crystal lattice structure due to Li-H exchange, e.g. the OH peak in CLN is
shifted from about 7y = 2871 cm™! to 7y = 3510 cm ™!, hence PE is not an option. Softer
methods have to be applied that do not strongly replace Li atoms with hydrogen, but which
fill empty Li-sites with H atoms, so that the crystal structure is not significantly changed.
One such method is conventional annealing in water vapor at about 700 °C [57] which can
be even more efficient by simultaneously applying an electric field [112]. This can increase
the hydrogen content by at least one order of magnitude. Using higher temperatures might
help to facilitate in-diffusion of hydrogen even further.

In order to identify the various absorption peaks, temperature dependent absorption mea-
surements are attractive. If low temperatures are applied, the linewidth of the peaks
should narrow because lattice vibrations decrease. This will increase peak resolution sig-
nificantly as was already shown for the OH-vibration peak [112]. On the other hand
absorption measurements at elevated temperatures might reveal new optical transitions,
as was demonstrated to be the case for the OH-vibration peak in MgO:LN [113]. Hence
temperature dependent absorption measurements might be a good starting point for the
identification of the various absorption bands.

In contrast, for OPO applications it is of great interest to further decrease absorption in
CLN and MgO:LN by more than one order of magnitude. Hence the annealing process in
dry oxygen has to be improved. One solution might be to use longer annealing times and
higher annealing temperatures. Application of an electric field during annealing in dry at-
mosphere might also be a promising method in order to make the annealing more efficient.
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Conclusion In this chapter we showed that there are so-far unknown absorption bands
in CLN and MgO:LN that are on the order of 0.0005-0.01 cm™! that are attributed to
hydrogen impurities. High-temperature annealing decreased the hydrogen content by one
order of magnitude, which was measured by the amplitude of the OH-vibration peak and it
also suppressed absorption in the range 2200 — 2800 nm by up to one order of magnitude.
Other impurities could be excluded as causes of these absorption bands. Finally annealed
PPCLN crystals enabled successful operation of a 1550-nm pumped SRO that was very
sensitive to optical absorption around 2600 nm.
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Chapter 5

Pyroelectrically-induced
photorefractive damage in

LiNbO3:MgO

5.1 Introduction

In the previous chapters we have studied the origin of the residual optical absorption in CLN
and MgO:LN. We have identified small amounts of transition-metal impurities and, where
it was possible, we have shown ways to reduce their amount and thus decrease residual
absorption. In this chapter it will be shown which effects even the smallest amount of photo-
excitable electrons and absorption-induced heating can have on the optical performance of
MgO:LN in nonlinear-optical applications.

As already discussed in Sect. 2.3.1.1, MgO:LN does not show PRD at even very high
light intensities in the visible wavelength range. However, we observe in an OPO using
a PPMgOLN crystal that was pumped with 1064-nm laser light characteristic PRD in
the remaining uniformly poled parts of the crystal. The experiments indicate that the
pyroelectric effect in combination with parasitic green light is related to this phenomenon.
This leads us to the question if pyroelectrically-induced PRD can be observed in MgO:LN,
even though it is known to show no conventional bulk-photovoltaic PRD, by choosing a
suitable light intensity and creating a pyroelectric field [114-117]. Another open question
is why damage is not observed in CLN under similar conditions.

In the following we first summarize what is known from literature about the impact
of external and pyroelectric fields on photorefraction. Then we explore theoretically if
pyroelectrically-induced PRD is possible in MgO:LN. Therefore the problem will be theo-
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retically examined in one dimension. Then the model will be extended to two dimensions
in order to simulate more realistic experimental conditions. The impact of this model on
nonlinear-optical applications will also be discussed, as well as beam self heating and inhi-
bition of pyroelectrically-induced PRD in MgO:LN. Finally experiments and their results
will be presented and theoretical predictions will be compared to experimental results.

5.1.1 Photorefractive damage due to an externally applied electric field

The basic equation for the charge transport in a photorefractive medium is given by Eq. 2.23
which describes the total current density. Note that the electric field E can be expressed
by the electric potential ¢ through E = —V¢. Now consider the case that a constant
external potential difference is applied at the boundaries of an illuminated photorefractive
crystal, e.g. a voltage is applied to the + and —z-faces, then ¢ splits up into an external and
internal potential, i.e. ¢ = @ext + dint- 1f the boundaries are far away from the beam and
if the illuminated region is small compared to the dimensions of the crystal, the externally
applied potential difference creates a constant electric field Eg = —V¢ext. The total electric
field in Eq. 2.23 can then be described as E = Eg — Vi, and the boundary condition
Véiny — 0 for |r| > w, where w is the characteristic size of the beam such as the beam
radius, has to be fulfilled. Then the basic current equation Eq. 2.23 becomes:

j=0(Bo — Véin) + kpTueVie + 817 . (5.1)

It has also been shown experimentally that PRD is caused not only by the bulk-photovoltaic
effect, but also by externally applied potential differences, i.e. external electric fields Eg,
under simultaneous illumination, e.g. in LiNbOg doped with iron bulk-photovoltaic pho-
torefraction is enhanced by application of an external electric field [118|. In another case
a homogeneous electric field Eq is applied to a non-bulk-photovoltaic (or only weakly
bulk-photovoltaic) but photoconductive medium such as SBN. There the refractive index
is changed homogeneously according to Eq. 2.25, first, but as soon as the crystal is illu-
minated with, e.g. a Gaussian beam at a visible wavelength with Eqg being present, the
photoconductivity in the center of the beam becomes larger than in the outer wings of the
beam or the dark parts of the crystal. Thus the increased photoconductivity together with
E¢ cause a drift current that leads to screening of Eg in the center of the beam [114,119].
According to Eq. 2.25 this leads to a refractive index change within the beam profile and
depending on the parameters of the beam this can either lead to beam distortion or even
beam self-trapping. In the case of beam self-trapping a so-called "spatial bright screening
soliton" is formed [120].
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5.1.2 Pyroelectrically-induced photorefractive damage

The pyroelectric effect in LiNbOgs can generate an electric field, the so-called "pyroelectric
field" Epyro, that influences photorefraction similarly to an externally applied electric field
Eg. The pyroelectric field in a z-cut plate, assuming homogeneous heating, is given by

1

€33€0

E p3AT/Z\ 5 (52)

pyro — —

where ¢ is the permittivity of vacuum, €33 is the tensor element of the static permittivity
tensor €, and AT is the temperature change. Equation 5.2 means that a temperature
change of 1 °C leads to |Epyro| = 2.6 kV/cm. If the dark conductivity oq4 is small enough,
so that the decay of the electric field is slow, and if charge neutralization on the crystal
surface is also weak, these fields may persist for several weeks [121]. Then, to a good
approximation, Epy, can be treated as an external electric field Eg. That Egy, can
substitute for Eq in photorefractive materials has already been shown [116,117,122,123|,
e.g. it has been demonstrated that so-called "spatial screening-photovoltaic bright solitons"
[124] are created in CLN by applying pyroelectric fields instead of an external electric field
[122]|. Furthermore, it has been shown that pyroelectric fields can cause beam distortion in
materials such as barium strontium potassium sodium niobate (BSKNN), Ce-SBN:60, or
SBN:60 that only show very weak or no bulk-photovoltaic effect [70,114,115]. For instance,
a pyroelectric field is created by cooling a BSKNN, Ce-SBN:60, or SBN:60 crystal. Then
the crystals are illuminated and the observed phenomena are the same as if an external
electric field would be applied [114].

These results show that the pyroelectric effect can have an impact on photorefraction
in various media in principle. For MgO:LN the influence of pyroelectric fields on the
photorefractive behavior has not been studied yet, but it is of special interest, because
MgO:LN does not suffer from bulk-photovoltaic PRD and therefore it is a commonly used
nonlinear optical material for high-power frequency conversion devices. But, as discussed
in previous chapters, use of high optical power also means that absorption of light and
therefore heating occurs. And this heat accumulation in turn generates pyroelectric fields.
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5.2 Theory

In this section we develop a theoretical model for pyroelectrically-induced whole-beam
refractive-index changes in MgO:LN in order to derive the electric potential ¢ and electric
field E.

5.2.1 Steady-state photorefractive effect — one-dimensional case

As already introduced in Sect. 2.3.1, the basic equation of photorefraction is given by
Eq. 5.1. First we consider the one-dimensional (1D) steady-state case of Eq. 5.1 in ac-
cordance with [125] and using a similar notation. First, there are no external fields Eg
applied and the temperature is constant in order to simplify the problem and introduce
some new variables. One-dimensional means that a uniformly poled crystal is considered
and a planar beam propagates through the crystal along y with the gradient of intensity
parallel to z.

In the following we assume that the crystal is illuminated with light of intensity
I(r) = IpI(r) with I(r) <1. For a Gaussian intensity distribution in the planar case the
normalized intensity is I = exp(—2¢?), where w is the characteristic beam size, e.g. the
beam radius, and £ = z/w is the spatial coordinate normalized to w. We make the assump-
tion that local charge neutrality holds [125,126] and that the intensity is low enough, so
that the conductivity is linear in intensity (Eq. 2.24), i.e. ¢ = 0photo +0a = kI + 4. Note
that the photoconductivity is mostly caused by electrons, thus it is also ophoto = Helte€,
where e is the electron charge.

We introduce the concept of the so-called "equivalent dark intensity" I4 [119,125|, which
is the intensity necessary to bring the photoconductivity up to a value of the dark conduc-
tivity. Then the conductivity can be written as

o = 09a(r) = oo[l(r) + 1], (5.3)

where 09 = kly and n = I3/Iy. This concept facilitates normalization of the problem.
Furthermore, the ratio n of the equivalent dark intensity to the peak intensity will be
an important parameter for the characterization of charge transport in LiNbOj in the
following sections.

In steady state the current from Eq. 2.23 must obey V - j = 0, thus the space-charge field
generates a drift current jq,ir balancing the other currents [125]. In the case of open-circuit
boundary conditions the total electric field is then obtained

B(E) = B &) 5 g, UO/dES (5.4)

I(&)+n M IGER
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where the first term describes the bulk-photovoltaic field scaling with the characteristic
bulk-photovoltaic field E},, = —f8/x and the second term describes the diffusion field Egiq
with characteristic field Ey, = kgT'/(ew) [125].

5.2.2 Time-dependence of pyroelectrically-induced photorefractive
damage — one-dimensional case

Assume that an unilluminated MgO:LN crystal of thickness H is uniformly heated by
a temperature difference AT. This temperature difference generates a pyroelectric field
E,yr0 according to Eq. 5.2. Regarding Eyr, as equivalent to an externally applied electric
field [123], one can assume that there is a fixed voltage U applied across the crystal thickness
H if the experiment is done within a time ¢ smaller than the dark decay time. With this
assumption it is possible to separate the bound charges (the pyroelectric charge) from the
free charges originating from the photo- and dark conductivities. If the crystal is then
illuminated with an intensity pattern I(r), and if we neglect the photovoltaic current and
the diffusion, Eq. 2.23 simplifies to

j=ocE. (5.5)

Note that, since we have formulated the transport as linear as discussed in Sect. 2.3.1,
the pyroelectric field can be added to the bulk-photovoltaic and the diffusion field given in
Eq. 5.4. However, for cases of interest here, the pyroelectric field will be much larger than
the bulk-photovoltaic field. Furthermore, since we are only considering whole-beam effects
the diffusion field is also orders of magnitude smaller than |Epy.|, e.g. for a w = 100 pm
and T' = 300 K it is By, = 2.5 V/cm while [Epyo| = 2.6 kV/cm for AT = 1 °C. Thus
diffusion will be neglected in the further analysis as well.

The relation between the current j and the space charge density p is given by the continuity

equation

9p .
o tVi=0. (5.6)

Then Eq. 5.6 together with Gauss’ law and Eq. 5.5 yield

OE
. — E| =0 5.7
\Y |:€6(] 5 +o ] (5.7)
with the solution oF
—_— E p— 1 5-8
€€o 5 + o ja, (5.8)

where jq is a divergenceless current chosen to meet the boundary conditions.

Assume fixed-voltage boundary conditions, i.e. that there is a fixed voltage applied across
the crystal thickness H. Then a current is flowing even in the absence of illumination and
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in the case that the illuminated region is small in extent compared to the thickness H of
the crystal, i.e. w < H, jq can be approximated by jq = Ucqz/H. This simple model is
appropriate for our pyroelectric case for times short compared to the dark decay time of
the pyroelectric field. Using the notation from Sect. 5.2.1 the solution for Eq. 5.8 is then
given by

. u n 1(€) o7 -
BE6) = 5 { i * Tes e ol + ]| 2. 5.9)
where t = t/74; and Tg; = eeq/o = eeo/[oo(I + n)] with o9 = kIy. The time constant 7g; is
also known as the characteristic Maxwell time, the characteristic time for buildup or decay
of electric fields in the illuminated medium.

For ¢ = 0 it follows E = (U/H)Z, which means that the field has not been screened in
the illuminated region yet and is fully present. For the steady state case ¢ > 1 one
gets E(t,&) =Unz/ [H (f(g) —|—17)], which is a nearly flat-top profile for the commonly
encountered case of n < 1. Due to Eq. 2.25 the change in the electric field in the illuminated
area of the crystal (Eq. 5.9) leads to a refractive index change

_ L U Q) o a7
A=y 233H{I(5)+77+](5)_|_77 pl t(I+n)]}. (5.10)

This refractive index change consists of two parts

An = Anyom + Angp . (5.11)

First the homogeneous heating causes a homogeneous refractive index change

1 U

Anpom = —§n2r33§

due to Epyro = (U/H)z. This homogenous refractive index change does not cause beam
distortion. However, the subsequent illumination changes the refractive index inhomoge-

neously by

(5.12)

Ly U (I - >
Ang = —=nirgs— | ——2— {exp|[—t(I + -1 . 5.13
== gtra gy (e {espl=#7 + )] - 1) (5.13)
Note Anjy and Anpom have opposite signs. The refractive index change An;; normalized
to —Anpom is shown in Fig. 5.1.

In Fig. 5.1a the normalized refractive index change is plotted for ¢ = 574; and varying
7. In Fig. 5.1b the normalized refractive index change is plotted for varying time ¢ and
n = 0.001. In both graphs I is shown as a red dashed line. Note, for n — 1 screening
cannot be reached. This is the case when o4 = 0g.

The phenomenological explanation is the same as in Sect. 5.1.1; due to the increased
photoconductivity in the center of the illuminated part of the crystal, Epy., is screened
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zlw

Figure 5.1: Pyroelectrically induced refractive index change Anyy (normalized to —Anpop, )
versus £ = z/w. In a) the refractive index change is plotted for t = 57g; and n = 0.17
varying logarithmically where j = 0,0.5,1,1.5,..,4 (from smallest to largest refractive index
change) is just an index. The curves for j = 2,...4 overlap each other. In b) the refractive
index change is plotted for t = 0,1,..,10 X 7q;, and n = 0.001 (from inside to outside). In
both graphs I is shown as a red dashed line.

faster there than in the wings of the Gaussian light intensity distribution where the lower
photoconductivity leads to slower screening of Fpy.o. In the dark part of the crystal the
entire pyroelectric field persists. This change in the electric field leads to a refractive index
change according to Eq. 2.25, as can be seen in Fig. 5.1. Especially for times where the
flat part of the refractive index profile has not yet developed, the transmitted beam will
be distorted and partially deflected due to the refractive index change in the illuminated
region. However, one can also expect that beam distortion will be reversed once the flat-top
profile has developed because the beam would not be disturbed anymore.

5.2.3 Time-dependence of pyroelectrically-induced photorefractive
damage — two-dimensional case

In order to solve the problem in the two-dimensional (2D) case, the corresponding general
equations must be derived. The 2D-steady-state solution has already been derived by
[119], the 2D time-dependent equations have been solved numerically for the model system
bismuth titanate BijoTiO9y with an external electric field applied, which neglects a bulk-
photovoltaic current and diffusion [127]. Similar simulations can also be applied for the
case of MgO:LN as is shown in the following.

Again we assume that a MgO:LN crystal is heated uniformly first, generating an electric
field Eg = Epyro, and that Epy is constant within the time frame of the experiment.
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The diffusion term is neglected as in Sect. 5.2.2 since we only consider whole-beam effects.
Simulations are performed for the case that Ey., has just been established and already is
fully present, and illumination with a laser beam with Gaussian intensity distribution is
then switched on. In the following we focus on the time dependence of the charge distri-
bution p of free charge carriers which is determined by the continuity equation (Eq. 5.6).
Substituting Eq. 5.1 into Eq. 5.6 one obtains

% = —{k(Eo —2Epy) - VI = V - [(kI 4+ 04) V] } - (5.14)

Furthermore, the Poisson equation gives the relation between ¢,y and p:

—é = €102 ¢t + €110, bint + €3307 Dint. - (5.15)

Unfortunately there is no analytical solution to this problem, however, it can be solved
numerically with Finite-Difference-Time-Domain (FDTD) simulations that give a solution
for p and ¢. Then it is possible to determine the total electric field E.

We perform FDTD simulations for the 2D case based on Egs. 5.14 and 5.15. For the
calculation a Gaussian light intensity distribution is assumed and |Epy| < |Epyro|. Note
that, for MgO:LN and the case of interest here, E,, is orders of magnitude smaller than
Ey, thus it can be neglected. Concerning o4 there hardly exist any data for CLN and
MgO:LN for T" < 100 °C because CLN and MgO:LN crystals are quite good electrical
insulators for temperatures below 150 °C. In CLN one can assume that o4 is in the range
10716 — 10718 (Qcm) ! [121]. For as-grown MgO:LN crystals doped with 5 mol% MgO an
upper bound for o4 at room temperature has been determined o4 < 2 x 107 (Qcm)~!
[128]. In another publication o4 of MgO:LN doped with 5 mol% MgO is on the order of
10716 (Qem) ! [129] at room temperature. From [84,129] it then becomes clear that oq in
MgO:LN is at least two to three orders of magnitude smaller than o9 = kI in the intensity
range 1 — 10 W/cm?. Therefore we neglect oq in Eq. 5.14 and Eq. 5.16 for all cases where
Iy is on the order of 1 W/cm? or higher. This approximation will not affect the refractive
index changes significantly in the region |r|/w < 2 for MgO:LN. Furthermore, one can
expect that og and oq are not affected by small temperature changes of less than 10 °C.

Figure 5.2 shows the time dependence of the refractive index change Any,. Since € repre-
sents a tensor, a characteristic dielectric time constant has to be defined, which approxi-
mately describes an exponential time dependence of the z-component of the space charge
field for ¢ =~ 0 in the center of the illuminated region and which depends on x as well. For
LiNbOg3 and the z-component of the electric field this time constant is given by [130]:

. coless + V/essen) (5.16)
di kly + og ' '
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Figure 5.2: Numerically simulated normalized refractive index change —Anyy/Anpon for
the 2D case. The illuminated area is small in extent compared to the z and y dimensions
of the crystal. The ratio of €11/€es3 is 2.9, as is the case for MgO:LN.

Hence time ¢ in Fig. 5.2 is normalized to 74;. The refractive index change Anyy is normalized
to Anpom. The 2D-simulations show the screening of the pyroelectric field in the areas
of increased ophoto. With increasing time, similar to the 1D-case, a flat-top refractive-
index profile develops in the illuminated area. In the dark areas of the crystal the entire
pyroelectric field is present and the refractive index is unchanged. However, the 2D-case
is also slightly different from the 1D-case. Similar to conventional PRD in CLN, the
characteristic side lobes in +z and —z direction develop with opposite sign with respect to
that of the flat area in the middle [119]. Figure 5.3 depicts z-cuts through the refractive
index profile beam center Anyy(y = 0, z) normalized to —Anyey, for different illumination
times ¢ in multiples of 74;. Again similarities to the 1D case are obvious.

5.2.4 Impact on applications

One simple solution to inhibit pyroelectrically-induced PRD due to homogeneous heating
simply is to short-circuit the c-faces of the crystal, e.g. by applying a conductive paste on
the c-faces and electrically connecting them with each other. This connection prevents the
crystal from accumulating surface charges during heating or cooling, hence pyroelectric
fields cannot develop. However, if a nonlinear-optical device with a PPMgOLN crystal
is pumped by a strong infrared pump beam, spatially inhomogeneous self-heating occurs,
and thus local temperature increase can induce local pyroelectric fields that cannot be
fully screened by short-circuiting the surfaces of the crystal. It has been reported from
experimental observations in SBN that a pyroelectric field due to beam self-heating with
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Figure 5.3: Numerically simulated refractive index change Any(y = 0, z) in MgO:LN for
varying illumination times t = 17q;, 274, 474i, 87ai, 1674, 327q;, 6474 (smallest to largest
Aniu).

visible laser light can be created in pyroelectric media [131]. There the pyroelectric fields
lead to lensing. The same can be expected to happen in MgO:LN if just a strong enough
infrared pump beam is used because there is always residual optical absorption inside
the crystal. Since, at the same time, high average power infrared lasers usually generate
some parasitic visible light in PPMgOLN due to accidentally phase-matched frequency
conversion processes [132], this parasitic light would then partially screen the pyroelectric
fields, and hence a very inhomogeneous pyroelectrically induced refractive index profile
would be the consequence.

In the following sections a new theoretical model for the pyroelectrically-induced PRD in
MgO:LN due to beam self-heating will be developed and a method to reduce this effect
will be presented.

5.2.4.1 Beam self-heating in a uniformly poled LiNbQO3:MgO crystal

In the case of a uniformly poled MgO:LN crystal in which a laser beam is partially absorbed,
there will be a radially varying temperature rise in addition to an increase in the average
temperature of the crystal. The pyroelectric effects associated with the average temper-
ature rise can be eliminated by short-circuiting the z-faces of the crystal, as discussed in
Sect. 5.2.4. However, the spatially varying part of the temperature will create a volume
polarization charge, which cannot be screened by the surface, but will be screened by the
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volume conductivity of the crystal. Thus in the case of beam self-heating we also have to
include the heat equation into our model. As already mentioned, pyroelectrically induced
lensing was reported experimentally in SBN [131]; here we analytically and numerically
investigate this effect and its implications for MgO:LN.

In the case of self heating it is possible to get analytic solutions for the space charge
fields involved in the pyroelectrically-induced PRD only for times short compared to the
dielectric relaxation time. We will derive some approximations for the temperature and
pyroelectric field before we solve the problem with numerical FDTD simulations.

First we determine the temperature field. The heat equation is given by
10 q(r)
— 2 W2\ AT = , 5.17
(e~ 7) a7 =% @17

where AT is the temperature rise above the original temperature, ¢ is the heat generated
per unit volume per unit time by absorption of the optical beam, ki, is the thermal
diffusivity, and Ay, is the thermal conductivity. Furthermore, it is ki, = Atn/pcp, where p
is the mass density and cp, is the heat capacity. Note, k¢, and Ag, are second-rank tensors.
The anisotropy of these properties can again be neglected for LiNbOj3 [8]; in other media
they may have to be taken into account. For an intensity distribution I(r) and absorption
coefficient a the heat source term ¢ is given by

q(r) = al(r) = algl(r) , (5.18)

where we normalize the intensity to its peak value, Ij.

The thermal field in steady state obeys [133]
VA(AT) = —q(r)/ A, (5.19)

It is convenient to normalize the temperature according to AT(r) = ToAT(F), where
Ty = alpw? /My, is the temperature field amplitude and T = r/w (in the one-dimensional
case it is € = z/w). In terms of optical power P = mlgw?/2 for a Gaussian beam it is

T[) = 2Pa/(7r)\th) . (5.20)
With these definitions Eq. 5.19 can be written
V2(AT)(F) = —I(F) . (5.21)

The solution AT(r) of Eq. 5.19 for a Gaussian beam I(r) = Iyexp [—2(r/w)?] at radius r
from the heat source in a cylindrical sample with radius R is given in terms of exponential
integral functions [133]

AT(r) = 4:ih [—Ei <—25§) + B (—Zj) —2In (;)} . (5.22)
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The boundary condition at » = R is taken to be AT (r = R) = 0. The on-axis asymptotic
form (r — 0) of Eq. 5.22 is

aP R?
AT(O) ~ AT |:7Eu1er +1In <2U)2>:| , (523)

where Yguer ~ 0.577215... is Euler’s constant. In a next step the maximum pyroelectric
field that can build up due to beam self heating is estimated. The appropriate analysis of
this situation depends on the time constants for the thermal field to become established
versus Tq;. The time for the portion of the thermal field varying across the beam region
to become established is on the order of the thermal diffusion time 7, = w?/(4ksy,). For
w = 50 pum, A\p &~ 5 W/(m K), p ~ 4.64 g/cm3, and ¢, ~ 0.5 J/(g K) [8], as would
be appropriate for a confocally focused beam of 1-um radiation in a 20-mm-long LiNbO3
crystal, the thermal diffusion time is 7, &~ 0.001 s. In contrast, 74; can be months in CLN
in the dark or several weeks in MgO:LN. Under illumination with green light of intensity
100 W /cm? the time constant 74; in CLN can be several minutes [134] and on the order of
seconds in MgO:LN [84]. Hence we assume that the steady-state thermal field is established
before the polarization charge is significantly screened. It should be borne in mind that for
sufficiently large samples non-negligible screening can occur before the thermal field has
diffused to the edges of the crystal.

From [130] it can be derived that the z-component of the pyroelectric field in the beam
center, before charge screening starts, takes the form

> o p3To
e co(€33 + \/€33€11)
where the anisotropy factor ezs + (/e33€11 for the z-component of the pyroelectric field

in the beam center is used according to [130]. Thus a characteristic pyroelectric field is
defined for the beam self-heating case by substituting Eq. 5.23 into Eq. 5.24:

for t < 74, (5.24)

2
p3aP |:7Euler +In (%)}
AT Mn€o (633 + \/6337611)

For 2D temperature diffusion in the slab-like crystal geometry used in practice, the temper-
ature rise of the beam center also depends logarithmically on the size of the crystal. We find
that for an estimate for the temperature rise of the beam center in this case In (2R2 / wz)

~

EpyI‘O ~

(5.25)

can be replaced with In [(min[Ly, L, w)? / 2], where L, and L, are the dimensions of the
crystal in y or z direction respectively. Note, the scaling of Ey;, in the beam self-heating
case is qualitatively different between the 1D and 2D geometries. This difference arises
because the temperature rise at the beam center is much smaller when thermal diffusion
occurs in two dimensions rather than one.
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Figure 5.4: Cut of E,(y = 0, z,t) through the 2D electric field profile along the z-axis for
the beam self-heated case for different times (multiples of Tq;) and slab-like crystal shape
normalized to Eyyr. Fort =0 the curve is parabolic around y = z = 0, for longer times a
flat-top profile starts to develop. The electric field is normalized to Epyro from Eq. 5.25.

In order to determine the electric field for all r and times ¢ in the case of beam self-heating,
two-dimensional FDTD simulation were performed by taking Eq. 5.19 into account in
addition to Eqgs. 5.14 and 5.15. Again it was assumed that oppoto = k1. The potential ¢
and the charge distribution p were determined for a slab-shaped crystal taking into account
that the total time-dependent charge density is a sum of pyroelectric and free electronic
charge densities (p = ppyro + Phree) With

Ppyro(r)(ryt = O) =-V- (APS> =-V- (pgAT(I‘)/Z\) ) (526)

where Py is the spontaneous polarization. Again we used o =~ kI and
ten = w?/(4ke,) = 0.001 s. As boundary conditions ¢ = 0 and AT = 0 have to be ful-
filled at the crystal surfaces at all times, i.e. we assume that the crystal surface is perfectly
heat sunk to a fixed temperature and electrically grounded.

As aresult the cut E, (y = 0, z,t) through the electric field profile along the z-axis is shown
in Fig. 5.4 for different times (multiples of 74;). For ¢t = 0 the curve is parabolic around
y = z = 0, while for longer times a flat-top profile starts to develop. For convenience
the plot is normalized to Epyre (Eq. 5.25) considered above. Thus, for short times, the
pyroelectric field causes an imperfect lensing effect, but for intermediate times a rather
hard edge in the pyroelectric field (and therefore in the refractive index profile) develops
in the region of significant intensity, which can cause PRD. Whole-beam diffractive and
holographic effects can be calculated in 3D by adding the x-axis as the light-propagation
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direction into the simulations and including beam diffraction to calculate the resulting
electric field Eqptical (%, ¥, 2,t), which will be described elsewhere.

As a practical example, according to Eq. 5.20 a LiNbOs3 crystal with an absorption co-
efficient & = 0.005 cm™! illuminated with a Gaussian beam of power P = 20 W would
change the steady-state temperature difference across the beam by about 1.2 K and create
a pyroelectrically-induced refractive-index change before screening (extraordinarily polar-
ized) on the order of —2x 107>, In comparison, a temperature change of 1.2 K would create
a thermo-optic refractive index change of about 4 x 1075 (Eq. 2.27). Considering Eq. 2.28,
a beam with typical beam radius of, e.g. w = 100 pm and a crystal length of L = 20 mm
would create a thermo-optic focusing lens with a focal length of about 20 mm [91]. The
pyroelectrically induced refractive index change before charge screening starts creates a
defocusing lens with focal length on the same order of magnitude as the thermo-optic
lens. But due to charge screening the pyroelectrically-induced refractive index change will
become spatially even more inhomogeneous for times exceeding the dielectric relaxation
time. (Fig. 5.4). Hence thermo-optic and pyroelectric refractive index changes will not
cancel out each other, but will lead to a very inhomogeneous refractive index profile which
will cause beam distortion and light scattering. This combined lensing effect illustrates the
importance of pyroelectrically induced refractive index changes.

5.2.4.2 Electric field due to beam self-heating in a periodically-poled LiNbOg
crystal

Although homogenous pyroelectric fields can be short-circuited in principle, in the case
of beam self-heating, short-circuiting the z-facets will not completely solve the problem
(Fig. 5.4). One solution might be homogeneous illumination of the crystal with UV light
[135]. However there might be an even easier solution to the problem: Periodic poling. It
was already theoretically shown that the bulk-photovoltaic PRD is strongly suppressed in
periodically poled CLN [125,136]. In the following we will show that a similar analysis as
shown in [125] can be applied to the pyroelectrically-induced PRD.

Consider the same basic assumptions as in case of beam self-heating in a uniformly poled
crystal, but include a domain pattern varying periodically along y with a fundamental
spatial frequency K, = 27/A (A is the poling period), so that, noting that the pyroelectric
coefficient varies from positive to negative sign in oppositely oriented domains, it can be
written as

p(Y)/ps = a0+ Y _ amcos(mKgy + vim) (5.27)

m=1

where ag = 2D —1, and a,, = 4sin(mmD)/(mm), with D being the QPM duty cycle, and p3
is again the bulk pyroelectric coefficient. The DC term aq is proportional to the deviation
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in the duty cycle from its ideal value (for odd order QPM) of 50 %. For D = 50 % and for a
grating whose first domain is centered at y = 0 it is ag = 0, a,, = 4/(mm) for m = 1,5,9, ..
and a,, = —4/(mmn) for m = 3,7,11, .., and a,, = 0 for m even and the v,,, = 0.

According to Eq. 5.26 and a vector identity, it can be shown that the pyroelectric charge
density ppyro 1S ppyro(r,t =0) = =2z - V [p(y) AT (r)]. For short times ¢ < 74;, the pyroelec-
tric field obeys V - E = ppyr0/€€g. The problem is most conveniently solved in terms of the
potential rather than directly for Epgr, [125]:

€€Q

where the potential can be taken in the form

o(r) = Og(z,2) + Z P (z, 2) cos(MmKgy + Vi) - (5.29)

m=1
Since we only consider the case where ¢ || Z, it follows

Vi = LOPS V[AT(r)] . (5.30)

€€Q

For simplicity we discuss the planar case where I = I(2) = IhI(2), € = z/w, and AT(z) =
ToAT(E). With Egs. 5.27, 5.29, and 5.30 and projecting out the various coefficients, the
m’th term in Eq. 5.28 obeys

(V2 = m2K2) @p(z,2) = 2295 v, [AT(r)] | (5.31)

€€Q

where m = 0, 1, 2, ...co includes the DC term as well as those with spatial modulation, and
V=V —y0d/0y. Equation 5.31 then becomes

d? 9 p3Toam dAT(E)
— m2K2w? ) ®,,(¢6) = m ) 5.32
<d§2 gw> (é.) €€o w dé- ( )
In the case of uniform poling, i.e. m = 0, and with E = —zd¢/dz, one obtains

E(z) = —p3agAT(2)z/(e€p) which is consistent with Fpyr, in Eq. 5.2.  As mentioned
in [125], ngz is usually quite large, e.g. for A = 30 pm and w = 50 pm which are
typical numbers for a PPMgOLN crystal used for OPOs, ngQ = 110. Thus, in the case
7712[('3102 > 1, Eq. 5.32 becomes simply

_psToam 1 dAT(E)
ccg mEKZw? df

. (§) = (5.33)

83



PYROELECTRICALLY-INDUCED PHOTOREFRACTIVE DAMAGE IN LINBO3:MGO

With  Eq. 521, Tj = alow?/An, and in  analogy to Eq. 5.29
E.(y,z) = E.0(2) + > oo i Exm(2) cos(mKyy + vy,)  the transverse component —of
the electric field is

1 0P (y,&) psadow?a, 1 -
—— = — I . 5.34
w 0¢ €€0Ath m?K3w2 (©) (5.34)

E.m(z) =

There also is a longitudinal field Ey(y, z) that can be derived similarly, but in analogy to
the photovoltaic case discussed in [125] it is not important for this analysis, because it is
/2 out of phase with the domain grating and hence does not significantly contribute to
the average electro-optic refractive index change.

In order to determine the electro-optic refractive index change according to Eq. 2.25, the
same analysis as in [125] is done by expanding the electro-optic tensor r/ ng in a Fourier
series like p(y)/ps in Eq. 5.27. Then the refractive index change is

psTo iy} & Om
Ane ppMgOLN = _QBT% ap + Z > cos(mKgy + vm) | X
m=1
m=oQ
E.o+ Y Eamcos(mKgy + vpm) (5.35)
m=1

Due to the fact that for D ~ 50%, a1 > ag and a,, x 1/m in Eq. 5.35, terms for m > 1
and mixed terms can be neglected in the Fourier series. Thus a good approximation is

2

[a%AT(f) + 2[%111)2 COS2(Kgy)I(§):| . (5.36)

psTo ndres’

Ane PPMgOLN = —
€€0 2

The refractive index change in a uniformly poled crystal due to beam self-heating is
(Eq. 5.24) Aney = —pgTQnZ’T’;gf/(2€6()), thus in a PPMgOLN crystal with 50 % duty cycle

it is B
Aneppmgon 8 1 1(§)
Aney " o2 (Kgw)? AT(E)
Equation 5.37 shows that the electro-optic index change in PPMgOLN is suppressed by a
factor (mKgw)?/8 compared to that in uniformly poled MgO:LN, which can be about about
1/140 if one assumes the same experimental parameters mentioned above are used. It also
shows that the refractive index perturbation is proportional to the intensity profile I(£)

in PPMgOLN, whereas it is proportional to the temperature change profile AT(§) in the
case of uniform poling. Note, for PPMgOLN in the 2D case Ane ppmgoLN d*(AT)/dg.

(5.37)

The previous analysis was made under the assumption of a perfect 50 % QPM duty cycle.
However, if there is a duty cycle error of ag = 2D — 1, suppression is less effective and the
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DC term (m = 0) in Eq. 5.36 adds a significant contribution when

8 1

2 2

=2D-1)"> w—F— 5.38
ag ( ) 2 (ng)z ) ( )
e.g. for A = 30 pm and w = 50 um and D =~ 54 % the maximum refractive index

suppression is Ane ppMgoLN/Aney &~ 1/70 which is already only half of that for D = 50 %.
With a deviation from a perfect duty cycle pyroelectric fields can build up due to beam
self-heating and therefore can lead to pyroelectrically-induced PRD. The above analysis
shows that even if there is only a small portion of the light path where there are duty
cycle errors or where periodic poling is totally missing, e.g. at the crystal edges, PRD
can occur, especially in resonators. If that is the case it is very likely that using a strong
infrared pump beam that generates parasitic green or blue light, whose photo-generated
carriers partially screen the pyroelectric fields, can cause pyroelectrically-induced PRD in
the PPMgO:LN sample in addition to conventional thermo-optic lensing effects.

The theoretical analyses in Sect. 5.2.2, 5.2.3, and 5.2.4 are not limited to MgO:LN in
principle but could apply to other periodically-poled photoconductive ferroelectrics as well.
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5.3 Experimental setups and results

In the previous sections we have developed a theoretical model for pyroelectrically in-
duced whole-beam photorefractive effects in MgO:LN. In the following sections we present
experimental data.

The experiments are conducted with several 5-mol% MgO-doped LiNbO3 (MgO:LN) and
undoped CLN crystals provided by Crystal Technology, Inc. (CTI). For comparison, and in
order to make sure that the results are not crystal-grower specific, MgO:LN crystals from
Yamaju Ceramics Co., Ltd. are also used. All crystals are polished to high optical quality
on their x-facets of the crystals. Table 5.1 summarizes all samples used in the experiments.

Vendor Crystal type Dimensions Short name
T Xy x z (mm?)

CLN 20 x 20 x 20 CLN;

CLN O9x11x 1 CLNsy
MgO:LN 9x11x 1 CTIMgOLN;
Crystal Technology | /oy 1 9x11x 0.5 CTIMgOLN,
MgO:LN 25 x 25 x 25 CTIMgOLN3
MgO:LN 25 x 15 x 20 CTIMgOLNy

Yamaju Ceramics ‘ MgO:LN 10x12x 0.5 YamMgOLN;

Table 5.1: Crystals used in the photorefraction experiments and their short names.

5.3.1 Beam distortion

5.3.1.1 Setup and experimental procedure

Prior to each measurement, the crystal under investigation is thoroughly cleaned with
acetone, water, and methanol. Then the crystal is placed on a heated aluminum block,
which itself is mounted on a 3-axis translation stage. Before the start of any experiment
the crystal is thermally equilibrated to the initial oven temperature T;, and electric charges
that may have been generated pyroelectrically or deposited on the crystal surfaces during
handling are removed by short-circuiting the z-faces of the crystals temporarily. Then the
crystal is put in open-circuit condition again.

The crystal is illuminated with a Gaussian beam of 532-nm radiation from a frequency-
doubled continuous-wave Nd:YAG laser, linearly polarized along the crystallographic z-axis
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Figure 5.5: Setup for the observation of beam distortion. The laser is a 532-nm frequency-
doubled continuous-wave Nd:YAG laser.

and propagating along the z-direction of the crystal. The temperature of the crystal is
controlled with a temperature accuracy of + 0.1 °C at the surface of the crystal in contact
with the heating block; the temperature is also measured at the opposite (air) surface of
the crystal. During illumination the crystal is heated until the top and bottom of the
crystal reaches stable T;. Experiments are also carried out with the illumination applied
after the crystal has been thermally equilibrated at the final temperature 7%.

The setup is shown schematically in Fig. 5.5. Before the beam enters the crystal, it passes
through a half-wave plate and a polarizer which, together with neutral density filters,
enables continuous adjustment of the power P incident on the crystal from 20 uW to 2 W.
The beam is focused at the center of the crystal to a 1/e? intensity diameter 2w, which is
100 pm in all experiments unless otherwise noted. The incident beam is extraordinarily
polarized, i.e. polarized along the z-axis of the crystal. The transmitted beam is observed
on a screen placed approximately 50 cm beyond the output face of the crystal. Various
temperature differences Ty —T; are applied in several experiments, however, Tt is always kept
below 50 °C. After illumination is stopped, the c-faces of the crystal are short-circuited
to discharge any pyroelectric surface charges while the crystal cools down to the initial
temperature 7;. Note that any internal space charge fields that may have been created
during illumination would not be erased by this process [114].

5.3.1.2 Results

Before studying the effects of changing the temperature of the MgO:LN crystals, we first
carry out measurements on samples CTIMgOLN;, CTIMgOLNy, and YamMgOLN; at
constant temperature in order to examine their conventional photovoltaic PRD behavior.
For these measurements, the crystals are illuminated along the z-axis, first with P =2 W
and then with P = 20 yW. No measurable PRD is observed in any of the MgO:LN crystals
(less than 1 % change in diameter on the screen in the far field).
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The MgO:LN samples are then illuminated at a constant power of 20 W, and the tem-
perature is ramped from 73 = 40 °C to Tt = 50 °C in order to investigate the effects of
varying temperature. A picture of the shape of the beam transmitted through sample
YamMgOLN; at different stages of the experiment is shown in Fig. 5.6.

a) b) c)
Before heating During heating After 60 min at 1

’

Figure 5.6: Shape of a laser beam after passing a MgO:LiNbOs crystal (sample
YamMgOLN; ) that is heated from 40 °C to 50 °C.

All MgO:LN samples show similar behavior. Less than one second after initiation of the
temperature ramp, PRD is observed with typical beam distortion and far-field pattern
formation. After several seconds the original beam shape cannot be recognized anymore
(Fig. 5.6b); however, the beam shape continues to evolve. Beam distortion remains even
after the crystal equilibrates to T;. Finally, after several minutes in this stage, the beam
shape begins to restore slowly towards its original shape, but it does not fully recover.
Scattered light is still observed in the region outside the original beam diameter even after
one hour elapses (Fig. 5.6¢).

In another experiment the samples are heated first and then, after thermal equilibration
at Tt, are subject to subsequent illumination with the same beam parameters as described
above in order to create optical damage. Illumination is started once the selected temper-
ature has been reached. Note between heating and illumination the crystal c-facets are
not short-circuited again. In all the samples the beam shows similar distortion as seen in
Fig. 5.6b.

In order to investigate the persistence of these photorefractive effects, the MgO:LN crystals
with PRD are stored at room temperature in the dark for times up to several weeks,
and then probed optically with the same 532-nm beam as it was used in the previous
experiments. Scanning the beam along the y-axis of the crystal on a path that intersected
the previously damaged spot results in scattered light when the beam intersects the regions
displaced slightly to the +y and —y side of the previously illuminated and damaged spot.
In contrast, in areas where no PRD was created earlier, no PRD is observed. For this
experiment the crystal is not heated in order to make sure that the transmitted beam does
not create any additional optical damage.
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We also observe that the PRD can be completely erased by homogeneously illuminating the
crystal with an incandescent lamp for 30 minutes. After that exposure the beam diameter
in the far field is within 1% of its original value. For applications, it is important to note
that after erasing the optical damage with white light, the MgO:LN crystals can be used
for subsequent experiments without any apparent change in properties.

Similar experiments are also conducted with different starting temperatures and temper-
ature differences. All experiments reveal the same qualitative behavior. However, when
the incident power is increased to P = 100 mW rather than the P = 20 uW used in the
previous experiments, the strong distortion shown in Fig 5.6b is not observed, but the
weak scattering in the wings of the beam (as in Fig. 5.6¢) is still observed. The effect again
persists for weeks in crystals stored in the dark.

It is very important to note that the beam is not distorted and no patterning occurred
in any experiment when the z-faces of the MgO:LN crystal are short-circuited during
heating, e.g. by painting silver conducting paste on the z-faces and connecting them with
each other. Furthermore, conducting the experiment with sample CLNjy, photorefractive
damage is not observed with 20 uW optical power and 100-pum beam diameter, whether or
not a temperature step is applied during illumination. However, at higher laser powers (on
the order of milliwatts) at room temperature the conventional bulk-photovoltaic PRD [77]
is observed in CLN independent of heating whereas, as already noted, bulk-photovoltaic
PRD is not observed in MgO:LN under these conditions.

5.3.2 Interferometry
5.3.2.1 Setup

A Zygo laser interferometer and Zygo MetroPro data processing software are used to im-
age any whole-beam refractive index changes inside the crystals associated with the above
observed optical damage, to compare with predictions from Sect. 5.2.3. Crystals are first
exposed to 532-nm radiation and temperature changes as described in Sect. 5.3.1. How-
ever, since the spatial resolution of the Zygo interferometer is about 100 pm, it is necessary
to generate a refractive index distribution of significantly greater spatial extent to have a
reasonable number of pixels in the interferogram, which is accomplished by using a colli-
mated 532-nm beam of 5-mm diameter rather than the 100-um beam used in the previous
experiments. Hence the illumination setup depicted in Fig. 5.5 is adjusted: A second lens
is placed into the beam behind the first lens in order to have a collimated beam with diam-
eter d = 5 mm. Thus only the large crystals CTIMgOLN3, CTIMgOLN,, and CLN; can
be used in this experiment. However, the heating and illumination part of the experiment
is performed in the same way as described in Sect. 5.3.1. Note that the temperature at the
top of the large crystals is generally 0.4 °C lower than that at the bottom of the crystal,
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but as the diameter of the optical beam is small compared to the crystal dimension, the
effective pyroelectric field in the area where the beam illuminated the crystal could be
seen as constant and, indeed, within the accuracy of measurement, no effect of the tem-
perature gradient is measured. In the following we refer to the temperature measured at
the bottom. The sample with initial temperature T; = 23 °C is heated and equilibrated
to temperature T; + AT = Tt with no illumination (for approximately 15 minutes), after
which illumination is initiated. This procedure ensures reproducibility of measurement
conditions. Subsequent to illumination the crystal is short-circuited while cooling down to
room temperature. Then the crystal is characterized with the Zygo interferometer. Note
that in different experiments different illumination times are used, the longest illumination
time used is 160 s.

The Zygo interferometer uses light at A = 632.8 nm with an intensity that is orders of
magnitudes smaller than the intensity of the green writing beam. The sample is placed in
the interferometer with the z-axis almost parallel to the measurement beam, a slight tilt
of the crystal inhibited multiple back-reflections into the detector. The Zygo MetroPro
software is able to correct for that tilt later. The interferometer measures variations in
the optical path length OPL = fc n(s)ds, where C' is the geometrical path and s is the
distance along the path C. Hence the optical path difference (OPD) does not only depend
on the change in the refractive index, but also on the change in geometrical path. How-
ever, the Zygo MetroPro software is able to correct for OPDs caused by crystal thickness
variations due to, e.g. curved or tilted surfaces. In addition, as a cross check, we also
take measurements of the unprocessed crystals in order to measure OPD due to thickness
variations, surfaces roughness, or refractive index inhomogeneities that are already present
before the experiment is performed. Thus the interferometric data are corrected for these
variations.

5.3.2.2 Results

Interferometric measurements with unprocessed as-grown MgO:LN samples show that the
crystal length L is constant between subsequent measurements to an accuracy of about half
a wavelength, thus any larger OPD (compared to the unprocessed crystal) after heating,
illumination, and short-circuiting can be attributed to refractive index changes An;y, which
can be determined as deviations from uniformity from the corrected OPD data. Note, the
measurement procedure does not allow to determine absolute numbers for the refractive
index, it can only determine refractive index deviations from uniformity.

Some typical results of the Zygo interferometer measurements after heating and subsequent
illumination of a MgO:LN crystal are shown in Fig. 5.7 for different illumination times.
For these measurements sample CTIMgOLN, is used with AT = 2 °C and P = 150 mW.
Depicted are the OPDs within the crystal normalized to 2L, i.e. the distance the light
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Figure 5.7: OPD map of CTIMgOLN, for AT =2 °C and P = 150 mW, a) unprocessed,
b) after 10 s, and c¢) 90 s of illumination. Data are normalized to 2L.

travels within the crystal in the interferometric setup. The results shown in Fig. 5.7 are
corrected for tilt and misalignment of the sample within the interferometer arm by using the
Zygo MetroPro software. They are not corrected for crystal thickness variations, surface
roughness errors, or as-grown refractive index inhomogeneities yet in order to show the
significance and character of the effect. Prior to heating and illumination the crystal is
examined with the Zygo interferometer in order to obtain the OPD map (Fig. 5.7a) of the
as-grown crystal.

Then the sample is illuminated for 10 s using the experimental routine described in
Sect. 5.3.2 without heating. After that the experiment is repeated with heating and sub-
sequent illumination for 10 s (Fig. 5.7b). After this measurement the pattern is erased by
illuminating the sample with white light homogeneously for 30 minutes. No OPD can be
measured with respect to Fig. 5.7a after white light illumination. Then the heating-and-
illumination experiment is repeated, in this case the illumination time is 90 s (Fig. 5.7¢). It
is important to note that it is not possible to place the crystal exactly at the same position
in the illumination setup and the Zygo interferometer in every measurement. Therefore
Fig. 5.7 shows slightly different crystal positions.

Figure 5.7a shows that no change in optical path length is observed without heating. This
reveals that illumination itself does not cause thickness or refractive index variations. From
Fig. 5.7a it becomes also obvious that the crystal surfaces are curved; this effect can also be
seen in Figs. 5.7b and c¢. However, even though the surfaces are curved, one can clearly see
in Fig. 5.7b that after heating and subsequent illumination for 10 s the optical path length
is changed positively in the beam center. After heating and 90 s of illumination a shape
similar to a flat-top profile develops as is shown in Fig. 5.7c. One can also see that the
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change in optical path length cannot be attributed to a change in crystal thickness since
it is an order of magnitude larger than the crystal thickness change measured before. The
observed OPD in the illuminated area can solely be attributed to refractive index changes
Any (according to Eq. 5.11). Thickness variations, e.g. due to temperature variations or
the converse piezoelectric effect, can be excluded. Another remarkable feature is that a
local negative refractive index change seems to develop in a lobe-like shape in regions along
z next to the positive refractive index changes in Figs. 5.7b and c.

In another experiment the crystal is slightly cooled. Although the temperature excursion
in this case cannot be evaluated quantitatively, a refractive index measurement can be
performed after illumination, using the same beam parameters as in Fig. 5.7. The refractive
index profile looks very similar to Figs. 5.7b and ¢, but in this case the refractive index
change in the beam center is negative and the side lobes are positive.

In order to quantify the z-dependence of the non-uniform refractive index change Anyy
going through the beam center, the experiment is repeated varying the illumination times
and intensities for sample CTIMgOLN,. The same experimental routine of heating and
illumination is used again with AT = 3 °C and P = 150 mW. Maps of OPD as in Fig. 5.7
are obtained and not only corrected for tilts, but also for surface curvature of the crystal,
surface roughness etc. From these data we determine Angy(y = 0, z,¢) which is depicted
in Fig. 5.8. The accuracy of the measured refractive index changes is estimated to be
about 20%, due to a number of parameters that are not well controlled. In particular,
although the crystal z-surfaces are electrically insulated from each other, screening of the
pyroelectric field by external charges could not be inhibited, e.g. it is not possible to
control how well the surface is cleaned, it is also not possible to control the humidity and
other environmental factors which could lead to surface charge screening. Furthermore,
temperature gradients are probably present near the crystal surfaces, and their influence on
the pyroelectric field cannot be controlled. Another error source is the Zygo interferometer,
which suffers from room temperature fluctuations that can easily be detected.

Figure 5.8 shows that with increasing illumination time a positive flat-top refractive index
profile develops with negative side lobes in +z and —z directions. It also shows that there
is a maximum refractive index change in the beam center. In Fig. 5.9 the normalized
refractive index change in the beam center Any(y = 0,z = 0,¢) from Fig. 5.8 is plotted
versus illumination time ¢ (squares). The solid line represents the result of the FDTD
simulations from Sect. 5.2.3 for 7g; = 14 s. Note that, in contrast to the case of one-
dimensional illumination (Sect. 5.2.2), the time dependence of the refractive index-change
is not an exponential function, as was also seen to be the case for two-dimensional bulk-
photovoltaic PRD in CLN [130].

In Fig. 5.10 the refractive index change Any(y = 0,2,t = 20s) is shown for different
intensities but fixed illumination time ¢t = 20 s. The developing flat-top refractive index
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Figure 5.8: Non-uniform refractive index change Any(y = 0, z,t) in CTIMgOLN, for
different illumination times t = 5,10, 20, 40, 80,160 s. Ezperimental parameters are AT =
3°C and P =150 mW.
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Figure 5.9: Normalized maximum refractive index change Any(y = 0,z = 0,t) versus
illumination time t (squares) in sample CTIMgOLNy. The solid line represents the result
of the numerical simulation for 74, = 14 s.

profile can be seen again as well as the negative refractive-index side lobes.

The above experiments are also performed with sample CTIMgOLN3, and the same quali-
tative behavior is seen as was depicted in Figs. 5.7, 5.8, and 5.10 for sample CTIMgOLNy.
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Figure 5.10: Any(y = 0,z,t = 20s) of sample CTIMgOLNy for different laser powers
P =600, 300, 150, 75, 40,20 mW (largest to smallest refractive index change). Experimental
parameters are AT = 3 °C and the illumination time t = 20 s.

In contrast, in CLN; no refractive index change profile can be measured with the Zygo
interferometer within the sensitivity limit of about 2 x 107% and a maximum illumination
time of 160 s. This also is consistent with the observation that in CLN no beam distortion
is observed after heating and illumination with low light intensity.

5.3.3 Determination of the specific photoconductivity and the bulk-
photovoltaic coefficient

In the previous theoretical description it has been pointed out that knowledge of S,
Ophoto (01 the specific photoconductivity ), and oq is crucial for the understanding of
the pyroelectrically-induced PRD. Experimental data about opneto and 8 in CLN and
MgO:LN already exist [84], however crystals grown 10 years or more ago had different
impurity levels than the ones grown recently, and quantities like s strongly depend on im-
purity levels. In a more recent study, opnoto and 8 were determined over a wide intensity
range for CLN, but not for MgO:LN crystals [134]. Hence it is necessary to measure these
quantities on crystals that have been grown under the same conditions as the crystals used
in the PRD damage experiments described in Sect. 5.3.2.2. By determining s and o4 one
can calculate 7g; (Eq. 5.16) and compare it to the 74; determined in Fig. 5.9.
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5.3.3.1 Setup

For these measurements we use a setup similar to an electric-field-poling cell. The setup
is depicted in Fig. 5.11 [137].

E; -V+

A
|| — Sample
Quartz glass
window

-

=»Pump beam

LiCl solution
~~ O-ring

Figure 5.11: Schematic of the apparatus for measurement of photoconductivity and bulk-
photovoltaic current.

This apparatus is constructed to allow electrical contacting of the surfaces without signif-
icant absorption of the incident laser power in the electrical contacts, thereby minimizing
heating and the interference from the concomitant pyroelectric currents. Typical pho-
tocurrents in these samples are on the order of pA, so care must be taken to minimize
these and other interfering currents. In this setup the crystal sample (typical dimension
10 x 10 x 1 mm?) is clamped with two silicone rubber o-rings between two quartz-glass
plates. An electrolyte, saturated lithium chloride (LiCl) solution, is filled between the gaps
inside the o-rings. The two LiCl-filled chambers are electrically connected with platinum
wires to a Keithley 618 programmable picoammeter which measures the electrical current
flowing through the sample in the z-direction and which could also apply a voltage in order
to measure conductivity. The 514-nm-wavelength output of an argon-ion laser is focused
through the quartz-glass windows, the electrolyte, and the sample. Since no 532-nm source
is available for these measurements, we choose the 514-nm Ar-laser line. This wavelength
is chosen to be the strongest Ar-ion laser line that is closest to A = 532 nm, which was
the writing wavelength in the experiments described in Sect. 5.3.2.2. The light intensity
is varied over the range 10'-10* W /cm? by translating the focusing lens on a translation
stage, thus only intensity changed but not the power of the laser beam. With this ar-
rangement the heat input due to residual absorption in the crystal is constant, minimizing
pyroelectric current artifacts associated with absorption-induced temperature changes in
the crystal. The following currents are measured
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e Bulk-photovoltaic current Iy, : laser on, voltage off
e Dark current I4: laser off, voltage on, i.e. 10 V for MgO:LN and 80 V for CLN

e Total current Iio: laser on and voltage on, 10 V for MgO:LN and 80 V for CLN
Then the following quantities are determined with E being the applied electric field:

e Photoconductive current Iphoto = Ttot — La — Ipy
o Lhoto/ (E'P). If this ratio is constant, then it is & = Iphoto/(EP).

e [,,/P. If this ratio is constant, then it is § = I,/ P.

5.3.3.2 Results and discussion of the electric current measurements

In this section measurement results are presented for samples CLNs and CTIMgOLNj.
It is not possible to measure I,y and Iq for samples CTIMgOLN,, CTIMgOLNj3, and
CLN; directly because of their crystal dimensions. However, sample CTIMgOLN; was
produced under comparable crystal growth conditions as CTIMgOLNy and CTIMgOLNs3,
and sample CLNy is comparable to CLNj.

The ratio Iphoto/(PE) for samples CLNy and CTIMgOLN; is shown in Fig. 5.12. The
error for Ihoto/(PE) is about 20 % (repeated measurements) because the measurements
are extremely sensitive to various parameters, e.g. vibrations, temperature changes and
leakage currents. In both, MgO:LN and CLN crystals, Ihoto/(PE) can be seen as nearly
constant, i.e. Ipnoto/(PE) varies by less than a factor of ~ 3 over an intensity range of
three orders of magnitude. Hence & = Iphoto/(PE) can be determined for for MgO:LN
and CLN. Figure 5.12 also clearly shows that x is about 30 times smaller in CLN than in
MgO:LN.

The photocurrents at light intensities in the range I = 0.1 — 10 W/cm? are smaller than
our resolution limit of 10 fA for the beam diameters available here, so we assume from
the near-constancy of the results for  over the measured range of 10! — 10* W /cm? that
the same values are applicable at lower intensities. The specific photoconductivity s of
MgO:LN and CLN is also determined for many other MgO:LN and CLN samples that are
not listed here and which came from various vendors and different crystal growth runs. It
turns out that the values for k for various MgO:LN crystals (5-mol % MgO-doped) vary
between 0.1 and 0.5 pScm/W. For different CLN crystals values for x are in the range
0.001-0.008 pScm/W.

It is not feasible to determine 4. The minimum resolvable current in our apparatus, 10 fA,
exceeds the dark currents in both CLN and MgOLN, so it is not possible to measure the
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Figure 5.13: Ratio I, /P versus intensity for CLN (squares) and MgO:LN (circles). In
the case Iy /P is constant, the bulk-photovoltaic coefficient 5 is given by B = Iy /P.

dark conductivities with the maximum bias voltages available. The upper limit for o4 in
our measurements is oq < 5 x 10716 (Qcm)~!. This observation is consistent with other

measurement results of o4 in MgO:LN [128].
The intensity dependence of I, /P is depicted in Fig. 5.13. The error for I, /P is about
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+10 % (repeated measurements). Figure 5.13 shows that I, /P is constant for MgO:LN,
hence 8 = I,y /P. In the case of CLN I,y /P is not constant for higher light intensities, and
thus 8 = I,y /P is only valid for small light intensities. This is in agreement with [134]. For
higher light intensities a nonlinear intensity dependence has to be taken into account [138].
Figure 5.13 also shows that I,,/P is up to one order of magnitude smaller in MgO:LN
than in CLN.

As already mentioned, we are not able to make reliable photocurrent measurements in
the intensity range I = 0.1 — 10 W/cm?, but can again assume that the value for 3 at
I=0.1—10 W/cm? is similar to the closest S-data point in Fig. 5.13.
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5.4 Discussion

The experimental results clearly show that pyroelectrically-induced PRD exists in
MgO:LN. We concluded that the observed PRD reported in Sect. 5.3.1 and Sect. 5.3.2
are induced by the pyroelectric effect, because the refractive index changes only when the
sample is heated and when the sample z-facets are electrically insulated from each other.
It is also shown that the sign of the refractive index change depends on the sign of the
temperature change. In contrast, the sign and magnitude of the changes in the refractive
index due to the bulk photovoltaic effect do not depend on small temperature changes.

The result shown in Fig. 5.7 depicts the OPD along the z-axis, hence it is a projection from
3D to 2D, and refractive index inhomogeneities along the x direction can in principle lead
to misinterpretation, but the experimental results shown in Figs. 5.7 and 5.8 agree well
with the FDTD simulations in Fig. 5.2 and in Fig. 5.3 within measurement accuracy. Even
the side lobes can be identified both, in simulations and experimental results. Simulations
and experimental results also agree for the time-dependence of the refractive index change
Fig. 5.9. The theoretical curve with 74; = 14 s fits the data very well. And as a cross
check according to Eq. 5.16, this value of 74; corresponds to a specific photoconductivity
k = 0.27 pScm/W which agrees with obtained data in Fig. 5.12. Figure 5.10 shows why
it seems as if at higher laser intensities there is no PRD. Indeed there is a refractive index
change, the higher intensity just leads to a faster build-up of the flat-top profile so that
the beam is not disturbed. This also explains the observations reported in Sect. 5.3.1.2
that PRD seems not to occur at higher laser powers. So far it was widely assumed that
suppression of PRD in MgO:LN also means that there are not any light-induced refractive
index changes. Our measurements show that this assumption does not longer hold. Even
if a laser beam is not distorted, writing permanent refractive index channels into MgO:LN
can be an obstacle for nonlinear-optical application, because as soon as the beam shape is
slightly changed, e.g. due to a setup change, these changes can at least temporarily limit
the performance of the device.

Maximum refractive index change The expected theoretical maximum refractive
index change of Any(y = 0,2 = 0)max = —ANpom = 1.3 x 1074 for AT =3 °C (Eq. 5.12)
is similar to the experimentally observed Anj(y = 0,2 = 0)max = 0.8 x 10™%; the origin
of the discrepancy of a factor 1.5 is not clear. Since Anpom, X Epyro, this result indicates
that the actual |Epyro| is smaller than expected. This observation is a common issue with
pyroelectric fields, since external charge screening and other effects can lower the measured
|Epyro| [114,123]. It also has to be taken into account that in our apparatus the top always
is a bit cooler than the bottom of the crystal, hence the actual AT in the area of the beam
might be lower than the temperature change measured at the bottom. For the 0.4 °C
degree temperature difference discussed in Sect. 5.3.2, this effect would induce a difference
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in the refractive index change between top and bottom by about 2 x 10~°. Thus this might
at least partly explain the discrepancy in the refractive index changes. Although |Epyo|
is smaller than expected, effects such as partial surface screening or temperature errors do
not affect the time dependence, which is consistent with time constants calculated from
transport measurements described in Sect. 5.3.3.2.

The refractive index inhomogeneity due to heating and illumination of MgO:LN crystals is
correlated with the beam distortions in Fig. 5.6b. Similar to conventional bulk-photovoltaic
PRD, it appears that the refractive index inhomogeneity in the illuminated area acts as
an initial light scatterer that seeds subsequent holographic amplification |78] which in turn
leads to the diffuse and distorted beam shapes shown in Fig. 5.6b. Quantitative analysis
of the dynamics of this process remains a topic for future research. After the flat-top
refractive index profile develops, the refractive index inhomogeneity is located in the wings
of the beam, reducing the seed power available for the holographic amplification so that
the far-field scattering is reduced and the beam shape is restored after some time.

Comparison between MgO:LN and CLN Note that pyroelectrically-induced PRD
does not occur in our experiments with CLN crystals under the same experimental con-
ditions. In fact our results show that the behavior of MgO:LN is more similar to that
of a medium having no bulk-photovoltaic effect, such as SBN [114], than to CLN which
has a strong bulk-photovoltaic effect. From Figs. 5.12 and 5.13 the differences in trans-
port properties between CLN and MgO:LN becomes clear: The bulk photovoltaic field
Ey, can be calculated from the measured values of 8 and  in Sect. 5.3.3.2 according to
E,, = —p/k. This leads to the observation that |E}y,| in MgO:LN is about two orders
of magnitude smaller than |Ey,| in CLN and also two orders of magnitude smaller than
|Epyro| under typical conditions in these experiments. This observation reconfirms the as-
sumption made in Sect. 5.2.2 that |Epy| < |Epyro| for MgO:LN and the parameters used in
these experiments, and justifies the neglect of bulk-photovoltaic effects in our analysis of
the observed beam scattering in MgO:LN. Another difference between MgO:LN and CLN
is the magnitude of the dielectric time constant 74;, which according to Eq. 5.16 is corre-
lated to the specific photoconductivity k. The pyroelectric field in MgO:LN is screened
rapidly in the illuminated parts of the crystal, 7g; = 14 s (Fig. 5.9). In contrast, in CLN
screening of Epyy, is much slower than in MgO:LN because of the more than 30 times
smaller x (Fig. 5.12). Hence, it is possible that pyroelectrically-induced PRD also occurs
in CLN, but cannot be measured in the observation time window due to the much longer
characteristic time constant.
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5.5 Outlook and conclusion

Outlook Although pyroelectrically-induced PRD is an obstacle for any application that
depends on homogeneous refractive indices such as OPOs, we showed a path to avoid
build-up of pyroelectrically-induced PRD. In Sect. 5.2.4.2 it was shown that periodic poling
should reduce Eyr, up to a factor of 140, for the experimental parameters used there. This
suppression strongly depends on the duty cycle of the poling. Thus one way to reduce the
damage is to ensure that the PPMgLN duty cycle is as close to 50 % as possible, and that
there are no parts in the crystal where the light does not go through the PPLN grating.
Additionally one can increase the conductivity by illuminating the whole crystal from above
with intense blue light which increases the conductivity of the crystals as our intensity-
dependent experiments on the photoconductivity in CLN and MgO:LN show in Fig. 5.12,
thus electric fields cannot build up. The illumination scheme has already successfully
been applied for Q-Switch devices where pyroelectric fields also are an obstacle [135]. A
schematic of the short-circuit setup is shown in Fig. 5.14.

Open circuit TC

\ I 1= é_’

PPMgOLN

Short circuit A
Blue light

—AAAAAaa &>

PPMgOLN

Figure 5.14: Schematic for insufficient electric short-circuiting of the PPLN crystals (up-
per picture) and proposed schematic to avoid pyroelectrically-induced PRD (lower picture).

There might also be a positive aspect of being able to change the refractive index in
MgO:LN due to pyroelectrically-induced PRD, e.g. it provides a way of writing holograms
in MgO:LN with visible light, because the light intensities used to create PRD in a exter-
nally heated crystal are rather low. Furthermore, instead of using Eyy,,, one might simply
apply an external field Eg which makes the experiment more controllable. If it is also possi-
ble to fix the holograms it would be possible to write Bragg gratings into MgO:LN crystals
and use them for optical applications and combine them with the frequency conversion
applications of MgO:LN.
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Conclusion It was demonstrated, theoretically and experimentally, that 5 mol.% MgO-
doped LiNbOQOgs, which is widely believed to be optical-damage resistant, can indeed suffer
from photorefractive damage due to the pyroelectric effect if the crystal is heated and
illuminated at the same time. Heating led to the formation of a pyroelectric field, and
illumination screened this field in the illuminated region so that an inhomogeneous to-
tal electric field and, hence, an inhomogeneous refractive index change was created. We
showed that the beam recovery that was observed after some time with illumination could
not be attributed to a recovery of the refractive index inhomogeneity, in fact long illu-
mination times or increasing the light intensity lead to the formation of a flat-top refrac-
tive index profile. Our experiments and simulations have also proven that, with respect
to pyroelectrically-induced PRD, the behavior of MgO:LN is more similar to that of a
medium having no bulk-photovoltaic effect, such as SBN [114], than to CLN which has
a large bulk-photovoltaic effect. This supposition was confirmed by measurements of the
specific photoconductivity x and the bulk-photovoltaic field Ey,: The specific conductivity
x was found to be more than 30 times smaller and F,, is up to two orders of magnitude
larger in CLN than in MgO:LN. This difference in transport properties partly explained
why the same beam distortion could not be measured in CLN, because in CLN the small
photoconductivity cannot screen Epyr, in experimentally relevant time scales. Finally we
showed theoretically that beam self heating from absorption of optical beams also causes
pyroelectrically induced photorefractive effects and that they can be suppressed by two
orders of magnitude if the MgO:LN crystal is periodically poled and the duty cycle of the
poling is 50 %.
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Chapter 6

Summary

One of the most important mechanisms of light-matter interaction is photon absorption,
so-called optical absorption. There are fields in technology and science where photon ab-
sorption is detrimental, e.g. nonlinear-optical applications are very sensitive to absorption,
especially in cases where a pump power threshold has to be overcome as is the case for
optical parametric oscillation. Furthermore, heat accumulation and charge excitation due
to photon absorption lead to refractive index changes which cause beam distortion and
therefore disturb the phase-matching condition.

One of the most attractive non-linear optical materials is congruent lithium niobate
(LiNbOg3). However, the achievable output power in nonlinear-optical devices using con-
gruent LiNbOg crystals (CLN) is limited due to photorefractive damage (PRD) that is
caused by the bulk-photovoltaic effect. One way to suppress bulk-photovoltaic PRD is
to dope LiNbO3 with at least 5 mol% magnesium oxide (MgO:LN), but doping does not
solve the problem of optical absorption. Calculations show that an absorption coefficient of
0.0001 cm ™! can already be a serious obstacle for nonlinear-optical applications. However,
absorption spectroscopic data of CLN and MgOLN reported in literature were limited to
detect absorption coefficients on the order of 0.01 cm™! only, so that absorption bands
smaller than that could not be resolved.

In this thesis we present absorption measurements with optical-grade CLN and MgO:LN
using a conventional grating spectrophotometer. We show that it is feasible to resolve
absorption coefficients in CLN and MgO:LN that are on the order of 0.0001 cm™! which
is an improvement of about two orders of magnitude in comparison to literature data.

First we study the spectral range 350-800 nm. Comparison of spectra from CLN and
MgO:LN crystals to absorption spectra of intentionally transition-metal doped LiNbOj
and MgO:LN crystals and cross-check with mass spectroscopy data clearly indicates the
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characteristic absorption bands to be caused by Cr impurities. The amplitudes of the
observed Cr3* absorption bands have amplitudes on the order of 0.001 — 0.01 cm™! and
decrease from the top to the bottom of a crystal boule. Further impurities contributing to
absorption are Fe, Cu, Ni, and, to some extent, Mn.

In the range 800-2000 nm the spectrophotometric accuracy cannot be improved, however,
spectra of intentionally transition-metal codoped MgO:LN crystals show that impurity
concentrations of Ni, Cu, and Fe on the order of 0.1 — 1 wt. ppm respectively can cause
absorption bands in the spectral range 1000-1500 nm that are larger than 0.0001 cm™!.

Absorption measurements in MgO:LN and CLN in the range 2000-2950 nm reveal so-far
unknown absorption bands between 2350-2800 nm for ordinary and extraordinary light
polarization, with amplitudes on the order of & = 0.0005 — 0.0015 cm~!. Application
of a high-temperature annealing procedure reduces the hydrogen content of MgO:LN and
CLN by one order of magnitude and decreases the absorption bands by up to an order of
magnitude as well, indicating that the newly-discovered bands are related to the hydro-
gen impurities. Successful application of annealed periodically poled CLN in a 1550-nm
pumped singly-resonant CW OPO, which crucially depends on low optical absorption in
the spectral range 2500 — 2800 nm, is demonstrated .

Finally it is theoretically and experimentally demonstrated that MgO:LN suffers from PRD
if a pyroelectric field is created by homogenous heating of the crystal and the crystal is
illuminated with visible, spatially inhomogeneous radiation at the same time or directly
after heating. The reason is that the illumination leads to an increased photoconductivity in
the illuminated area which causes fast screening of the pyroelectric field there. This creates
an inhomogeneous electric field and, due to the electro-optic effect, an inhomogeneous
refractive index change. After some time with illumination a flat-top refractive index
profile develops which partly reverses the beam distortion. Pyroelectrically-induced PRD
does not occur in CLN within the time span of the experiment. We show theoretically
that pyroelectrically-induced PRD also results from the spatially inhomogeneous thermal
fields associated with beam self heating from absorption of optical beams. This effect
makes pyroelectrically-induced PRD so important for nonlinear-optical applications using
MgO:LN: If there is a strong pump laser beam which heats the crystal due to absorption and
which also inevitably produces some parasitic visible radiation, pyroelectrically-induced
PRD can occur. The effect can be avoided by inducing a volume-screening mechanism
such as flood illumination with blue light or periodic poling with near-perfect 50 % duty
cycle, which reduces the pyroelectric field up to two orders of magnitude.

Both, optical absorption and pyroelectrically-induced PRD, limit the usability of MgO:LN
crystals in high-power applications. The solutions to suppress residual absorption and
pyroelectrically-induced PRD, that are shown in this thesis, make new and more efficient
high-power nonlinear applications feasible.
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