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Chapter 1Introdu
tion"Light in�uen
es our lives today in new ways that we 
ould never have imagined just a fewde
ades ago. As we move into the next 
entury, light will play an even more signi�
ant role,enabling a revolution in world �ber-opti
 
ommuni
ations, new modalities in the pra
ti
eof medi
ine, a more e�e
tive national defense, exploration of the frontiers of s
ien
e, andmu
h more." This statement has been given by the National Resear
h Coun
il of the USAin 1998 [1℄. Some of these predi
tions have already 
ome true, e.g., the build-up of a newand fast �ber-opti
 
ommuni
ation network by the Deuts
he Telekom in Germany is inprogress. Other breakthroughs in opti
s are imminent. Mitsubishi Digital Ele
troni
s hasannoun
ed to show a large-s
reen laser TV at the Consumer Ele
troni
s Show in Las Vegasin January 2008 [2℄. While 
onventional displays are able to generate about 35 % of thevisible 
olors only, a laser TV 
an show nearly all possible 
olors. The 
ontrast and thebrightness of the displays will also bene�t from lasers as light sour
es. The �rst prototypeof a laser display was presented by the S
hneider AG in 1993, but small and inexpensivesour
es for red, green, and blue laser light � one 
ru
ial point for the readiness for marketing� were not available at this time. In 
ontrast, today the re
ent progress in the �elds ofdiode lasers and nonlinear opti
s enables the use of 
ompa
t laser diodes that emit infraredlight. This light is 
onverted by nonlinear-opti
al 
rystals into red, green and blue lightbeams, that write the image onto the s
reen. For large laser displays several watts of lightpower are ne
essary. Lithium niobate 
rystals [3,4℄ are a promising material for frequen
y
onverters. However, with standard lithium niobate 
rystals light powers mu
h higher than100 mW 
annot be generated, be
ause of the so-
alled "opti
al damage" [5℄. Ele
trons areex
ited from iron impurities by light and retrapped preferentially in darker parts of the
rystal. The resulting ele
tri
 �elds modify the refra
tive index of lithium niobate [6℄.The 
onsequen
e is a distortion of the beam shape and a limit of the a
hievable outputpower. If this obsta
le 
an be over
ome lithium niobate will be the material of 
hoi
e even1



Introdu
tionfor high power appli
ations, be
ause it is extraordinarily e�
ient as frequen
y 
onverter,
ommer
ially available at low 
ost and high quality as well as robust enough for longtimeoperation in devi
es.The aim of this work is to investigate new ways of optimizing standard lithium niobate
rystals for high-power nonlinear-opti
al appli
ations. Two di�erent approa
hes are exam-ined: The �rst idea is to in
rease the ele
tri
 
ondu
tivity of the 
rystals to a point whereno ele
tri
 �elds 
an persist in the 
rystal. Consequently, no opti
al damage should arise.The se
ond approa
h is to remove as many ele
trons from the iron impurities as possibleto avoid the opti
al damage right from the start. Both approa
hes are investigated in thisthesis.

2



Chapter 2Fundamentals
2.1 Lithium niobate 
rystalsLithium niobate 
rystals (LiNbO3) are an arti�
ial material. The date of the �rst growth isunknown, but an early report was given by Za
hariasen in 1928 [7℄. The 
rystal stru
tureat temperatures below the Curie point (1143 ◦C) is shown in Fig. 2.1 [3,4,8,9℄. It 
onsistsof oxygen layers and in between alternatingly a lithium ion, a niobium ion, and a va
an
yalong the c-axis. Above the Curie temperature the lithium ions are pla
ed within thenearest oxygen layer and the niobium ions are lo
ated 
entrally in the oxygen o
tahedra,whereas at temperature below the Curie point lithium and niobium are shifted as shownin Fig. 2.1. This leads to a spontaneous polarization of the 
rystal (PS = 70 µC/
m2) andferroele
tri
 domains are formed [9℄. Lithium niobate belongs to the 3m point group, i.e.,the 
rystal latti
e is symmetri
 under a rotation by 120◦ with respe
t to the c-axis. Thisdi�ers from the perovskite stru
ture, that is fa
e-
entered 
ubi
 and that many 
rystalsof the ABO3 
omposition belong to (with A and B metal ions), e.g., KNbO3 or BaTiO3[10℄. The pe
uliarity of lithium niobate implying its stru
ture is that the ion radii oflithium ions (rLi+ = 0.68 nm) and niobium ions (rNb5+ = 0.69 nm) are almost equal [11,12℄.Sin
e the Nb-O bond is stronger than the Li-O bond, the 
ongruent 
rystal 
ompositionwith cLi/(cLi + cNb) = 48.6 % is favorable 
ompared to the stoi
hiometri
 
omposition,i.e., cLi/(cLi + cNb) = 50 % [11℄, with lithium and niobium 
on
entrations cLi and cNb. For
harge 
ompensation of the resulting lithium va
an
ies, niobium ions o

upy lithium sites(Nb5+

Li ) [13℄. Hen
e 20 % of the lithium va
an
ies are �lled with niobium ions.Some 
rystal properties are of spe
ial relevan
e for appli
ations: Lithium niobate is me-
hani
ally robust, so it 
an be sawn, ground and polished easily, and it is stable againstmost 
hemi
als [9℄. Espe
ially it is not hydros
opi
 like other opti
al 
rystals, su
h aslithium triborate (LiB3O5, often referred to as LBO) or potassium dihydrogen phosphate3
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Figure 2.1: S
hemati
 of the 
rystal stru
ture of lithium niobate.(KH2PO4 or KDP) that are deteriorated by water vapor. Moreover it has a large band gapof about 3.7 eV [14℄ that makes it transparent between wavelengths of 320 and 4000 nm [9℄.Besides, lithium niobate 
rystals are widely used as radio frequen
y �lters in 
ellular phonesand TV's using surfa
e a
ousti
 waves [9℄. That is why the 
rystals are 
ommonly availablein high quality and purity at low 
osts. These fa
ts lead to great interest to exploit theoutstanding nonlinear-opti
al and photorefra
tive properties of lithium niobate 
rystals.2.2 Nonlinear opti
s and photorefra
tion2.2.1 Nonlinear-opti
al pro
essesWhen an ele
tromagneti
 light wave transverses a 
rystal, the ele
trons are for
ed to os-
illate in the ele
trostati
 
rystal potential. For small os
illation amplitudes the potential
an be approximated to be harmoni
. However, for larger amplitudes, i.e., higher lightintensities, the anharmoni
ity of the 
rystal potential leads to an anharmoni
 os
illation of4



Fundamentalsthe ele
trons. This os
illation is des
ribed by a Fourier series with non-negligible higher-order terms. The physi
al meaning of these terms are ele
tromagneti
 light waves withmultiples of the frequen
y of the in
ident light wave.This 
an also be des
ribed in a more quantitative way [15�18℄: The ele
tromagneti
wave E(t)
E(t) = E0e

iωt (2.1)polarizes the material. Here E0 is the amplitude, ω the frequen
y, and t the time.The polarization P of the 
rystal is usually given by
P = ǫ0χ

(1)E(t). (2.2)Here ǫ0 denotes the va
uum permittivity and χ(1) the ele
tri
 sus
eptibility of the material.In the 
ase of large amplitudes E0 and therefore anharmoni
 os
illations, higher nonlinearterms of the polarization have to be taken into a

ount
P = ǫ0(χ

(1)E(t) + χ(2)E2(t) + χ(3)E3(t) + . . .). (2.3)The higher order sus
eptibilities are represented by χ(n) with n > 1. The 
ombination ofEqs. (2.1) and (2.3) leads to
P = ǫ0(χ

(1)E0e
iωt + χ(2)E2

0ei2ωt + ...). (2.4)The se
ond term in the sum is responsible for to the emission of a light wave with frequen
y2ω. This pro
ess is 
alled se
ond-harmoni
 generation (SHG) or frequen
y doubling. The�rst experimental proof of opti
al SHG was done by Franken et al. in 1961 [19℄. Theamplitude of the emitted frequen
y-doubled wave is proportional to the se
ond-order sus-
eptibility χ(2), a se
ond-rank tensor. Therefore there is a need for materials with largenonlinear sus
eptibilities. An overview about the nonlinear sus
eptibilities of various 
rys-tals that are widely used for nonlinear opti
s is given in Tab. 2.1. It 
an be seen thatlithium niobate possesses extraordinarily large nonlinear 
oe�
ients [20, 21℄.Due to dispersion the fundamental wave and the frequen
y-doubled wave propagate withdi�erent velo
ities. This leads to destru
tive interferen
e of frequen
y-doubled light thatis 
reated at di�erent 
rystal positions. Typi
al values for the propagation distan
e af-ter that destru
tive interferen
e takes pla
e are several mi
rometers. To over
ome thisobsta
le there exist di�erent phase mat
hing te
hniques [20, 22℄. It is possible to use thebirefringen
e of the 
rystal to get mat
hing velo
ities, i.e., equal refra
tive indi
es, fordi�erent light polarizations. But in the 
ase of lithium niobate this does not allow touse the largest tensor elements of the nonlinear sus
eptibility (d13 = 4.35 pm/V insteadof d33 = 27 pm/V). The use of quasi phase-mat
hed periodi
ally-poled lithium niobate
rystals (PPLN) is advantageous. In these 
rystals ferroele
tri
 domains are stru
tured5



FundamentalsName Formula |χ(2)| [pm/V℄Lithium niobate (LN) LiNbO3 27Potassium niobate KNbO3 20.6Potassium titanyl arsenate (KTA) KTiOAsO4 18.5Potassium titanyl phosphate (KTP) KTiOPO4 16.9Lithium tantalate (LT) LiTaO3 16Lithium iodate LiIO3 5.5Bismuth borate (BiBO) BiB3O6 2.8Beta-barium borate (BBO) β-BaB2O4 2.55Lithium borate (LBO) LiB3O5 1.05Potassium dihydrogen phosphate (KDP) KH2PO4 0.44Potassium dideuterium phosphate (KD*P) KD2PO4 0.4Table 2.1: Nonlinear sus
eptibilities for various 
ommonly used 
rystals. The absolutevalues of the largest tensor elements are shown [20, 21℄.su
h that the orientation of the c-axis is inverted periodi
ally. With the �ip of the c-axisthe phase of the frequen
y-doubled light 
hanges by π. If the period is suitable for thewavelength of the in
ident light, the phase of the frequen
y-doubled light is shifted be-fore it 
omes to destru
tive interferen
e [23℄. Figure 2.2 shows s
hemati
ally quasi phasemat
hing.In that 
ase an e�e
tive nonlinear sus
eptibility of deff = 17 pm/V 
an be used. Sin
ethe nonlinear sus
eptibility 
ontributes quadrati
ally to the gained output power of thefrequen
y-doubled light, the e�ort of produ
ing PPLN is worthwhile [22℄.Se
ond-harmoni
 generation is not the only nonlinear-opti
al pro
ess. With similar 
on-siderations like above, e.g., sum frequen
y generation 
an be a
hieved, i.e., two light beamsof di�erent frequen
ies ω1 and ω2 generate a third beam with frequen
y ω3 = ω1 + ω2, ordi�eren
e frequen
y generation (ω3 = ω1 − ω2), or opti
al parametri
 os
illation, whereone beam with frequen
y ω1 
reates two beams with ω1 = ω2 + ω3.All these nonlinear-opti
al pro
esses need phase mat
hing. However, if the refra
tive in-di
es are modi�ed, e.g., by temperature 
hanges or by illumination itself, the output powerde
reases strongly. Refra
tive index 
hanges as small as 10−5 are su�
ient to disturb thephase mat
hing 
riti
ally. Light-indu
ed refra
tive index 
hanges 
an o

ur due to thephotorefra
tive e�e
t [6℄. This is the 
ase espe
ially at high light intensities, that are de-sired for nonlinear opti
s, be
ause, e.g., the output power of the frequen
y-doubled wavedepends quadrati
ally on the intensity of the in
ident fundamental wave (Eq. (2.4)). Oneaim of this work is therefore to suppress the photorefra
tive e�e
t in LiNbO3 
rystals.6
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I2?

z0 ℓ 2ℓ 3ℓ

PS

(a) (b)

(c)Figure 2.2: S
hemati
 of quasi-phase mat
hing. The intensity I2ω of the frequen
y-doubledlight is shown vs. the 
rystal length z. The sket
hed periodi
 inversion of the spontaneouspolarization PS is only valid for graph (b). The graphs 
orrespond to (a) (theoreti
al)perfe
t phase mat
hing, (b) quasi-phase mat
hing, and (
) no phase mat
hing.2.2.2 Photorefra
tive e�e
tIn 1966 Ashkin et al. dis
overed that a green laser beam is distorted when it passes a lithiumniobate 
rystal [5℄. This e�e
t is 
alled the photorefra
tive e�e
t: Light ex
ites ele
tronsfrom multivalent impurities or 
rystal defe
ts to the 
ondu
tion band. The subsequentele
troni
 
urrents lead to a 
harge 
arrier redistribution from illuminated to darker areas.Spa
e-
harge �elds arise that modulate the refra
tive index via the ele
troopti
 e�e
t. Thispro
ess is 
onsidered in more detail in the following se
tion.2.2.2.1 One-
enter modelIn the 
ase that only one photorefra
tive 
enter, i.e., one multivalent impurity or defe
t likeFe2+/3+ is present, the photorefra
tive e�e
t 
an be des
ribed within the framework of theone-
enter model [6℄. A s
hemati
 of the model is depi
ted in Fig. 2.3. The states of thephotorefra
tive 
enter are lo
ated in the band gap between valen
e band and 
ondu
tionband. Part of these defe
ts are �lled with ele
trons and 
an a
t as ele
tron sour
es, theother part is empty and a
ts as traps for ele
trons. Light with su�
ient photon energy 
anex
ite ele
trons from the �lled 
enters to the 
ondu
tion band leading to ele
tri
 
urrents.7
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Conduction band

Valence band

Defects
Photon

e- e-

Figure 2.3: S
hemati
 of the one-
enter model.Charge driving for
es The bulk photovoltai
 e�e
t and the drift of ele
trons a
t as themain 
harge driving for
es. Other 
ontributions su
h as the pyroele
tri
 e�e
t or di�usionoften are negligible. Hen
e the total 
urrent density in the 
ondu
tion band is given by
j = jphv + jdrift. (2.5)These two 
ontributions to the 
urrent density are 
onsidered in detail in the following.

• Bulk photovoltai
 
urrent density jphv

jphv = β∗N−I (2.6)The bulk photovoltai
 
urrent density jphv is determined by the appropriate elementof the bulk photovoltai
 tensor β∗, the 
on
entration of �lled photorefra
tive 
enters
N− and the light intensity I. Bulk photovoltai
 
urrents, i.e., light-indu
ed 
urrentsin the 
rystal bulk are possible in non-
entrosymmetri
 
rystals like LiNbO3. They�ow along the polar c-axis.

• Drift 
urrent density jdrift

jdrift = σE (2.7)The drift 
urrent density jdrift is the produ
t of the ele
tri
al 
ondu
tivity σ and theele
tri
al �eld E (Ohm's law). The ele
tri
al 
ondu
tivity is given by the sum of thedark 
ondu
tivity σd and the photo
ondu
tivity σph:
σ = σd + σph (2.8)The photo
ondu
tivity 
an be expressed by:
σph ∝ I

N−

N0
(2.9)Here N0 denotes the 
on
entration of empty 
enters.8



FundamentalsSpa
e-
harge �elds The 
harge 
arrier redistribution due to the bulk photovoltai
 
ur-rents builds up an ele
tri
al �eld, the so-
alled spa
e-
harge �eld, whereas the drift 
urrentstend to de
rease the ele
tri
al �elds. After a while the equilibrium state is rea
hed when
jphv = jdrift. In that 
ase it follows from Eqs. (2.6�2.9):

ESC =
β∗N−I

σd + kI
(2.10)with k 
onstant. Under typi
al 
onditions the dark 
ondu
tivity σd is negligible andtherefore the spa
e-
harge �eld ESC is independent of the light intensity.Ele
tro-opti
 e�e
t LiNbO3 is birefringent with the refra
tive indi
es for ordinarilypolarized light no and for extraordinarily polarized light ne. The spa
e-
harge �eld modi�esboth refra
tive indi
es of lithium niobate via the linear ele
tro-opti
 e�e
t, also 
alled"Po
kels e�e
t":

∆no,e = −1

2
n3

o,er13,33ESC (2.11)Here ∆no,e denote the refra
tive index 
hanges for ordinarily and extraordinarily polar-ized light and r13,33 the elements of the ele
tro-opti
 tensor. The indi
es 13 and 33 are
ontra
ted indi
es. Sin
e r33 ≈ 3r13 the birefringen
e is 
hanged by illumination.This one-
enter model is valid for nominally undoped LiNbO3 
rystals as well as for 
rys-tals that are doped with small amounts of, e.g., Fe, Cu, or Mn at small light intensities
I < 105 W/m2.2.2.2.2 Two-
enter modelFor large light intensities of I > 106 W/m2 the two-
enter model is used to des
ribe theo

urring e�e
ts [6, 24℄. A s
hemati
 of the two-
enter model 
an be seen in Fig. 2.4.In addition to the deep 
enter C1, that is identi
al to the photorefra
tive 
enter in theone-
enter model, a se
ond shallow 
enter C2 is present. The NbLi antisite defe
t 
ouldbe identi�ed as su
h a shallow 
enter. At room temperature C2 is empty due to thermalex
itation of the ele
trons from C2 to the 
ondu
tion band. During illumination with laserlight at high intensities with a wavelength suitable to ex
ite ele
trons from the deep 
enterC1, ele
trons re
ombine to the shallow 
enter C2 and are not reex
ited e�e
tively, be
ausethe suitable absorption wavelength is mu
h larger than the wavelength for ex
itation fromthe deep 
enters. These trapped ele
trons signi�
antly de
rease the photo
ondu
tivity. Sothe dependen
e of σph on the light intensity is sublinear,

σph ∝ Ix with 0 < x < 1. (2.12)9
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Figure 2.4: S
hemati
 of the two-
enter model.The bulk photovoltai
 
urrents are also a�e
ted,
jphv = κ1N

−

1 (I)I + κ2N
−

2 (I)I. (2.13)Here N−

1 and N−

2 are the 
on
entrations of the 
enters C1 and C2 that are �lled withele
trons, and κ1 and κ2 are their bulk photovoltai
 
oe�
ients. The resulting equilibriumspa
e-
harge �eld is given by:
ESC =

κ1N
−

1 (I)I + κ2N
−

2 (I)I

σd + kIx
(2.14)Hen
e the spa
e-
harge �eld and therefore the refra
tive index 
hange depends on the lightintensity I.2.2.2.3 Opti
al damageThe photorefra
tive e�e
t is useful, e.g., to re
ord holograms. However, for nonlinear-opti
al appli
ations it is undesired and greatly limits the output power of nonlinear-opti
aldevi
es. In that 
ase it is 
alled "opti
al damage". Sometimes opti
al damage is usedas a generi
 term for photorefra
tive damage, light-indu
ed 
ra
ks, and other undesirede�e
ts under illumination. In this thesis it is used as a synonym for unwanted light-indu
edrefra
tive-index 
hanges.In nonlinear-opti
al pro
esses su
h as se
ond-harmoni
 generation a single light beam trans-verses a LiNbO3 
rystal and generates opti
al damage. The beam shape is distorted ("beamfanning") along the c-axis as it 
an be seen in Fig. 2.5.The 
hara
teristi
 pattern 
omes from two 
ontributions:

• A ma
ros
opi
 lens is formed by the photorefra
tive e�e
t (see Se
t. 2.2.2) as well asby the thermo-opti
 e�e
t, i.e., refra
tive index 
hanges due to the inhomogeneous10
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Figure 2.5: Photograph of the beam shape that is deformed by opti
al damage in a LiNbO3
rystal at a light intensity of I ≈ 100 MW/m2.heating of the 
rystal [25℄. This leads to a symmetri
 spread-out of the light beam.A

ording to simulations in [25℄ temperature 
hanges are the dominant 
ontributionfor intensities larger than 35 MW/m2 (∆T ≥ 0.03 K).
• Holographi
 s
attering is responsible for the irregular substru
tures [25℄. S
atteringof light on defe
ts at the 
rystal surfa
e and in the 
rystal bulk as well as re�e
tion oflight from the surfa
es lead to a variety of light beams in di�erent dire
tions. Thesebeams interfere and the resulting intensity pattern 
reates a refra
tive index pat-tern via the photorefra
tive e�e
t that is enhan
ed by holographi
 two-wave mixing(Se
t. 2.2.2). Light is di�ra
ted at this pattern. This 
ontribution in
reases withthe beam diameter, be
ause the larger the illuminated area is the more s
attering
enters are involved.The refra
tive index 
hanges ∆n and with it the beam fanning in
rease with the illu-mination time until saturation is rea
hed [26�28℄. The evolution 
an be des
ribed by

∆n(t) = A[1 − e−(t/t0)] with A 
onstant. Typi
al saturation times t0 are in the range ofse
onds to minutes. Some authors report that ∆n also depends linearly on the light inten-sity over a wide range of light intensities [25,26,28℄. At high intensities the refra
tive-index
hanges saturate. The wavelength dependen
e of the opti
al damage shows a maximumnear 415 nm but light-indu
ed refra
tive-index 
hanges 
an be generated by light of thewhole visible range of the spe
trum [27℄.Yet another disturbing light-indu
ed e�e
t in LiNbO3, related to opti
al damage, is the
green indu
ed infrared absorption (GRIIRA) [29℄. Illumination with green light evokesan absorption band in the infrared that is attributed to the formation of Nb4+

Li and 
an11



Fundamentalsbe understood within the framework of the two-
enter model (Se
tion 2.2.2.2). For SHGthis leads to absorption of the infrared fundamental wave. The subsequent heating of the
rystal disturbs the phase mat
hing.2.2.2.4 Suppression of opti
al damageDuring the last 40 years sin
e Ashkin et al. have dis
overed the opti
al damage, a largevariety of methods have been proposed to over
ome this disadvantage of LiNbO3 
rystals.The most promising methods are reviewed here. An attempt to 
ompare these methodsquantitatively is made in Se
t. 5.3.Crystal purity and 
omposition Sin
e opti
al damage originates from 
rystal de-fe
ts and impurities it seems self-evident to purify the 
rystal growth pro
ess [30℄ as wellas to grow stoi
hiometri
 LiNbO3 instead of 
ongruent material. Both possibilities arestudied intensively. The main impurity in LiNbO3 is iron. The a
tual impurity level isless than 1 ppm (spe
i�ed by Crystal Te
hnology, In
.). But, nevertheless, this is notsu�
ient to prevent from opti
al damage. Even ironless 
rystals may exhibit opti
al dam-age due to Nb4+/5+
Li antisite defe
ts that a
t as photorefra
tive 
enters [31℄. To de
reasetheir 
on
entration, 
rystals with nearly equal lithium and niobium 
on
entrations 
anbe grown by spe
ial growth te
hniques [28, 32, 33℄ or the stoi
hiometry 
an be improvedby a post-growth vapor-transport equilibration (VTE) [28, 34, 35℄. Despite enormous ef-forts both methods 
an only provide nearly-stoi
hiometri
 
rystals. In
rease of the lithium
on
entration leads to stronger opti
al damage up to a lithium 
on
entration of at least

cLi = 49.8 mol% [28,32,36℄. If the lithium 
on
entration is in
reased further, a suppressionof the photorefra
tivity 
an be rea
hed at cLi ≥ 49.9 mol% [28℄.Doping The opti
al damage suppressing dopant reported �rst was magnesium (Mg2+)[37, 38℄. It is known that Mg doping de
reases the 
on
entration of NbLi antisite defe
tsby repla
ing them and �lling Li va
an
ies. At a doping level of 5.5 mol% all NbLi defe
tsare repla
ed by Mg, and the opti
al damage as well as the GRIIRA drop in a threshold-like behavior. Moreover Mg doping enhan
es the photo
ondu
tivity [31, 38℄ and possiblythe dark 
ondu
tivity [39℄. This suppresses opti
al damage a

ording to Eqs. (2.9) and(2.10). Additionally, iron ions 
hange their latti
e site from FeLi to FeNb and do not a
tas ele
tron traps any more [31, 38℄. Comparable results were a
hieved for doping with7.5 mol% zin
 (Zn2+) [31, 40�45℄, 5 mol% indium (In3+) [42, 45�48℄, 1.5 mol% s
andium(S
3+) [49℄, 4 mol% hafnium (Hf4+) [50, 51℄, and 6 mol% zir
onium (Zr4+) [50℄. Re
ently,several attempts have been made to 
ombine two or more dopants (see e.g. [52�55℄). Avery promising alternative is to 
ombine in
reased stoi
hiometry with a smaller dopant12
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on
entration of Mg [56�59℄. In that 
ase, additionally to the other opti
al damage sup-pression me
hanisms, the bulk photovoltai
 
urrents are de
reased [56℄. Strong opti
aldamage suppression with nearly-stio
hiometri
 VTE-treated LiNbO3 
rystals 
ontainingonly 0.5 mol% Mg is reported in [59℄. Similar results 
an also be a
hieved by 
ombiningin
reased stoi
hiometry with other opti
al damage suppressing dopants [60, 61℄.Another e�e
t that is related to opti
al damage and whi
h disturbs nonlinear-opti
al pro-
esses is the so-
alled "dark tra
e e�e
t" (also 
alled "gray tra
e", "gray tra
k", and "bulkdarkening"). It o

urs in LiNbO3 doped with Mg. After intense illumination with greenlight the 
rystal shows a darkening along the beam path [62, 63℄. This absorption 
an beerased by an oxidizing annealing treatment [63℄. A

ording to [62,63℄ the dark tra
e e�e
talso o

urs in LiNbO3:Zn, whereas in Refs. [40,41℄ light-indu
ed darkening is not observed.A further doping ion that leads to suppressed opti
al damage is hydrogen (H+). In protonex
hanged waveguides with an enormous 
on
entration of H+ ions, strong opti
al damagesuppression is observed [64℄. As origin of this e�e
t a de
rease of the ele
troopti
 
oe�
ientsand a de
rease of the bulk photovoltai
 
urrents are identi�ed [64, 65℄.In general doping with large amounts of ions leads to worse opti
al quality of the 
rystals.Additionally, it seems to be a great 
hallenge to 
reate small ferroele
tri
 domain stru
turesthat are required for quasi-phase mat
hing, be
ause elimination of the NbLi defe
ts redu
esthe ferroele
tri
 
oer
ive �eld, i.e., the ele
tri
 �eld that is required to reverse ferroele
tri
domains, by at least one order of magnitude. These defe
ts stabilize domains. Withoutthese defe
ts period lengths of domain patterns of several mi
rometers are hard to a
hieveas they are required for generation of visible light by frequen
y doubling [66℄.Illumination A further method of opti
al damage suppression is presented by Liu etal. [67℄. If a nearly stoi
hiometri
 LiNbO3 
rystal is illuminated with UV light of thewavelength 350 nm at the same time as it is exposed to opti
al-damage-indu
ing greenlight (λ = 532 nm), the UV light will redu
e the opti
al damage. The intensity of theUV light has to be only 1/7 of the intensity of the green light beam in order to suppressthe opti
al damage almost 
ompletely. The origin of this e�e
t is the in
rease of thephoto
ondu
tivity of the 
rystal due to the UV light [67℄.Heating In 1972 Ninomiya and Motoki �rstly used heating to 200 ◦C to prevent opti
aldamage in a LiNbO3-based light modulator [68℄. A systemati
 analysis of the temperaturedependen
e of the opti
al damage was performed by Rams et al. in 2000 [69℄. A thresholdfor opti
al damage is observed that shifts to higher light intensities with in
reasing tem-peratures. This threshold shows an Arrhenius-type behavior with an a
tivation energy of
EA = 0.24 eV. 13



FundamentalsExternal ele
tri
al �elds With the help of large external ele
tri
al �elds, additionaldrift 
urrents, that 
ompensate for the bulk photovoltai
 
urrents, 
an be generated in orderto shift the equilibrium spa
e 
harge �elds to small values. But part of the opti
al damageresides, be
ause of di�usion 
urrents that 
annot be 
ompensated by drift 
urrents indu
edby an external �eld [70℄. But, additionally to the di�usion of ele
trons whi
h are ex
itedfrom Fe2+ to the 
ondu
tion band, there is also di�usion of holes formed by ex
itationof ele
trons from the valen
e band to Fe3+. The latter pro
ess is mu
h weaker, but both
an be brought to equilibrium if the Fe2+ to Fe3+ 
on
entration ratio cFe2+/cFe3+ is at a
ertain small value [70℄. By means of external ele
tri
 �elds 
ombined with the suitable
cFe2+/cFe3+ the opti
al damage is redu
ed signi�
antly.Annealing treatments Several reports exist showing that annealing treatments havea permanent impa
t on the opti
al damage in LiNbO3 
rystals. In 1967 Levinstein etal. observed a signi�
ant de
rease of the opti
al damage after annealing at 700 ◦C in thepresen
e of an externally applied ele
tri
al �eld [71℄. They attributed the suppression of theopti
al damage to the indi�usion and drift of an unknown impurity (possibly platinum orgold from the ele
trodes) into the 
rystal along dislo
ations. In these dislo
ations the newlyintrodu
ed impurity 
ompensates for 
harges of photorefra
tive 
enters and dea
tivatesthem by this means. In 1968 Smith et al. found that the annealing pro
edure proposedby Levinstein leads to indi�usion of hydrogen [72℄. The suppression of the opti
al damagewas 
laimed to be related to hydrogen, but a mi
ros
opi
 model was not given. In 1971Peterson et al. explained the opti
al damage suppression in �eld annealing experiments bythe drift of Fe2+ ions from the bulk to the negative ele
trode and the subsequent pullout ofthe Fe2+. By this means only Fe3+ is still present in the 
rystals and the photorefra
tivee�e
t 
annot take pla
e due to a la
k of photoex
itable ele
trons [73℄.In [74℄ a pro
ess is depi
ted in whi
h LiNbO3 
rystals 
ontaining a waveguiding layer
reated by titanium (Ti) indi�usion are annealed at 150 ◦C while they are illuminatedwith an opti
al damage generating light beam. After 
ooling down to room temperaturethe opti
al damage is suppressed by one order of magnitude with this treatment. Toexplain this e�e
t it is assumed that ele
trons from Fe2+ 
enters move along the c-axis dueto the bulk photovoltai
 e�e
t and leave the illuminated area. Hydrogen impurities thatare mobile at these temperatures 
ompensate for the ele
tri
 �elds by drift. Finally, theopti
al damage is suppressed by a la
k of photoex
itable ele
trons in the illuminated regionof the 
rystal. This e�e
t is also permanent be
ause ele
trons and H+ ions are immobileat room temperature and therefore 
annot return.In [75℄ a series of annealing experiments shows that opti
al damage 
an be suppressed byannealing of Ti-indi�used LiNbO3 
rystals at 500 ◦C in an oxygen atmosphere, whereasannealing in a nitrogen atmosphere deteriorates the opti
al damage. This e�e
t is explainedby oxidization or redu
tion of Fe 
enters in LiNbO3.14



FundamentalsFinally, it is shown in [48, 63℄ that annealing of Mg, Zn, or In doped LiNbO3 at 1050-1100 ◦C in oxygen atmosphere permanently redu
es the dark tra
e e�e
t. This is attributedto oxidization, but a detailed model is not given.In general, di�erent annealing treatments are proposed that have a favorable impa
t onthe opti
al damage, while less is known about the pro
esses that o

ur during annealing,as it be
omes evident from the large number of di�erent models proposed. One furtheraim of this work is to 
larify pro
esses that o

ur during annealing and to investigate theopti
al damage suppression ability of annealing treatments. That is why the knowledgeabout annealing of LiNbO3 
rystals is reviewed in the following se
tion.2.3 Annealing2.3.1 Annealing behavior of undoped lithium niobateThe melting point of undoped LiNbO3 is about 1250 ◦C. The phase diagram 
an be seenin Fig. 2.6 [10℄. Most 
rystals are grown in the 
ongruently melting 
rystal 
omposition,i.e., the 
omposition of the 
rystal and the melt, from whi
h the 
rystal is grown, areidenti
al and remain 
onstant during the whole growth pro
ess. In that 
ase the lithium
on
entration is 48.38 mol% (Spe
i�
ation by Crystal Te
hnology, In
., but values between48.3 and 48.6 mol% 
an be found in the literature [76�78℄). A

ording to Fig. 2.6 
on-gruently melting LiNbO3 
an form a se
ond 
rystal phase at temperatures below 910 ◦C,a mixture between lithium niobate and lithium triniobate (LiNb3O8). At temperaturesabove 300 ◦C LiNb3O8 starts to grow around surfa
e s
rat
hes if present [79℄. While thispro
ess takes many days at 300 ◦C, the formation of LiNb3O8 be
omes more rapid within
reasing temperature. At 600 ◦C segregation is found within 1 week and at 750 ◦C after1 day of annealing [79,80℄. The maximum of LiNb3O8 growth is found around 800 ◦C [81℄.At higher temperatures above 910 ◦C LiNb3O8 disappears from the surfa
e. The segrega-tion pro
ess is independent of the atmosphere, but be
omes weaker with in
reasing 
rystalstoi
hiometry [81℄. LiNb3O8 
an also form in the 
rystal bulk 
lose to 
rystal defe
ts, butthis has been observed only after longtime treatments of one week at 780 ◦C [79℄. Theformation of LiNb3O8 takes pla
e a

ording to the rea
tion:
Nb5+ + 8LiNbO3 → 3LiNb3O8 + 5Li+. (2.15)The ex
ess of Li+ ions pushes the LiNbO3 
rystals 
loser to stoi
hiometry [80℄. It has beenobserved that the segregation of LiNb3O8 is suppressed if the LiNbO3 
rystals are free ofhydrogen impurities [82, 83℄.Additionally a surfa
e layer 
onsisting of HNbO3 
an form if LiNbO3 is annealed above15
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Figure 2.6: Phase diagram of the Li2O - Nb2O5 system. The cLi/(cLi + cNb) 
on
entrationratio is denoted by x [10℄.600 ◦C depending on the humidity of the surrounding atmosphere [84, 85℄.Self di�usion At elevated temperatures the ions whi
h LiNbO3 
onsists of be
ome mo-bile. A
tivation energies EA and di�usion 
onstants D0 of Li+, Nb5+, and O2− are sum-marized in Tab. 2.2 [86℄. The mobility µ of the ions 
an be 
al
ulated from these datausing
µ =

σ

eN
= D0e

−EA
kBT , (2.16)where σ is the ele
tri
al 
ondu
tivity, e the elementary 
harge, N the 
on
entration of themobile 
harge 
arriers, kB the Boltzmann 
onstant, and T the absolute temperature. Asit 
an be seen, lithium is the most mobile ioni
 spe
ies at typi
al annealing temperaturesbe
ause of the large di�usion 
onstant D0.These data vary in the literature within a very broad range. For a better 
omparisonall data presented in Tab. 2.2 are measured with a tra
er method. For lithium ions thevariations are parti
ularly large: D0 varies between 10−2 and 103 
m2/s and EA between1.17 and 3.24 eV depending on the method used, be
ause for many methods intera
tion with16
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D0 [
m2/s℄ EA [eV℄Li+ 4.7 × 100 1.98Nb5+ 2.0 × 10−7 1.07O2− 3.0 × 10−6 1.27Table 2.2: Di�usion 
onstants D0 and a
tivation energies EA for self di�usion in LiNbO3[86℄.other spe
ies, that have to di�use to balan
e the 
harge, in�uen
es the results drasti
ally.Ferroele
tri
 domains LiNbO3 
hanges from its ferroele
tri
 phase to its paraele
tri
phase at the Curie Temperature TC = 1142.3 ◦C. When a single-domain LiNbO3 
rystalis heated above this point it be
omes multi domain. When a periodi
ally-poled LiNbO3
rystal is heated up, domain patterns with small period lengths of several mi
rometers thatare typi
ally needed for SHG devi
es remain stable until temperatures of 1000 ◦C [87℄. Athigher temperatures their shape is distorted, and at 1100 ◦C the domain pattern disappears.2.3.2 Annealing behavior of doped lithium niobateDoped lithium niobate shows a lot of additional 
hanges in 
rystal properties during an-nealing. Most of the time this behavior is governed by the in�uen
e of the dopants. Thatis why important dopant properties have to be 
onsidered.2.3.2.1 Multivalent dopant ions and defe
tsMultivalent dopants play a key role as photorefra
tive sensitizers in lithium niobate. Themost prominent dopant is iron (Fe) that o

urs as Fe2+ and Fe3+ [88℄. It o

upies onlylithium sites even for the highest possible doping levels of several per
ent [89℄. The Fe2+/3+states are lo
ated energeti
ally within the band gap of LiNbO3. Light 
an ex
ite ele
tronsfrom Fe2+ to the 
ondu
tion band. The resulting absorption for visible light 
an be usedto determine the 
on
entration of Fe2+ [88℄:

cFe2+ = 2.16 × 1021m−2αo
477 nm. (2.17)Here cFe2+ denotes the 
on
entration of Fe2+ ions and αo
477 nm the absorption 
oe�
ient forordinary light polarization (i.e. polarization perpendi
ular to the c-axis) at the wavelength477 nm. An absorption spe
trum of an iron-doped lithium niobate 
rystal is shown inFig. 2.7. A se
ond absorption peak 
an be seen in the infrared part of the spe
trum be-17
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trum of an iron-doped LiNbO3 
rystal.tween 1000 and 1500 nm. Its origin is the internal Fe2+ transition 5T2−5E d−d [88℄. The
on
entration of Fe3+ ions cFe3+ is not determined by absorption spe
tros
opy, be
ause thepeaks at light wavelengths λ = 483 and 420 nm, that belong to spin-forbidden d−d transi-tions of Fe3+, are very weak and the O2+ −Fe3+ transition starting to absorb at 400 nm issuperimposed by the band edge [11℄. But it 
an be 
al
ulated by cFe3+ = cFe − cFe2+ . Thetotal iron 
on
entration cFe 
an be determined by, e.g., atomi
 absorption spe
tros
opy(AAS).Other multivalent dopants behave similar [11℄: Copper (Cu+/2+) [90℄, manganeseMn2+/3+/4+ [91, 92℄, and titanium Ti3+/4+ [11℄ are widely used. The intrinsi
 niobiumantisite defe
ts 
an also o

ur as Nb4+/5+
Li [11℄. All these ions di�er in the in
orporationsites and their states in the energy levels within the band gap (Fig. 2.8). Manganese has thedeepest energy level, followed by 
opper, iron, titanium, and niobium on lithium site [11℄.For ex
itation from deeper levels more energy is required. The possible ex
itation and
harge transport pro
esses that 
an o

ur during annealing under various 
onditions arenow 
onsidered in detail.

18



Fundamentals

Figure 2.8: Band s
heme of doped lithium niobate. Various bivalent dopants form ele
-troni
 states at di�erent energy levels.2.3.2.2 Ex
itation and 
harge transport pro
essesEle
trons from the multivalent dopant ions 
an be ex
ited to the 
ondu
tion band and 
anbe transported by di�erent me
hanisms. The most important me
hanisms are summarizeds
hemati
ally in Fig. 2.9.
• Ele
trons 
an be ex
ited by light with su�
ient energy E = hν to the 
ondu
tionband. Due to the bulk photovoltai
 e�e
t the resulting 
urrent is mainly dire
tedalong the c-axis. The 
urrent density is given by jphv = β∗N−I (see se
tion 2.2.2.1).
• Thermal ex
itation of ele
trons is often negligible at room temperature, but 
anhave signi�
ant in�uen
e if LiNbO3 is annealed. The thermal 
ondu
tivity holds

σth = σth,0e
−EA/(kBT ) with σth,0 
onstant, kB the Boltzmann 
onstant and T theabsolute temperature. The thermal a
tivation energy for ex
itation of ele
trons fromFe2+ to the 
ondu
tion band is about EA = 1.4 eV [93℄.

• At high doping levels tunneling between �lled and empty 
enters be
omes relevantas 
harge transport pro
ess. In the 
ase of iron doping it be
omes the dominant
harge transport pro
ess at room temperature for doping levels larger than 0.05 %Fe2O3 [94℄. The tunneling 
ondu
tivity σtu is given by
σtu ∝ Neff exp

(

− a
3
√

cFe

) (2.18)with the e�e
tive trap density Neff

Neff =
cFe2+cFe3+

cFe
. (2.19)Here a > 0 denotes a 
onstant. 19
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Conduction band

Valence band

hn k TB Tunneling DriftFigure 2.9: Band s
heme of lithium niobate. The most important ele
troni
 ex
itation andtransfer pro
esses are shown s
hemati
ally.
• Drift 
urrents are possible in the 
ondu
tion band as well as between adja
ent 
entersat high doping levels. The drift 
urrent density holds jDrift = σE with σ as total
ondu
tivity and E as ele
tri
al �eld.Additionally, thermally a
tivated drift and di�usion of ioni
 
harge 
arriers take pla
e (seese
tion 2.3.1 and Tab. 2.2).Random free energy barrier model The 
ondu
tivity of many disordered materials
an be des
ribed within the framework of the "Random free energy barrier model" [95℄. ForLiNbO3 with its several per
ent of 
rystal defe
ts like Li va
an
ies and NbLi antisite defe
tsthe model should be appli
able. It 
onsiders 
harge transport in a spatially randomlyvarying potential lands
ape as it is shown in Fig. 2.10. The frequen
y dependen
e of the

x

E

Figure 2.10: S
hemati
 of the 
harge transport in a randomly varying potential lands
ape.20
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ondu
tivity σ(ω) on an ele
tri
 AC �eld is derived in [95℄ to be:
σ(ω) =

σ0ωτe arctan(ωτe)
1
4 ln2(1 + ω2τ2

e ) + [arctan(ωτe)]2
. (2.20)Here σ0 denotes the DC 
ondu
tivity and 1/τe 
an be interpreted as the frequen
y,where the 
ondu
tivity 
hanges from its frequen
y-independent DC part to its frequen
y-dependent AC part.2.3.2.3 Redu
tionDuring a redu
ing annealing treatment multivalent dopant ions and 
rystal defe
ts aretransferred from the valen
e state n + 1 to the state n, e.g., Fe3+ → Fe2+. The o

urringpro
esses during redu
tion and their a
tivation energies are topi
 of a still vivid dis
ussionfor the last 40 years. The entire dis
ussion 
annot be reviewed in this work, but instru
tionsfrom the literature for the redu
tion of LiNbO3 as well as the most important theories are
onsidered.The �rst systemati
 study on redu
tion was performed by Phillips and Staebler in 1974 [96℄.It is des
ribed that iron 
an be redu
ed in LiNbO3 by annealing the 
rystals in argon orhydrogen atmosphere as well as in va
uum at temperatures between 800 and 1150 ◦C.Conversion of 90 % of Fe3+ to Fe2+ has been observed for annealing at 1150 ◦C in argon.The 
rystals 
an also be annealed in Li2CO3 powder at 450 to 600 ◦C for strong redu
tion(> 95% Fe2+). Other 
ompounds (Li2SiO3, LiAlO2, LiF, Na2CO3) lead to similar results.Redu
tion leads to strong 
hanges of the absorption in doped LiNbO3 
rystals [97℄, be
ausethe absorption depends on the valen
e state of the ions, e.g., in the 
ase of Fe doping,redu
tion in
reases the absorption in the visible and the infrared parts of the spe
trum.By this means the degree of redu
tion 
an be determined (see Eq. (2.17)) [88, 90℄. It hasbeen observed that Mn ions start to redu
e at temperatures between 200 and 300 ◦C andCu ions between 400 and 500 ◦C. Fe starts to redu
e above 600 ◦C and Ti above 650 ◦C [98℄(
ompare to Fig. 2.8).In undoped samples redu
tion also in
reases absorption and ele
tri
al 
ondu
tivity dras-ti
ally [99�101℄. The dependen
e of the absorption and the 
ondu
tivity on the annealingparameters are 
onsidered in detail in the following.Ele
tri
al 
ondu
tivity The saturation value of the ele
tri
al 
ondu
tivity dependslinearly on p

−1/4
O2

where pO2
is the partial pressure of oxygen in the surrounding atmosphereduring annealing [99�101℄. The exa
t dependen
e is given by an Arrhenius-type fun
tion[99℄:
σe = 3.83 × 104p

−1/4
O2

exp

(

− EA

kBT

) (2.21)21



FundamentalsHere σe denotes the 
ondu
tivity due to the ele
trons, kB the Boltzmann 
onstant, and Tthe absolute temperature. For the a
tivation energy EA the value 2.12 eV is given in [99℄whereas in [101℄ a value of 1.5 eV is determined. This equation is valid for oxygen partialpressures pO2
< 10−3 hPa. At larger oxygen partial pressures the 
ondu
tivity saturatesto the value of the ioni
 
ondu
tivity, be
ause of a la
k of mobile ele
trons.Absorption When an undoped LiNbO3 
rystal is redu
ed, several broad absorptionpeaks 
an o

ur around 380, 500, and 760 nm light wavelength depending on the treatment[11, 102℄. The absorption around 500 nm as a fun
tion of the ele
tri
al 
ondu
tivity hasbeen measured in Refs. [101,103℄. The following expression for the saturation value of theabsorption α measured after annealing is given in [103, 104℄ a

ording to the theory givenin [105℄:

α =
σ0

ncǫ0

sinh(h̄ωπ/kBT )

(h̄ωπ/kBT )
exp

(

− h̄2ω2π2

4EAkBT

) (2.22)Here σ0 denotes the DC 
ondu
tivity, n the refra
tive index, c the light velo
ity, ǫ0the va
uum permittivity, h̄ the redu
ed Plan
k 
onstant, and ω the angular frequen
yof the in
ident light. The experimentally determined value for the a
tivation energy is
EA = 0.51 eV [103℄. In [101℄ measurements of the absorption versus the annealing temper-ature lead to EA = 1.2 eV.The absorption build-up dynami
s have been analyzed in [106℄. The time dependen
e ofthe absorption 
an be des
ribed within the framework of a di�usion model from [107℄:

∆A(t) = βN0d

[

1 − 8

π2

∞
∑

k=0

1

(2k + 1)2
exp

(

−D
(2k + 1)2π2

d2
t

)]

. (2.23)Here ∆A(t) denotes the time dependent opti
al density 
hange, i.e., A is given by
A = log(I0/I). The 
rystal thi
kness is denoted by d, D is a di�usion 
oe�
ient, N0is the equilibrium 
on
entration of the di�using substan
e, and β is given by β = σα/ ln 10with σα the absorption 
ross se
tion. The a
tivation energy EA for the di�usion 
oe�
ient
D is observed to be 3.6 eV.The mi
ros
opi
 pro
esses o

urring during redu
tion have been dis
ussed in the literaturesin
e the �rst redu
tion experiments in 1974. It is 
ommonly assumed that oxygen ionsleave LiNbO3. The formation of the absorption bands is explained by two di�erent models[11, 104℄:

• NbLi ions are redu
ed from the valen
e state 5+ to 4+ forming polarons with anabsorption peak around a wavelength of 760 nm. These polarons are instable atroom temperature and 
ouple with Nb4+
Nb to bipolarons that absorb light around22



Fundamentals500 nm wavelength. The disso
iation energy is found to be 0.27 eV [11, 108℄. Thepeak at 380 nm is not explained [11℄.
• Color 
enters are formed by the out-di�usion of oxygen [11,102℄. The oxygen va
an-
ies 
an be o

upied by one or two ele
trons (F+, F 
enters). The absorption bandaround 500 nm is attributed to F 
enters and the peak at 380 nm to the F+ 
enters.2.3.2.4 OxidizationEarly reports of oxidization of multivalent dopant ions in lithium niobate, i.e., the 
hangeof the valen
e state from n to n + 1, rea
h ba
k to the late 60's and early 70's of the 20th
entury. Sin
e then it is 
ommon sense that oxidization takes pla
e when a LiNbO3 
rystalis heated up to 800-1100 ◦C in oxygen atmosphere for 5-24 h (see e.g. [30,73,96,97,99,101,106,109,110℄). In [109℄ it is observed that LiNbO3 
an also be oxidized in Nb2O5 powder.Oxidization 
an reverse absorption and 
ondu
tivity 
hanges that o

ur during redu
tion.The �rst systemati
 study of the oxidization dynami
s was performed in 2007 by Sugak etal. [106℄. An equation analogous to Eq. (2.23) 
ould not be �tted to the observed evolutionof the absorption 
hanges.Similar results are obtained for various 
rystal materials like BaTiO3 or KTaNbO3:Cu[111, 112℄.2.3.2.5 Annealing in the presen
e of an ele
tri
al �eldExternally applied ele
tri
al �eld In 1967 Levinstein et al. annealed LiNbO3 in thepresen
e of an externally applied ele
tri
 �eld for the �rst time [71,113℄. The ele
tri
 �eldwas applied via gold ele
trodes. The 
rystals are observed during the annealing treatmentwith a polarizing mi
ros
ope and it 
ould be seen that an interferen
e fringe pattern formsat the anode and progresses slowly to the 
athode with a velo
ity of 0.1 
m/min if anele
tri
al �eld of 250 V/
m is applied at a temperature of 700 ◦C. At the same time theele
tri
al 
ondu
tivity of the LiNbO3 
rystal de
reases. It has been observed that behindthis front the opti
al damage of the 
rystal is redu
ed. A similar treatment at 400 ◦C withan ele
tri
al �eld of 1000 V/
m is able to remove 
olor 
hanges 
aused by strong redu
tion.The mi
ros
opi
 origin of these e�e
ts is rather un
lear. In [71�73℄ di�erent argumentsare presented 
onsidering drift of gold, hydrogen, and iron, but proofs are still missing. Inre
ent �eld-annealing experiments the behavior of the LiNbO3 
rystals has been studieddepending on the ele
trode material. In [114℄ a lithium supporting 
erami
 is 
hosen asthe anode (LiSiPO8). Platinum is used as the 
athode. By this means at temperatures of700 ◦C lithium ions 
an drift from the anode into the 
rystal while for 
harge 
ompensationele
trons drift from the 
athode into the 
rystal. Therefore the LiNbO3 is redu
ed and23



Fundamentalsthe stoi
hiometry is 
hanged. A 
olor 
hange is observed that has a step-like pro�le inthe 
rystal. The front between dark and bright fra
tions of the 
rystal moves from oneele
trode to the other [115,116℄. The ele
tri
al 
ondu
tivity of the LiNbO3 
rystal in
reasesduring the lithium inje
tion. A �ip of the polarity of the ele
tri
 �eld reverses the e�e
tsand reoxidizes the 
rystal.This pro
ess of reversible 
olor 
hange 
aused by an externally applied ele
tri
al �eld isoften 
alled "ele
tro
hromism" or "ele
tro
oloration". The same behavior is also knownfrom other materials [117℄. Possible appli
ations are displays or windows with tunabletransmission.Internal ele
tri
al �eld An internal ele
tri
al spa
e 
harge �eld 
an also serve as thedriving for
e for ions during annealing. This pro
ess is 
alled "thermal �xing", be
ause itis used to stabilize holograms that are written by light [118℄. An interferen
e light pat-tern � for simpli
ity it is assumed to be sinusoidal � illuminates the 
rystal. Due to thebulk-photovoltai
 e�e
t 
harges are redistributed leading to a sinusoidally modulated 
on-
entration of Fe2+ and 
onsequently Fe3+. The resulting spa
e-
harge �eld for
es hydrogenand lithium ions to move while the 
rystal is annealed at 150-250 ◦C, temperatures wherethe ions be
ome mobile. Finally, the 
on
entrations of hydrogen and lithium ions have asinusoidal shape. Holograms that are thermally �xed 
an persist hundreds of years untiltheir �nal de
ay. An overview about thermal �xing is given in [93℄.
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Chapter 3Oxidization
3.1 Experimental methods3.1.1 CrystalsMost 
rystals that are used in this work are supplied by Crystal Te
hnology, In
., CA,USA, otherwise it is mentioned. Crystal Te
hnology su

eeded in growing LiNbO3 
rystalswith iron doping of several per
ent Fe2O3 for the �rst time. Boules with nominal dopinglevels of 0.05, 0.5, 1.0, 2.0, 3.0, and 4.0 wt% Fe2O3 were grown from a melt of 
ongruent
omposition. In the following they are labeled with 0.05, 0.5, 1.0, 2.0, 3.0, and 4.0 % Fe.The distribution 
oe�
ient of iron in LiNbO3 is less than one at high doping levels. Theiron 
on
entrations in the 
rystals are determined with the help of atomi
 absorptionspe
tros
opy (AAS). The growth of 
rystals with su
h high doping levels be
omes more
hallenging with in
reasing doping level espe
ially above 2.0 % Fe. Crystal Te
hnologysu

eeded in growing a small boule of LiNbO3 with 3.0 % Fe (about 4 
m in diameter and0.7 
m thi
k). The boule with a doping level of 4.0 % Fe grew as a spiral instead of a
ylinder. In that 
ase the dire
tion of the 
rystallographi
 c-axis and the x-axis whi
h isperpendi
ular to the c-axis has not been determined before 
utting and therefore it is notparallel to the edges of the samples. For all other samples the dire
tion of the c-axis iswell known. X-
ut samples, i.e., samples whose large 
rystal fa
es are perpendi
ular tothe x-axis, were 
ut from all boules to have a size of 1× 6× 8 mm3 or 1× 10× 8 mm3. Insome 
ases other dimensions and z-
uts are used.

25



Oxidization3.1.2 Oxidization methods for multivalent dopant ions in lithium nio-bate3.1.2.1 Conventional oxidizationFor 40 years an oxidization setup for LiNbO3 
rystals is known [71, 73℄. It is referred toas "
onventional oxidization". The setup is s
hemati
ally shown in Fig. 3.1. The LiNbO3
rystals are pla
ed on a 
erami
 plate that is 
overed with platinum foil to prevent fromsurfa
e damages of the 
rystal. The samples are heated up to 800-1000 ◦C in oxygenatmosphere or an atmosphere with in
reased oxygen partial pressure 
ompared to that ofair. After some hours at least a part of the multivalent ions are oxidized.
Furnace

Furnace

LiNb crystalO3
Temperature sensor

Oxygen atmosphere

1000 °C

Figure 3.1: S
hemati
 of the 
onventional oxidization setup.3.1.2.2 Thermo-ele
tri
 oxidizationA setup is built inspired by Refs. [71�73℄ in order to investigate the e�e
t of ele
tri
al�elds on the oxidization state of multivalent impurities in LiNbO3 at elevated tempera-tures. A s
hemati
 of the setup 
an be seen in Fig. 3.2. The 
rystals 
an be heated upto temperatures of 900 ◦C in the presen
e of an externally applied ele
tri
al �eld. Thesamples are pla
ed in the middle of a tube furna
e (length 1.6 m) with a very homogeneoustemperature pro�le due to three zones with independent heating and temperature 
ontrol.The tube 
onsists of quartz glass and has a diameter of 3.0 
m. A DC voltage of up to3000 V 
an be applied with the help of gold paste ele
trodes. Two types of gold paste areused: Gold paste from the 
ompany Ferro, Hanau, Germany. Sin
e this paste is no longer
ommer
ially available, gold paste is mixed 
onsisting of 66 % gold powder, >27 % dibutylphthalate and <7 % 1-ethoxypropan-2-ol as solvent. With the amount of the solvent thevis
osity 
an be adjusted. It has turned out that mu
h less solvent is su�
ient for the use26



Oxidization
Furnace

Furnace

LiNb crystalO3
Temperature sensor

Air

700 °C

V

AFigure 3.2: S
hemati
 of the thermo-ele
tri
 oxidization setup.as ele
trodes. This mixture has similar properties to the gold paste by Ferro. Both ful�llthe most important requirements:
• Adhesion to LiNbO3 and to the wires at room temperature as a suspension as wellas at elevated temperature as a solid 
ompound
• Stability up to temperatures of 900 ◦C
• Large ele
tri
al 
ondu
tivity at room temperature as well as at elevated temperatures,i.e., the paste has to dry at room temperature. This distinguishes the gold paste usedfrom most standard gold pastes that exhibit signi�
ant ele
tri
al 
ondu
tivity notuntil drying at 800 ◦C.The wires in the furna
e 
onsist of an alloy of ni
kel and aluminum that is 
hemi
ally stableenough to persist several month at 700 ◦C in air and at least one experiment at 900 ◦C.Ni
kel and aluminum as well as gold are indeed able to di�use into the 
rystal, but they
an rea
h a depth of only several mi
rometers below the surfa
e under typi
al experimental
onditions [86, 119, 120℄.The 
urrent 
an be limited to values between 0.1 and 10 mA. When the 
urrent limit isrea
hed, the voltage is automati
ally de
reased by the power supply. The evolution ofvoltage and 
urrent is re
orded. Heating and 
ooling ramps of 0.1 to 6 ◦C/min 
an beused. These limits are set by the temperature 
ontroller and the stability of the tube,respe
tively. The sample holder is made of Durate
 750 
erami
. Durate
 750 withstandsmu
h higher temperatures than used in experiments, is 
hemi
ally ina
tive, and exhibitsno signi�
ant ele
tri
al 
ondu
tivity at 700 ◦C. By this means leakage 
urrents are avoided.27



Oxidization
2 cm

Figure 3.3: Photograph of an iron-doped LiNbO3 
rystal (bla
k) in the white 
rystal holder.The 
onta
t area of the 
rystal and the holder is minimized by 
onstru
tion. The wiresthat are used to 
onta
t the sample ele
tri
ally are 
overed with rests of gold paste.The 
rystal is mounted in su
h a way that the 
onta
t area to the holder is minimized asshown in Fig. 3.3.In-situ observation of the thermo-ele
tri
 oxidization To observe the 
rystals dur-ing the treatments a spe
ial se
ond furna
e is 
onstru
ted. It 
onsists of two 
rossing quartzglass tubes (lengths 0.6 m, diameter 3.2 
m) that are enveloped by heating wires and ther-mally isolating materials. A s
hemati
 of this furna
e is shown in Fig. 3.4. This furna
e
an rea
h temperatures of up to 900 ◦C. The temperature pro�le is not very homogeneousin the 
rossing region, be
ause no heating wires 
an be atta
hed there. The temperaturevaries by 10 ◦C between the 
enter of the 
ross and the region, that is surrounded by theheating wires, in 2 
m distan
e. While one of the two 
rossing tubes is used for the sampleholder the other tube is employed for observations with a digital 
amera that takes onepi
ture every minute. The 
amera has a rather small distan
e of 40 
m to the 
rystal. Thetemperature at the end of the tubes is below 100 ◦C, so neither the 
amera 
an be damagednor air turbulen
es arise. The furna
e 
an be heated with up to 10 ◦C/min, limited by thestability of the tubes. The 
onstru
tion of the sample holder is 
omparable to the holderthat is des
ribed in the se
tion before. The only di�eren
e is that the 
rystal stands freelyon the holder instead of lying for better observation. A similar high voltage power supply28
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Heating wires

Camera

Crystal

Quartz glass cross

Figure 3.4: S
hemati
 of the furna
e that is 
onstru
ted for in-situ observation of the
rystal during annealing.and the same gold paste are used.3.1.3 Determination of the Fe2+ 
on
entration3.1.3.1 Absorption spe
tros
opyThe 
on
entration of Fe2+ in the LiNbO3 
rystal 
an be determined by measuring the ab-sorption of ordinarily polarized light of the wavelength λ = 477 nm a

ording to Eq. (2.17).A Cary 500 spe
trophotometer from Varian, In
. is used to determine absorption spe
-tra from λ = 300 to 3200 nm. The largest opti
al densities that 
an be measured are
A = log(I0/I) = 5. The absorption values are 
orre
ted for re�e
tion losses applying theSellmeier equation for undoped 
ongruently melting LiNbO3. 29



Oxidization3.1.3.2 Condu
tivity spe
tros
opyPrin
iple of the method Sin
e the ele
troni
 transport between Fe2+ 
enters domi-nates the 
harge transport in iron-doped LiNbO3 
rystals with doping levels cFe > 0.05 %at room temperature [94℄, 
ondu
tivity spe
tros
opy 
an be used to determine the Fe2+
on
entration. The prin
iple of this method is shown in Fig. 3.5. An AC voltage
V

A

Figure 3.5: Prin
iple of 
ondu
tivity spe
tros
opy, also 
alled diele
tri
 spe
tros
opy. Afrequen
y-dependent AC voltage is applied to a sample while the evolutions of voltage and
urrent are monitored.
U∗(ω) = U

′

(ω) + iU
′′

(ω) with the frequen
y ω is applied to the sample, and the amplitudeand the phase shift of the 
orresponding 
urrent I∗(ω) = I
′

(ω) + iI
′′

(ω) are measured. Thestar indi
ates 
omplex quantities with real part (′) and imaginary part (′′). The imaginaryunit is denoted by i. The impedan
e is 
al
ulated by Z∗(ω) = U∗(ω)/I∗(ω). The 
omplex
ondu
tivity σ∗(ω) = σ
′

(ω) − iσ
′′

(ω) (please note the 
ommonly used minus sign betweenreal and imaginary part of the 
ondu
tivity) is given by
σ∗(ω) =

1

Z∗(ω)

d

Ael
. (3.1)Here d denotes the distan
e of the ele
trodes and Ael the ele
trode area.Sample preparation The 
rystals that are used for 
ondu
tivity spe
tra measurementsare x-
uts and have dimensions of 0.1−0.6×11×11 mm3. The use of z-
uts is avoided, be-
ause they exhibit strong pyroele
tri
 
urrents, i.e., 
urrents that �ow as soon as the 
rystaltemperature is 
hanged, whi
h disturb temperature dependent measurements. The ele
-trodes are evaporated to the large surfa
es, i.e., Ael = 10× 10 mm2 and d = 0.1 − 0.6 mm.The ele
trodes 
onsist of two layers: 
hromium (Cr, 10 nm thi
kness) and gold (Au, 100 nmthi
kness). The 
hromium leads to a better adhesion of the gold layer to the 
rystal sur-fa
e. The evaporation is performed at elevated temperatures of 280-300 ◦C to minimize the30



Oxidizationwater layer that 
overs all oxide materials. From [121℄ it 
an be estimated that 
hromium
an di�use less than one mi
rometer into the 
rystal at temperatures up to 700 ◦C fortypi
al times
ales.Spe
trometer and measurement 
hamber The 
ondu
tivity spe
tra are measuredwith the Alpha AL spe
trometer from Novo
ontrol. Frequen
ies from 3 × 10−6 to
3 × 105 Hz 
an be set. The measurable 
apa
ities range from 10−15 to 1 F and the mea-surable 
ondu
tivities from 5× 10−15 to 100 Ω−1. An external voltage with the amplitude1 V is applied. A self-
onstru
ted heatable measurement 
hamber is used. A s
hemati
 ofthis 
hamber 
an be found in Fig. 3.6. The ele
trodes of the LiNbO3 samples are 
onne
ted

Aluminum box

Ceramic base

Hot plate with
heating elements

Ceramic hatSample holder
Sample

Conductivity
spectrometer

Temperature
controller

Temperature
sensor

Bimetallic
switch

N -valve2

Isolating
transformerFigure 3.6: S
hemati
 of the measurement 
hamber for 
ondu
tivity spe
tros
opy.to the 
ondu
tivity spe
trometer. The top ele
trode is glued to the wire by silver paste,the bottom ele
trode to the sample holder. S
rews �x the sample holder to the steel platebelow. This steel plate is wired to the spe
trometer. In the hot plate below three heatingelements with ea
h 125 W heating power heat the sample up to 720 ◦C. They are 
onne
tedto the power supply via an isolating transformer. By this means noise from external 
ablesis redu
ed, and grounding of the hot plate 
an be avoided. Grounding would ne
essitate toisolate the hot plate from the steel plate. That would lead to redu
ed thermal 
ondu
tivityand lower temperatures at the sample. The heating elements are 
ontrolled by a temper-ature 
ontroller "2408" from Eurotherm. The asso
iated temperature sensor is atta
hed
lose to the sample (1.5 
m away). The temperature stability is ±0.5 ◦C. A 
erami
 baseand a 
erami
 hat 
onsisting of Durate
 750 isolate the metal parts from the surrounding31



Oxidizationaluminum box that is grounded and shields the setup from ele
tromagneti
 noise. The freespa
e in this box is �lled with isolating �ee
e. The 
erami
 hat also prevents the �ee
efrom tou
hing the sample. If the aluminum box rea
hes temperatures above 100 ◦C, abimetalli
 swit
h will turn o� the heaters for se
urity. A valve in the box 
an be openedto �ood the interior with nitrogen gas. This suppresses the 
orrosion of the steel parts inthe measurement 
hamber.3.1.4 Birefringen
e 
hangesOpti
al inhomogeneities often show up as birefringen
e inhomogeneities that 
an be mea-sured by the Sénarmont 
ompensator method. It is named after the fren
h physi
ist H. H.de Sénarmont (1808 - 1862) [122℄. It is often referred to similar te
hniques as "
ompensatorsetup" or "ellipsometry". A s
hemati
 of the setup is shown in Fig. 3.7. A red laser beam
Polarizer l/4 plate

Polarizer in
rotational stage

Photodiode

Crystal on

633 nm

L L

translation stageFigure 3.7: S
hemati
 of the Sénarmont 
ompensator setup. The abbreviation "L" repre-sents a lens.of a helium-neon laser (HeNe) with a wavelength of 633 nm is fo
ussed into the 
rystal(beam diameter 2σ = 17 µm, light intensity I = 3 W/
m2). The polarizer in front of the
rystal polarizes the laser beam at an angle of 45◦ with respe
t to the 
rystallographi

c-axis. By this means the 
rystal is birefringent for the in
ident red light. Consequently,the light polarization 
hanges inside the 
rystal from linear to ellipti
. A se
ond lens be-hind the 
rystal transforms the laser beam into a plane wave for a proper fun
tion of thequarter-wave plate. One of the two axes of this quarter-wave plate is parallel to the lightpolarization in front of the sample. Thus any ellipti
 polarization turns ba
k into linearpolarization, but generally with a di�erent plane of polarization 
ompared to that of theinput polarization (see Appendix A and [15℄). The dire
tion of the polarization is deter-mined with a polarizer (analyzer) in a rotational stage and a photodiode. In order to getpre
ise data about the rotation of the polarization plane, the intensity of the transmittedbeam is dete
ted for various angles of the analyzer, and afterwards a sinusoidal fun
tion is�tted to the data. By the phase di�eren
e β of sinus waves measured at di�erent positions32



Oxidizationin the 
rystal, birefringen
e 
hanges ∆(ne−no) between these positions 
an be determined
∆(ne − no) =

βλ

2πd
. (3.2)Here d denotes the 
rystal thi
kness and λ the va
uum wavelength of the HeNe laser beam.Furthermore, the 
rystal 
an be shifted perpendi
ularly to the HeNe laser beam and inparallel to the opti
al table, enabling lateral s
ans of birefringen
e 
hanges. The minimumstep size is 2.5 µm. With the help of small steps ambiguities about the phase shift that
an be indu
ed by phase shifts larger than π 
an be avoided. For 
rystals of a thi
kness of1 mm, birefringen
e 
hanges as small as ∆(ne−no) > 5×10−6 
an be dete
ted. This limitis given by small temperature �u
tuations of the LiNbO3 
rystal that lead to birefringen
e
hanges due to the thermo-opti
 e�e
t [123℄. If these �u
tuations 
an be eliminated adete
tion limit for the birefringen
e 
hanges of 5 × 10−7 will be feasible.
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Oxidization3.2 Experimental results3.2.1 Iron 
on
entrationThe total iron 
on
entration in the 
rystals, whi
h 
an di�er from the nominal 
on
en-tration, i.e., the 
on
entration of iron oxide (Fe2O3) in the melt, is measured by meansof atomi
 absorption spe
tros
opy (AAS). The iron 
on
entration is determined for the
rystals doped with 0.5, 1.0, 2.0, and 3.0 wt% Fe2O3 in the melt. The results are shownin Tab. 3.1. Doping level [wt% Fe2O3℄ cFe [1026 m−3℄0.5 1.291.0 2.352.0 3.853.0 5.00Table 3.1: Nominal doping level and overall iron 
on
entration cFe for highly iron-doped
rystals.
3.2.2 OxidizationSample preparation Samples of all iron-doped 
rystals are heated up to 700 ◦C witha temperature 
hange of dT/dt = 3 ◦C/min. An ele
tri
 �eld Emax of 125 V/mm isapplied already before heating. A 
urrent limit is set 
orresponding to a 
urrent densityof jmax = 0.01 mA/mm2. The temperature is kept 
onstant for 6 hours, then 
oolingstarts with dT/dt = −3 ◦C/min. The voltage is not turned o� before the temperaturefalls below 200 ◦C. The evolution of voltage and 
urrent during the annealing experimentis shown in Fig. 3.8. When the LiNbO3 
rystal is heated up, its 
ondu
tivity in
reases. Attemperatures typi
ally between 500 and 600 ◦C the 
urrent limit is rea
hed, and the voltageis de
reased automati
ally. At 700 ◦C the ele
tri
 �eld is lowered to only 2-10 V/mm. Whenthe 
rystal is 
ooled down, its 
ondu
tivity in
reases again and the voltage is restored toits former level.Absorption 
hanges Pi
tures of the 
rystals in the as-grown and the annealed stateand the 
orresponding absorption spe
tra are shown in Figs. 3.9 and 3.10. In Fig. 3.9 (a)a photograph of an untreated LiNbO3 sample doped with 2.0 % Fe is shown. The 
rys-tal looks bla
k. The 
orresponding absorption spe
trum in Fig. 3.10 (a) shows a strong34
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urrent during an annealing experiment using aLiNbO3 
rystal doped with 2 wt% Fe2O3.absorption peak in the visible due to the large Fe2+ 
on
entration. The 
rystals dopedwith 0.5, 1.0, and 3.0 % Fe look similarly bla
k. Their absorption spe
tra are also shownin Fig. 3.10 (a). The absorption 
oe�
ients around 477 nm, belonging to absorption fromFe2+, are higher than 10/mm. In order to measure that high absorption 
oe�
ients spe
ial
rystals with a thi
kness of only 55 µm are utilized. After the annealing treatment all
rystals be
ome at least partially transparent. The absorption spe
tra of the annealedLiNbO3 
rystals are shown in Fig. 3.10 (b). In Fig. 3.9 (b) and (
) the samples with 0.5and 1.0 % Fe are shown. The ele
trodes are atta
hed to the left and the right side of the
rystal. Some remains of the ele
trodes 
an be seen in the pi
tures. The bla
k parts of the
rystals at the left side are se
tions where the 
rystals are still dark. In the 
entral part thetransparent 
rystal is seen. It appears yellowish with two brownish horns ranging from theleft, dark part to the right ele
trode. On the right part of the pi
tures the 
rystal appearsbla
k. This originates from surfa
e pre
ipitations. Below these pre
ipitations the 
rystalsare as transparent as in the 
entral part. Absorption spe
tra of the transparent se
tion arefound in Fig. 3.10 (b). It 
an be seen that no more Fe2+ absorption is visible. The absorp-tion 
oe�
ient around 477 nm is smaller than 1/mm. Only the internal Fe3+ transition
auses the tiny, narrow peak around 483 nm. This means that the annealing treatmentleads to a strong oxidization. Therefore in the following the annealing pro
edure is 
alled"thermo-ele
tri
 oxidization". In both 
rystals brown irregularities are found, mainly 
loseto the dark part and in (
) 
lose to the bottom. In Fig. 3.9 (d) and (e) photographs of35
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Figure 3.9: Photographs of the doped LiNbO3 samples: (a) 2.0 wt% Fe2O3 in the as-grownstate, (b)-(f) 0.5, 1.0, 2.0, 3.0, 4.0 wt% Fe2O3 after annealing.the 
rystals doped with 2.0 and 3.0 % Fe are shown. The ele
trodes are atta
hed to thebottom and the top of the 
rystals in these photographs. Here almost no dark se
tionsand no imhomogeneities are visible. The 
olor is remarkably darker. The absorption spe
-trum is shown in Fig. 3.10 (b). No absorption from Fe2+ 
enters is measurable. The Fe3+peaks are larger 
ompared to those of the samples that 
ontain 0.5 and 1.0 % Fe. Theabsorption edge shifts remarkably to larger wavelengths. In Fig. 3.9 (f) a photograph of atreated 
rystal doped with 4.0 % Fe is shown. The ele
trodes are atta
hed at the left andthe right side of the sample. It appears brownish, but from the absorption spe
trum inFig. 3.11 it is obvious that this 
olor does not 
ome from residual Fe2+, but from the Fe3+absorption peak and the shifted absorption edge. The dire
tion of the c-axis of the sampleis not known, that is why the light polarization is arbitrary and no 
orre
tion for re�e
tionlosses 
an be performed. Consequently in Fig. 3.11 the opti
al density log(I0/I) (in
identlight intensity I0, intensity I of the transmitted beam) is shown instead of the absorption
oe�
ient α. In Fig. 3.12 a 
onventionally oxidized LiNbO3 
rystal 
ontaining 2.0 % Feis 
ompared to a 
rystal in the as-grown state and a 
rystal that is thermo-ele
tri
ally36
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Figure 3.10: Absorption spe
tra for ordinarily polarized light of LiNbO3 
rystals dopedwith 0.5-3.0 wt% Fe2O3 (a) in the as-grown state and (b) after thermo-ele
tri
 oxidization.oxidized. It 
an be seen that the 
onventional oxidization te
hnique is able to oxidizethe highly iron-doped 
rystal, but only the thermo-ele
tri
 oxidization leads to a nearly
omplete oxidization of iron.Pre
ipitations After the annealing pre
ipitations and s
rat
hes 
an be seen on the 
rys-tal surfa
e. A photograph of a 
rystal doped with 1.0 % Fe is shown in Fig. 3.13. Theses
rat
hes were neither present before the annealing nor any tip was in 
onta
t to thesample. They show no preferred dire
tion or length.The pre
ipitations on the surfa
e are observed with the help of an atomi
 for
e mi
ros
ope(AFM). The resulting pi
tures are shown in Fig. 3.14. Pre
ipitations are present at theentire 
rystal surfa
e, but near to the anode only islands show up whereas 
loser to the
athode the pre
ipitations grow together and form a 
ompa
t layer.
37
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Figure 3.11: Opti
al density log(I0/I) ver-sus wavelength for a thermo-ele
tri
ally ox-idized LiNbO3 
rystal doped with 4.0 wt%Fe2O3. The thi
kness of the sample is1 mm. Figure 3.12: Absorption spe
tra for ordi-narily polarized light of LiNbO3 
rystalsdoped with 2.0 wt% Fe2O3 in the as-grownstate, the 
onventionally oxidized, and thethermo-ele
tri
ally oxidized state.3.2.3 Dynami
s of the oxidization3.2.3.1 Evolution of voltage and 
urrentThe evolution of the voltage and the 
urrent shows an anomalous behavior during the heat-ing phase (Fig. 3.8). When the 
urrent limit is rea
hed due to an in
reasing 
ondu
tivity of

Figure 3.13: Photograph of a 
rystal whi
h is doped with 1.0 wt% Fe2O3. After annealings
rat
hes 
an be seen on the surfa
e.38
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Figure 3.14: Surfa
e topology of an annealed 
rystal doped with 1.0 wt% Fe2O3 measuredwith an atomi
 for
e mi
ros
ope. The images (a) to (f) are taken at equidistant positions.Image (a) is taken 
lose to the anode, image (f) 
lose to the 
athode.
the LiNbO3 
rystal at elevated temperatures, the voltage is dropped automati
ally. Afterabout 2.7 hours at a temperature of about 500 ◦C the voltage shows an unexpe
ted peak,i.e., the 
rystal 
ondu
tivity in
reases while the sample is 
onstantly heated. This behaviordepends strongly on the total iron 
on
entration as shown in Fig. 3.15. Below a dopinglevel of 2.0 % Fe no peak 
an be seen. With in
reasing iron 
on
entration it be
omeslarger. This anomaly is further analyzed by in-situ observations of the LiNbO3 
rystalsduring the annealing pro
edure. 39
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Time [h]Figure 3.15: Evolution of the voltage during thermo-ele
tri
 oxidization for 
rystals dopedwith 1.0, 2.0, and 3.0 wt% Fe2O3.3.2.3.2 In-situ observation during annealingThe observation furna
e (Se
t. 3.1.2.2) is used to get in-situ images of the 
rystals duringthe annealing. A pi
ture series is shown in Fig. 3.16. The 
rystal is heated up from roomtemperature to 700 ◦C with dT/dt = 3 ◦C/min. An ele
tri
 �eld Emax of 125 V/
m isapplied at room temperature, and the 
urrent density jmax is limited to 0.01 mA/mm2. The
rystal is dwelled on 700 ◦C for 6 hours and afterwards 
ooled down to room temperaturewith dT/dt = −3 ◦C/min. The pi
ture series shows the 
rystal in the holder with theele
trodes at the top and the bottom. At temperatures of about 450 ◦C a remarkably sharpabsorption front starts to 
ross the initially bla
k 
rystal from the 
athode to the anode.It moves further with in
reasing temperature. Above 600 ◦C the bright part of the 
rystaldarkens again starting from the 
athode, but with no sharp front. The �rst absorptionfront is una�e
ted by this and 
ontinues moving. During the dwell time at 700 ◦C the�rst absorption front rea
hes the anode, but the 
rystal be
omes homogeneously bla
k dueto the subsequent darkening. In the moment when the 
ooling starts a third absorptionfront begins to transverse the 
rystal, also starting from the 
athode. During 
ooling thefront moves further exhibiting two dark horns (Fig. 3.16, 608 ◦C) that resemble the weakerdoped 
rystals after annealing (see Fig. 3.9) but disappear after a short while. Whitepre
ipitations 
an be seen 
lose to the 
athode. At temperatures of about 450 ◦C the third40
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Figure 3.16: The pi
ture sequen
e shows the evolution of a LiNbO3 
rystal doped with2.0 wt% Fe2O3 during annealing.absorption front has passed almost the entire 
rystal.It has been observed that the �rst front, whi
h is the sharpest, be
omes even sharper within
reasing doping level. The dynami
s of this front is investigated in detail in the followingse
tion.3.2.3.3 Dynami
s of the oxidizationIn order to investigate the dynami
s of the oxidization pro
ess, the time-dependen
e ofthe position of the absorption front in the 
rystal during annealing is analyzed from the41
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Time [h]Figure 3.17: Analysis of the motion of the �rst absorption front 
rossing the 
rystal. Theposition of the front is shown over the time. The sample is doped with 0.5 wt% Fe2O3.photographs with the help of the following algorithm: The pi
ture is 
onverted into agrays
ale bitmap, i.e., an array 
onsisting of integer values. Ea
h integer represent onepixel. A se
tion of the image, where the front is 
learly visible, is 
hosen. It is averagedover every line that is parallel to the absorption front in order to redu
e the noise level.Then the spatial derivative of the resulting line whi
h is now perpendi
ular to the frontis 
al
ulated. It shows a narrow peak at the position of the absorption front. In order todetermine the position of this peak a threshold value is 
hosen. The peak position is setto be the position where the derivative �rstly ex
eeds this level. The threshold has to be
hosen individually for every pi
ture series in the way that only a very few data pointsex
eed the threshold. This algorithm is applied to pi
ture sequen
es of the annealing ofvarious 
rystals. A typi
al plot of the position of the absorption front over the time isshown in Fig. 3.17. The slope determines the velo
ity of the absorption front. It 
an beseen that the absorption front moves with 
onstant speed from the 
athode to the anode.3.2.3.4 Varying the parametersThe annealing parameters are varied to �nd optimum 
onditions for the oxidization whereit is as strong as possible and homogeneous.42
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Figure 3.18: Velo
ity of the absorptionfront versus 
urrent density limit for 
rys-tals doped with 0.5 wt% Fe2O3. Figure 3.19: Photograph of a 
rystal dopedwith 0.5 wt% Fe2O3 after thermo-ele
tri
 ox-idization with a 
urrent density limitation of0.5 mA/mm2. The dark spots are bulk de-fe
ts indu
ed by the annealing.Current limit The velo
ity of the absorption front is measured for various 
urrentdensity limitations jmax. The other parameters are kept 
onstant (dT/dt = 3 ◦C/min,
Emax = 125 V/
m, Tmax = 700 ◦C). The 
rystals are doped with 0.5 % Fe. The result isshown in Fig. 3.18. The velo
ity of the absorption front in
reases linearly with the 
urrentlimitation. The error bars are estimated from the reprodu
ibility of the measurements.The use of large 
urrent limitations leads to the appearan
e of bulk 
rystal defe
ts duringthe 6 hours dwell time at 700 ◦C. A photograph of su
h a 
rystal after annealing is shownin Fig. 3.19. The 
urrent density limitation was set to 0.05 mA/mm2.Doping level The velo
ity of the absorption front is also measured for various dopinglevels ranging from 0.05 to 2.0 % Fe. The result is shown in Fig. 3.20. The velo
ity isalmost equal for the doping levels 0.5, 1.0, and 2.0 % Fe. Only the 
rystal that 
ontains0.05 % Fe shows a signi�
antly faster absorption front.To predi
t a dT/dt that allows the �rst absorption front to transverse a 
rystal 
ompletelyduring heating the following dependen
e is found experimentally:

dT

dt
=

(Tmax − 450 ◦C)v0jmax

0.01s mA/mm2
, (3.3)where v0 is the velo
ity of the absorption front for the doping level used that 
an be foundin Fig. 3.20 and s the distan
e of the ele
trodes. Hen
e if larger 
rystals are used the43
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ity of the absorption front over the iron doping level of the samples.temperature ramp dT/dt 
an be tailored to allow the absorption fronts to pass longerdistan
es (see Eq. (3.3)).Geometry The dire
tion and the orientation of the ele
tri
 �eld with respe
t to thedire
tion and orientation of the c-axis show no signi�
ant impa
t on the oxidization.Dwell time If the heating ramp does not provide enough time for the �rst front to passthe whole 
rystal, the front will 
ontinue moving during the dwell time. It is also possibleto avoid the dwell time by tailoring the temperature ramps (Eq. (3.3)). This 
an be useful,be
ause 
rystal defe
ts are indu
ed mainly during the dwell time.3.2.4 Condu
tivity measurementsCondu
tivity spe
tra Condu
tivity spe
tra are measured for all iron-doped LiNbO3
rystals and for undoped LiNbO3 in the frequen
y range 10 mHz−300 kHz for temperaturesbetween 30 and 700 ◦C. Typi
al results are shown in Fig. 3.21. LiNbO3 doped with 1.0 %Fe in the as-grown state is used. The 
ondu
tivity shows a frequen
y-independent part -the DC 
ondu
tivity σdc - at small frequen
ies and an in
rease above a 
ertain frequen
y
ω0. Both parameters σdc and ω0 shift to higher values with in
reasing temperature. The44
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tivity spe
tra of a 
rystal doped with 1.0 wt% Fe2O3 at di�erenttemperatures. The lines show �ts a

ording to the random free energy barrier model.random-free-energy-barrier-model fun
tion (see Se
t. 2.3.2.2, Eq. (2.20)) is �tted to thedata. By this means σdc is determined.Arrhenius plots The resulting DC 
ondu
tivities are plotted in an Arrhenius plot, i.e.,
σdc is plotted logarithmi
ally versus 1000/T . The plots for 
rystals in the as-grown stateare shown in Fig. 3.22 (a). For most 
rystals two linear segments and an intermediateregion in between are observed. Hen
e the DC 
ondu
tivity shows an Arrhenius behavior,i.e., it is thermally a
tivated, with

σdc = σ
(1)
0 exp

(

−E
(1)
A

kBT

)

+ σ
(2)
0 exp

(

−E
(2)
A

kBT

) (3.4)with σ
(1,2)
0 
onstant, E

(1,2)
A the a
tivation energies, kB the Boltzmann 
onstant, and T theabsolute temperature. In the following the larger a
tivation energy is denoted by E

(2)
A ,the smaller by E

(1)
A . In the linear segments one of the two 
ontributions in Eq. (3.4)is dominant, the other is negligible, whereas in the intermediate region there are signi�-
ant 
ontributions from both summands. The linear segments are used to determine thea
tivation energies E

(1,2)
A .In the Arrhenius plots of the 
rystals in the as-grown state the undoped 
rystal and the45
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Figure 3.22: Arrhenius plots of the DC 
ondu
tivity σdc over 1000/T for 
rystals (a) inthe as-grown state and (b) thermo-ele
tri
ally oxidized.LiNbO3 sample doped with 0.05 % Fe show only one straight line with E
(2)
A . At lowtemperatures no σdc 
ould be obtained, be
ause no frequen
y-independent part of the
ondu
tivity is observed down to frequen
ies of 10−2 Hz, and the random-free-energy-barrier-model fun
tion (Eq. (2.20)) 
ould not be �tted satisfa
torily to the data. TheLiNbO3 samples doped with 0.5 and 1.0 % Fe show two distin
t linear segments withdi�erent a
tivation energies E

(1,2)
A and an intermediate segment where both superpose.For the 
rystal that is doped with 2.0 % Fe one large segment with E

(1)
A is visible anda superposition segment, but up to 700 ◦C there is not any segment with E

(2)
A . At hightemperatures some dis
ontinuities o

ur, that originate from outdi�usion of 
hromium inthe steel sample holder, whi
h leads to a deta
hment of the ele
trodes.In general, the segments with the E

(1)
A shift to higher 
ondu
tivities with in
reased dopinglevels, i.e., σ

(1)
0 varies with the doping level, whereas the segment with E

(2)
A shows nosigni�
ant dependen
e on the doping level.Thermo-ele
tri
ally oxidized samples are studied as well. They were oxidized withthe following parameters: T = 700 ◦C, 6 hours dwell time, dT/dt = ±3 ◦C/min,

Emax = 1000 V/mm, jmax = 1×10−3 mA/mm2. After oxidization the samples are groundto remove the residual non-oxidized parts and surfa
e pre
ipitations. The �nal thi
kness46
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Figure 3.23: Arrhenius plot of the DC 
ondu
tivity σdc over 1000/T for a 
rystal dopedwith 0.5 wt% Fe2O3 in the as-grown state, 
onventionally oxidized and thermo-ele
tri
allyoxidized.
of the samples varies between 0.1 and 0.6 mm. For the oxidized 
rystals the same analysisis done. The random-free-energy-barrier-model fun
tion is �tted to the data, and σdc isextra
ted and plotted in an Arrhenius plot. The result is shown in Fig. 3.22 (b). For the
rystals with doping levels from 0.5 - 2.0 % Fe the same two linear segments are found.Note that the segment with the a
tivation energy E

(1)
A is shifted by several orders of mag-nitude 
ompared to that of the 
rystals in the as-grown state. The 
rystals doped with 0.5and 1.0 % Fe show nearly equal 
ondu
tivities, also in the segment with E

(1)
A . The LiNbO3
rystal 
ontaining 0.5 % Fe shows small but visible brown inhomogeneities.In Fig. 3.23 Arrhenius plots of 
rystals doped with 0.5 % Fe are 
ompared, that showdi�erent 
on
entration ratios cFe2+/cFe. One LiNbO3 
rystal is 
onventionally oxidized,i.e., it is heated up to 1000 ◦C in oxygen atmosphere for 12 hours. The brown 
olor ofthe sample after the treatment shows that the oxidization remains in
omplete. In theArrhenius plot a segment with E

(1)
A is found that is shifted to lower 
ondu
tivity values
ompared to a 
rystal in the as-grown state, whereas it shows larger 
ondu
tivities than athermo-ele
tri
ally oxidized sample. A side e�e
t of this treatment is the nearly 
ompleteloss of hydrogen impurities in the 
rystal. The OH− 
on
entration cH+ 
an be determined47
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]Figure 3.24: A
tivation energies EA over iron 
on
entration for LiNbO3 
rystals (a) in theas-grown state and (b) thermo-ele
tri
ally oxidized.easily from absorption spe
tros
opy of the OH− vibration band [124, 125℄:

cH+ = (1.67 ± 0.09) × 1022 m−2αo
2870. (3.5)Here αo

2870 denotes the absorption of ordinarily polarized light of the wavelength 2870 nm.No OH vibration peak is found in the 
rystal any more. With respe
t to the noise levelof the spe
trometer a lowering of the hydrogen 
on
entration by at least a fa
tor of �ve isfound. In the thermo-ele
tri
ally oxidized sample the hydrogen 
on
entration is in
reasedby about one order of magnitude 
ompared to the sample in the as-grown state.The a
tivation energies E
(1,2)
A that are dedu
ed from the Arrhenius plots are summarizedin Fig. 3.24. All measured values for E

(1)
A are 
lose to 0.32 eV, whereas the values for E

(2)
Aare 
lose to 1.2 eV.3.2.5 Birefringen
e 
hanges at the absorption frontThe opti
al homogeneity of partially oxidized iron-doped LiNbO3 
rystals with various dop-ing levels is examined. The samples used for this study have dimensions of 1 × 10 × 8 mm3(0.05, 0.5 % Fe) and 1× 8 × 6 mm3 (1.0 % Fe). All 
rystals are x-
uts. Only a fra
tion ofthe volume of ea
h 
rystal is oxidized by the thermo-ele
tri
 oxidization treatment. Thesamples are heated up to 700 ◦C, then the temperature is kept 
onstant until about half48
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rystal doped with 0.5 wt% Fe2O3. The thermo-ele
tri
 oxidizationtreatment is interrupted before the 
rystal is 
ompletely oxidized. In (a) a photograph isshown, in (b) the 
orresponding absorption spe
tra for ordinarily polarized light of the darkand the bright se
tions. The absorption values between 2700 and 3000 nm are magni�edby a fa
tor of 10.of the 
rystal volume is oxidized, afterwards the 
ooling is started. The temperature is
hanged with ±3 ◦C/min. The ele
tri
al �eld is limited to 125 V/mm and the 
urrent den-sity to 0.01 mA/mm2. A photograph of su
h a partially oxidized 
rystal whi
h is dopedwith 0.5 % Fe is shown in Fig 3.25 (a). The absorption front is very sharp, and the darkand the transparent se
tions of the 
rystal appear homogeneous. The absorption spe
-tra of the dark and the transparent se
tions of the 
rystal are shown in Fig. 3.25 (b). Astrong de
rease of the Fe2+ absorption in the transparent se
tion due to the oxidization isobserved and also the absorption peak originating from the OH vibration around 2870 nmis de
reased. The hydrogen (H+) 
on
entration 
an be dedu
ed from this absorption peak(Eq. (3.5)). The Sénarmont setup shown in Se
t. 3.1.4 is used to determine absolute valuesof birefringen
e 
hanges |∆(ne−no)| at the absorption front by s
anning from the transpar-ent side to the dark side of the 
rystal. The result of the s
an with the Sénarmont setup isshown in Fig. 3.26 (a). The birefringen
e 
hanges by about 1.2×10−4 at the front, whereasit remains 
onstant in the dark and the transparent se
tions of the 
rystal. It is 
he
kedwith an atomi
 for
e mi
ros
ope that the thi
kness of the 
rystal does not 
hange at theabsorption front. This is ne
essary to assure that the measured phase 
hanges originate49



Oxidization

14.5 15.0 15.5 16.0
0.0

0.5

1.0

0.0 0.5 1.0
0.0

0.5

1.0

(b)

(a)

15.0 15.5 16.0
0.0

0.5

1.0

1.5

13.8 13.9 14.0 14.1 14.2
0.0

0.5

1.0

1.5

(d)

(c)

Position [mm] Position [mm]

|D
(n

e
o

-n
)|

 [
1
0

]
-4

|D
(n

e
o

-n
)|

 [
1
0

]
-4

Figure 3.26: Absolute value of the birefringen
e 
hange |∆(ne − no)| vs. the position inthe 
rystal. The 
rystals are doped with (a) 0.5, (b) and (d) 1.0, and (
) 0.05 wt% Fe2O3.The 
rystals in (b) and (
) are pretreated.
from refra
tive index 
hanges and not from thi
kness variations of the sample.The same analysis is performed with other samples: In Fig. 3.26 (b) data of a 
rystal that isdoped with 1.0 % Fe are presented. In order to avoid too large absorption in the dark partof the 
rystal, it is 
onventionally oxidized in a pretreatment (12 h at 1100 ◦C in oxygenatmosphere). The 
onventional oxidization te
hnique leads to a homogeneous de
reaseof cFe2+ in the entire 
rystal. In a se
ond step the 
rystal is thermo-ele
tri
ally oxidizedgenerating the absorption front. In (
) |∆(ne − no)| of a sample that 
ontains 0.05 % Feis shown. The 
rystal is redu
ed in a pretreatment in order to enhan
e the resultingbirefringen
e 
hanges. It is annealed for 12 hours at a temperature of 1000 ◦C in va
uum(p = 10−4 mbar). In Fig. 3.26 (d) |∆(ne − no)| of a 
rystal doped with 1.0 % Fe is shown.In this parti
ular sample two separated absorption fronts are seen. The 
olor 
hanges fromtransparent to brownish at the �rst front and from brownish to dark at the se
ond front.Su
h a se
ond absorption front o

urs espe
ially if |dT/dt| is smaller for heating than for
ooling. The measurement is performed at the �rst front, where the 
rystal is transparentenough. A summary of all measured absolute values of the birefringen
e 
hanges and ofthe Fe2+ and the H+ 
on
entration 
hanges that are dedu
ed from the absorption spe
traare given in Tab. 3.2.50
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cFe pretreatment ∆cFe2+ ∆cH+ |∆(ne − no)|meas[wt% Fe2O3℄ [1025 m−3℄ [1025 m−3℄ [10−4℄0.05 redu
ed -1.4 ± 0.4 0 ± 0.01 1.3 ± 0.10.5 � -2.5 ± 0.8 -0.7 ± 0.04 1.2 ± 0.11.0 oxidized -1.6 ± 0.5 -0.24 ± 0.01 1.0 ± 0.11.0 � -0.18 ± 0.05 -0.17 ± 0.01 < 0.1Table 3.2: Nominal iron 
on
entration cFe, pretreatment before the thermo-ele
tri
 oxidiza-tion, di�eren
e ∆cFe2+ of the Fe2+ 
on
entrations between dark/brownish and transparentse
tions of the 
rystals, di�eren
e ∆cH+ of the H+ 
on
entrations between dark and trans-parent se
tions of the 
rystals, and measured birefringen
e 
hange |∆(ne − no)|meas forall 
rystals used. The sample with 1.0 wt% Fe2O3 and without pretreatment exhibitstwo sharp absorption fronts. The presented data refer to the 
hanges between brown andtransparent se
tions.3.2.6 Investigations of the pre
ipitationThe solubility of the surfa
e pre
ipitations after the thermo-ele
tri
 oxidization is examined.The 
rystals are pla
ed into warm water (T = 70 ◦C). After 30 minutes the gold layer thata
ted as the 
athode during annealing is deta
hed from the surfa
e, whereas the anodesti
ks �rmly to the 
rystal. Part of the visible surfa
e stru
ture 
annot be solved in warmwater even after days. The water with the solved part of the pre
ipitations is analyzedin a mass spe
trometer. To assure that as mu
h as possible of the solvable 
ompoundsare solved, the thermo-ele
tri
ally oxidized sample is pla
ed into water for several weeks.For 
omparison a 
rystal with gold ele
trodes, but still untreated, is also set into warmwater for the same time. The solution that was obtained from the oxidized sample showsan in
reased lithium 
on
entration by a fa
tor of 4 with respe
t to the solution from theuntreated sample.3.2.7 Various dopantsThe thermo-ele
tri
 oxidization treatment is applied to LiNbO3 doped with 
opper (Cu)and manganese (Mn). The 
opper-doped samples are fabri
ated by indi�usion of 
oppedinto undoped LiNbO3. The manganese-doped 
rystals are supplied by Deltroni
s, In
. Itis observed that 
opper-doped 
rystals show only very small oxidized parts for anneal-ing parameters that resemble the optimum parameters for the oxidization of iron doping.Manganese-doped 
rystals have been su

essfully oxidized with dT/dt = 0.1 ◦C/min in-stead of dT/dt = 3 ◦C/min for iron. Undoped LiNbO3 
rystals that are heavily redu
ed51



Oxidizationand therefore appear bla
k are fully reoxidized by the thermo-ele
tri
 oxidization treat-ment under similar experimental 
onditions 
ompared to iron-doped 
rystals also showinga sharp oxidization front moving from the 
athode to the anode.
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Chapter 4Photorefra
tion
4.1 Experimental methods4.1.1 CrystalsPhotorefra
tion measurements are performed with the highly iron-doped, 
ompletely oxi-dized samples mentioned in Se
t. 3 as well as with undoped LiNbO3 wafers grown from a
ongruent melt. The supplier Crystal Te
hnology, In
. spe
i�es that these undoped 
rystals
ontain less than 1 ppm iron impurities. Other impurities have even smaller 
on
entra-tions. The samples are x-
uts with a size of 1 × 8 × 10 mm3. The c-axis is not parallel tothe edges but in
ludes a 45 ◦ angle.Periodi
ally-poled z-
ut samples provided by Crystal Te
hnology, In
. are also used. Thedomain grating has period lengths between 5.9 and 6.3 µm. The 
rystals are 5 
m long,1 
m wide and 0.5 mm thi
k. The end fa
es are polished to opti
al grade.4.1.2 Measurements of the photorefra
tionThe photorefra
tive opti
al damage is measured in undoped lithium niobate 
rystals withthe help of the spread-out of the transmitted beam ("beam fanning"), the Sénarmont
ompensator setup, and measurements of the maximum obtainable se
ond harmoni
 power.4.1.2.1 Beam fanningThe fastest and simplest, but rather qualitative measurements of the opti
al damage areperformed with the setup shown in Fig. 4.1. A frequen
y-doubled Nd:YAG laser beam53
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Screen

Lens
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Figure 4.1: Setup to measure qualitatively the opti
al damage by observing the distortionof a green light beam that passes the 
rystal.(wavelength λ = 532 nm) is fo
ussed into a LiNbO3 sample. The light intensity 
anbe varied. The transmitted light beam is observed on a s
reen. Its beam shape will bedistorted, if opti
al damage is present.4.1.2.2 Sénarmont 
ompensator methodFor opti
al damage quanti�
ation the Sénarmont 
ompensator setup from Se
t. 3.1.4, whi
his able to measure birefringen
e 
hanges, is extended by the possibility to illuminate thesamples and to measure light-indu
ed birefringen
e 
hanges. All parameters mentionedin Se
t. 3.1.4 are also used in this study. A s
hemati
 of the extended setup is shownin Fig. 4.2. In addition to the setup shown in Fig. 3.7, a frequen
y-doubled 
ontinuous-wave Nd:YAG laser beam is fo
ussed into the 
rystal to 
reate birefringen
e 
hanges viathe photorefra
tive e�e
t. The HeNe laser beam is too weak to 
ause any signi�
antphotorefra
tion. The green laser beam has a fo
al waist of 2σ532 = 20 µm. The lightintensity (I ≤ 8 GW/m2) 
an be varied by a half-wave plate and a polarizer. Moreoverthe beam is expanded and spatially frequen
y �ltered for smallest possible beam waist andoptimum beam shape. For simpli
ity these 
omponents are not shown in Fig. 4.2. Behindthe 
rystal the green beam is re�e
ted into a beam blo
ker with the help of a diele
tri
mirror that is highly re�e
ting for light of the wavelength 532 nm, whereas it has largetransmittan
e for the 633 nm HeNe laser beam. The beam splitter enables the overlap ofthe green and the red laser beams. A glass plate is used as beam splitter. About 7 % ofthe red laser beam are re�e
ted into the 
rystal and 
onsequently only about 7 % of thegreen laser beam are lost at the beam splitter. The red laser beam 
an be shifted withrespe
t to the �xed green laser beam in order to perform lateral s
ans of the birefringen
epattern. The minimum s
anning step size is 2.5 µm. Usually one su
h s
an - the baseline- is re
orded before the illumination with the green light beam. It shows if birefringen
e54
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Figure 4.2: S
hemati
 of the extended Sénarmont setup for measurements of light-indu
edrefra
tive-index 
hanges. The abbreviations in the �gure are L: lens, D: diele
tri
 mirror.inhomogeneities are already present in the 
rystal. After the illumination a se
ond s
an istaken showing the sum of already existing birefringen
e inhomogeneities and light-indu
edbirefringen
e 
hanges. That s
an is 
orre
ted by subtra
ting the baseline. The 
rystalsare illuminated with the green laser beam for several minutes in order to assure that thebirefringen
e 
hange has rea
hed its equilibrium.Simulation The �nite waist of the red readout beam leads to an underestimation of thebirefringen
e 
hange maximum. In order to 
orre
t the error this behavior is simulated. Atwo-dimensional Gaussian fun
tion A(x, y) represents the spatial birefringen
e pattern ina sample after illumination with the green laser beam. It is proportional to the phase shift
A′(x, y) behind the analyzer. It has a waist 2σ∆δn. A se
ond two-dimensional Gaussianfun
tion B(x, y) represents the intensity of the red readout beam. Its waist is 2σr. Everypoint in the birefringen
e pattern that is illuminated by the readout beam 
ontributes tothe signal behind the analyzer with its parti
ular phase shift weighted by the intensity ofthe readout beam. So rotating the analyzer by the angle α gives the following signal shape:

∫ ∫

B(x, y) sin[α + A′(x, y)]dxdy

= sin(α)

∫ ∫

B(x, y) cos[A′(x, y)]dxdy + cos(α)

∫ ∫

B(x, y) sin[A′(x, y)]dxdy (4.1)55
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Figure 4.3: Simulation of the impa
t of the beam waist 2σr of the readout beam on themeasured birefringen
e pro�le.A numeri
al simulation is performed. The result 
an be found in Fig. 4.3 for beamwaists of the readout beam of 1, 17, and 100 µm. The waist of the birefringen
e pro�le is
2σ∆δn = 20 µm. It 
an be seen that a readout beam with a very small waist (1 µm) 
om-pared to the birefringen
e pattern leads to an exa
t reprodu
tion of the pattern, whereas amu
h broader readout beam (100 µm) leads to a strong underestimation of the amplitudeand a broader pro�le. The value for the waist of the readout beam of 17 µm, that is
hosen in the following experiments, leads to a good reprodu
tion of the pro�le shape, butunderestimates the amplitude by about a fa
tor of two. In the experimental results it isa

ounted for this error.4.1.2.3 Se
ond-harmoni
 generationFor the investigation of the se
ond-harmoni
 generation a 
ontinuous-wave Yb:YAG laserbeam (wavelength λ = 1030 nm) is fo
ussed into a 
ongruently melting, periodi
ally-poled,undoped lithium niobate 
rystal. The beam waist in the fo
us is 90 µm. The 
rystal istemperature stabilized by ±0.1 ◦C. The 
rystal se
tions with domain period lengths of6.129, 6.071, and 6.014 µm are used, spe
i�ed by the manufa
turer of the photolithographi
mask for the fabri
ation of the PPLN. The 
orresponding phase mat
hing temperaturesare 50, 70, and 90 ◦C. In the 
rystal the infrared light is partially frequen
y-doubled togreen light of the wavelength 515 nm. Two diele
tri
 short-pass �lters separate the infrared56
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tionpump beam from the frequen
y-doubled green beam. The re�e
tivity of the mirrors for theinfrared light is larger than 99 %. The transmitted light power is measured. In order to
al
ulate the pump power P int
P inside the 
rystal and the generated se
ond-harmoni
 lightpower P int

SHG inside the 
rystal, the limited transmission at the 
rystal surfa
es for light ofthe wavelengths 515 nm T 515
C and 1030 nm T 1030

C as well as the limited transmission of thediele
tri
 mirrors for the frequen
y-doubled light T 515
M are taken into a

ount:

P int
SHG = Pmeas

SHG /(T 515
C T 515

M T 515
M ) (4.2)

P int
P = T 1030

C Pmeas
P . (4.3)4.2 Experimental results4.2.1 Photorefra
tion in iron-doped oxidized LiNbO3 
rystalsThe beam fanning in highly iron-doped thermo-ele
tri
ally oxidized samples is investi-gated. The result is shown in Fig. 4.4. All 
rystals are exposed to the same light intensity

I ≈ 50 MW/m2. It 
an be seen that the beam fanning be
omes less pronoun
ed for higherdoping levels. The 
rystal 
ontaining 3.0 % Fe shows about the same beam fanning, i.e.,opti
al damage as a 
ongruently melting and undoped LiNbO3 
rystal.

Figure 4.4: Beam fanning of highly iron-doped thermo-ele
tri
ally oxidized LiNbO3 
rys-tals. The samples 
ontain: (a) 0.5, (b) 1.0, (
) 2.0, and (d) 3.0 wt% Fe2O3. For 
omparisonthe beam fanning of a 
ongruently melting, undoped LiNbO3 
rystal is shown in (e). 57
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tion4.2.2 Photorefra
tion in undoped LiNbO3 
rystals4.2.2.1 Single 
rystalsUndoped 
ongruently melting LiNbO3 
rystals are annealed using the annealing parame-ters that lead to optimum oxidization for doping levels from 0.05 to 4.0 % Fe: Annealingfor 6 hours at 700 ◦C, dT/dt = ±3 ◦C/min, Emax = 125 V/mm, jmax = 0.01 mA/mm2.No signi�
ant 
hanges in the absorption spe
tra 
an be observed, only the OH vibrationpeak is enhan
ed by about a fa
tor of 2. The 
rystal is as transparent as before the treat-ment, within the sensitivity of the spe
trometer used, but in some 
ases surfa
e and bulkdefe
ts arise that resemble the defe
ts o

urring during annealing of iron-doped LiNbO3.Furthermore, small pie
es of the 
rystal deta
h at the anode.Beam fanning Crystals that are treated in the way des
ribed above are investigated inthe beam fanning setup. The result is shown in Fig. 4.5. The beam fanning of a green laserbeam that has passed an untreated 
rystal (a) is 
ompared to the beam fanning generatedby an annealed sample (b). The light intensity is the same in both 
ases (I ≈ 100 MW/m2).The treated LiNbO3 
rystal exhibits almost no beam fanning whereas the untreated sample

Figure 4.5: Beam fanning of a light beam that has passed an undoped 
ongruently meltingLiNbO3 
rystal: (a) as grown, (b) thermo-ele
tri
ally oxidized.58
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tionleads to the typi
al spread-out of the laser beam.Sénarmont 
ompensator measurements Quantitative measurements of the birefrin-gen
e 
hanges of the same 
rystals as mentioned above are performed with the help ofthe Sénarmont setup. The 
rystals are illuminated with the Nd:YAG laser beam varyingthe light intensity. After every illumination a lateral s
an of the birefringen
e 
hanges isre
orded. Typi
al results of these s
ans are shown in Fig. 4.6. They exhibit nearly Gaus-sian shape, and the widths of the birefringen
e patterns are broader 
ompared to the widthof the green laser beam. The amplitude of the pattern is plotted versus the intensity ofthe Nd:YAG laser beam. The result 
an be seen in Fig. 4.7. For 
omparison the birefrin-gen
e 
hanges of a 
onventionally oxidized sample are presented. All 
rystals show a linearin
rease of the birefringen
e 
hange with in
reasing light intensity. It 
an be seen, thatthe 
rystal in the as-grown state shows the largest slope of the birefringen
e 
hange, andthe thermo-ele
tri
ally oxidized 
rystal exhibits the smallest slope, whi
h is one order ofmagnitude smaller than that of the as-grown sample. The 
onventionally oxidized 
rystalshows a slope between those of the other 
rystals. At higher light intensities than thosethat are used in Fig. 4.7, no steady-state value of |∆(ne − no)| is a
hieved. Some 
rystalsexhibit inhomogeneities 
on
erning the light-indu
ed birefringen
e 
hanges. With the pre-
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e 
hange

|∆(ne − no)| for a thermo-ele
tri
allyoxidized 
rystal versus position of thes
anning HeNe laser beam for various lightintensities: 50, 70, 90, 110, and 140 MW/m2(in
reasing amplitudes). The lines showGaussian �ts.
Figure 4.7: Amplitudes of the absolutevalue of the birefringen
e 
hange vs. lightintensity for an undoped LiNbO3 
rystalin the as-grown state, a 
onventionally oxi-dized 
rystal, and a thermo-ele
tri
ally ox-idized sample. 59
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ond-harmoni
 wave Pint
SHG vs. the pump power Pint

P for varioustemperatures. In Fig. (a) PPLN 
rystals in the as-grown state are used. The samples in(b) are thermo-ele
tri
ally oxidized.sented Sénarmont setup systemati
 studies on the homogeneity are rather time 
onsuming.Usually three di�erent positions in the 
rystal, one near to the 
athode, one near to theanode and one position in between is investigated. It is averaged over these results.For 
omparison a LiNbO3 
rystal 
ontaining 5.5 mol% MgO is studied. At the lightintensities up to 150 MW/m2 no light-indu
ed birefringen
e 
hanges are observed.4.2.2.2 Periodi
ally-poled lithium niobateThe photorefra
tion in the undoped, 
ongruently melting, periodi
ally-poled LiNbO3 
rys-tals is measured with the help of se
ond-harmoni
 generation. The internal se
ond-harmoni
 power P int
SHG is measured as a fun
tion of the internal pump power P int

P for50, 70, and 90 ◦C. The result is shown in Fig. 4.8 (a). The power of the frequen
y-doubledlight in
reases quadrati
ally with the internal pump power until a threshold is rea
hedat about P int
SHG = 30 mW. Larger values, a
hieved in some 
ases, are not reprodu
ible.Above this threshold the beam shape is visibly distorted and no further in
rease of these
ond-harmoni
 power is obtained. The untreated 
rystals exhibit no 
lear temperaturedependen
e. After the thermo-ele
tri
 oxidization treatment the se
ond-harmoni
 poweris measured again. The results are depi
ted in Fig. 4.8 (b). The treated 
rystals show60
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tionTemperature [◦C℄ Pmax
SHG(as grown) [mW℄ Pmax

SHG(oxidized) [mW℄50 ≈ 30 50070 ≈ 30 150090 ≈ 30 2600Table 4.1: Maximum stable internal se
ond-harmoni
 powers Pmax
SHG for 
ongruently meltingundoped periodi
ally-poled LiNbO3 
rystals before and after thermo-ele
tri
 oxidizationtreatment at di�erent phase mat
hing temperatures.the same quadrati
 in
rease of the se
ond-harmoni
 output power until a threshold isrea
hed, but the maximum obtainable output power is enhan
ed drasti
ally. At 90 ◦C upto 3.2 W of green light are generated. The lines show quadrati
 �ts. The highest stablese
ond-harmoni
 output powers that are generated by untreated and oxidized samples aresummarized in Tab. 4.1. The light beam passes the PPLN 
rystal over its full length andaverages over the indu
ed opti
al damage. Hen
e inhomogeneities in the opti
al damage,as observed in the measurements of the light-indu
ed birefringen
e 
hanges in Se
t. 4.2.2.1,
ontribute to the measured output power. The maximum output power is generated withina very small temperature range be
ause of the phase-mat
hing requirement. A graph ofthe temperature dependen
e of the se
ond-harmoni
 output 
an be seen in Fig. 4.9. Atheoreti
al 
al
ulation using the Sellmeier equation is also shown.
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Chapter 5Dis
ussion
5.1 OxidizationTailoring the degree of oxidization of iron doping, i.e., the 
on
entration ratio cFe2+/cFe,is 
ru
ial for many appli
ations in nonlinear opti
s and photorefra
tion. For iron-dopedLiNbO3 
rystals with doping levels ranging from 0.05 to 4.0 % Fe, the novel thermo-ele
tri
oxidization method leads to a nearly 
omplete oxidization of Fe2+ to Fe3+ (Fig. 3.10 (b)).The known 
onventional oxidization is able to oxidize the iron impurities only partially,and the 
rystals remain dark (Fig. 3.12). From Fig. 3.9 it is obvious that the oxidizationbe
omes more homogeneous for doping levels above 2 % and the entire 
rystal volume isoxidized, whereas 
rystals with doping levels smaller than 2 % show residual dark areas.The 
harge of the removed ele
trons has to be 
ompensated by other 
harged spe
ies.Obviously, this pro
ess is not limiting the thermo-ele
tri
 oxidization up to 4.0 % Fe. The
oloration of the highly-doped 
rystals is due to the shift of the absorption edge and thespin-forbidden Fe3+ transition, but not from signi�
ant residual Fe2+ 
enters as it 
anbe dedu
ed from the absorption spe
tra in Fig. 3.10 (b). The residual extin
tion signalaround 500 nm 
an in
lude 
ontributions from small residual Fe2+ 
on
entrations as wellas s
attering and absorption from the bulk and surfa
e defe
ts that are indu
ed by theannealing pro
ess. These s
rat
hes (Fig. 3.13), surfa
e pre
ipitations (Fig. 3.14) and bulkdefe
ts (Fig. 3.19) probably originate from a phase transition of LiNbO3. In Fig. 2.6 thephase diagram of LiNbO3 is shown. At typi
al annealing temperatures of 700 ◦C theformation of lithium triniobate (LiNb3O8) is possible. At temperatures above 300 ◦C itgrows along s
rat
hes in the surfa
e and around other surfa
e defe
ts [79℄. The s
rat
hesthat are observed after the thermo-ele
tri
 oxidization do not form during annealing, butvery small, invisible s
rat
hes being present after polishing be
ome visible after annealingdue to the pre
ipitation of LiNb3O8 along them. At higher temperatures LiNb3O8 forms63



Dis
ussionfaster on the entire surfa
e. It has been reported that at a temperature of 750 ◦C after1 day a surfa
e layer 
an be found. Hen
e it seems reasonable to assume that the surfa
epre
ipitations observed after 6 hours at 700 ◦C 
onsist at least partially of LiNb3O8. Thebulk defe
ts, that are found to form at 700 ◦C preferentially if larger 
urrents �ow, 
analso 
onsist of LiNb3O8. In the literature the formation of LiNb3O8 in the bulk is reportedafter mu
h longer times than 6 hours [79℄, but the formation 
an be enhan
ed by 
urrents�owing trough the 
rystal.5.1.1 Dynami
s of the oxidizationThe evolution of the voltage at 
onstant 
urrent during the annealing pro
edure showsa remarkable anomaly (see Fig. 3.15). The peak after 2.7 h, when the 
rystal has atemperature of about 500 ◦C, shows a signi�
antly de
reased 
ondu
tivity of the 
rystalduring this annealing phase. From the in-situ observations of the oxidization in Fig. 3.16 it
an be seen that the de
rease of the 
ondu
tivity and the appearan
e of the absorption fronto

ur simultaneously. The measurements of the 
ondu
tivity spe
tra (Fig. 3.23) show thatthe oxidization indeed de
reases the 
ondu
tivity of the 
rystals at room temperature byorders of magnitude. This de
rease is larger for higher doping levels (Figs. 3.22). However,at temperatures around 500 ◦C, when the oxidization starts, only the 
rystals with thehighest doping levels above 1.0 % Fe show a signi�
ant de
rease of the 
ondu
tivity. Thatis why the peak in the evolution of the voltage only appears for 
rystals above 1 % Fedoping level and it be
omes more distin
t with in
reasing iron 
on
entration. When the
rystal starts to oxidize in a 
ertain region the 
ondu
tivity is de
reased lo
ally. Now the
rystal 
an be seen as two resistors in series with di�erent resistan
es. This implies that alarger part of the applied voltage drops over the higher resistan
e, i.e., the oxidized part ofthe 
rystal. If the voltage drives the oxidization pro
ess this will lead to a self-enhan
ingoxidization pro
ess and to the formation of an absorption front that is more distin
t forlarger di�eren
es in the 
ondu
tivity, i.e., higher doping levels. This is 
onsistent with theobservation that the absorption front is sharper with higher doping levels (Fig. 3.9). Thismodel is now 
onsidered in detail.5.1.2 Sho
k-wave modelA
ousti
 sho
k waves are 
hara
terized by propagating, nearly dis
ontinuous 
hanges ofsome properties of the medium, e.g., the density. During the thermo-ele
tri
 oxidization afront 
rosses the 
rystals that separates 
rystal fra
tions of di�erent absorption, 
ondu
-tivity, and Fe2+ 
on
entration. Due to this analogy it is reasonable to model the pro
essesthat o

ur during the thermo-ele
tri
 oxidization within the framework of a sho
k-wavemodel.64
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ussion5.1.2.1 Model and notationLet NFe2+ and NFe3+ be the 
on
entration of Fe2+ and Fe3+ 
enters, NFe = NFe2+ + NFe3+be the total 
on
entration of iron, and n be the 
on
entration of free ele
trons. Sin
ethe main sour
e of free ele
trons for temperatures used in the experiments presented here(T ≤ 700 ◦C) are Fe2+ ions, it is also useful to employ the parameter N− = NFe2+ + n.It represents the total 
on
entration of a
tive ele
trons. These ele
trons 
an be redis-tributed via 
harge transport pro
esses at elevated temperatures. With good a

ura
y, the
on
entration of free ele
trons is
n =

sNFe2+

γ(NFe − NFe2+)
, (5.1)where s and γ are the ex
itation and the re
ombination 
oe�
ients, respe
tively. Theex
itation 
oe�
ient is expe
ted to be thermally a
tivated, s ∝ exp[−EA/(kBT )], where EAis the a
tivation energy and kB is Boltzmann's 
onstant. The expression 1/[γ(NFe−NFe2+)]represents the re
ombination time for free ele
trons. Most probable, this time does notpossess a strong temperature dependen
e. As long as no 
harge transport takes pla
e, theparameter N− = NFe2+ + n remains temperature independent within our model, whilethe 
onstituents NFe2+ and n possess strong temperature dependen
es. When 
onsideringthe ele
tri
 properties, 
ompensation 
harges are of major importan
e. Let N+ be the
on
entration of these 
harges. The question whi
h kind of 
harge 
arrier is representedby N+ is answered later (Se
t. 5.1.3).Let us denote N±

0 as the uniform ba
kground 
on
entrations of N± in the absen
e of 
hargetransport pro
esses. These parameters are temperature independent by de�nition. In par-ti
ular, N−

0 
an be treated as the 
on
entration of Fe2+ ions at room temperature when thethermal ex
itation of ele
trons is negligible. As soon as the 
harge neutrality requirementis applied, we have to assume that the ba
kground 
harge 
on
entration e(N+
0 − N−

0 ),where e is the elementary 
harge, is 
ompensated by 
ertain immobile 
harges, i.e., 
rystalions. Su
h a 
ompensation is expe
ted to be present in this model. To 
onsider the in�u-en
e of 
harge transport pro
esses, it is ne
essary to use model expressions for ele
troni

urrents and the 
urrents produ
ed by the 
ompensation 
harge 
arriers. In the followingit is assumed that drift of free ele
trons and 
ompensating mobile 
harge 
arriers are thedominant 
harge transport pro
esses. The 
orresponding model expressions for the 
urrentdensities j± are
j± = eµ±N±E, (5.2)where E is the ele
tri
 �eld, µ− is the mobility of free ele
trons, and µ+ is the mobilityof the 
ompensation mobile 
harges. The mobilities are indeed positive quantities. Theele
tron �ux is obviously −µ−nE, it is antiparallel to the ele
troni
 
urrent. The �uxof the positive 
ompensation 
harges, µ+N+E, is antiparallel to the ele
tron �ux. The65
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0 z0 dFigure 5.1: Geometri
 s
hemati
 of the sho
k-wave model.produ
ts −µ−E and µ+E represent the drift velo
ities of free ele
trons and mobile 
om-pensation 
harges, respe
tively. Both mobilities are expe
ted to be thermally a
tivated

µ± ∝ exp[−E±

A/(kBT )]. From Fig. 3.22 it 
an be inferred that this assumption is indeedvalid for the ele
trons.Di�usion of the 
harge 
arriers 
an be responsible for the sharpness of the sho
k-wavefront. In the leading approximation it is, however, negligible. The bulk photovoltai
 e�e
tis absent under thermal ex
itation.5.1.2.2 Sho
k-wave solutionLet d be the thi
kness of an iron-doped LiNbO3 
rystal so that the 
oordinate z is 
hang-ing from 0 to d (see Fig. 5.1). Let a negative voltage −U0 be also applied between theele
trodes at positions d and 0. Consequently the average applied �eld inside the sampleis −E0 = −U0/d.The aim of this analysis is to �nd a sho
k-wave solution for N±(z, t) and the ele
tri
 �elddistribution E(z, t) in the presen
e of the voltage. It is assumed that the sho
k-wave frontat the time t is situated at z = z0(t), and the velo
ity of this front is v = v(z0). Allvariables experien
e dis
ontinuities at this point. To the left side of the front, i.e., for
0 < z < z0, N− = n = 0, i.e., iron is 
ompletely oxidized and N+ = N+

0 − N−

0 is largerthan 0 for 
harge 
ompensation. The �eld E is E = E1, see Fig. 5.1. The 
ondition of66
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ussionele
tri
al neutrality in this range is ful�lled. To the right side of the front (z0 < z < d) itis assumed that N± = N±

0 (non-perturbed 
on
entrations) and E = E2. This also satis�esthe 
harge neutrality 
ondition. Sin
e the applied voltage is negative, it is expe
ted that
E1,2 < 0.Consider now the balan
e of mobile 
harge 
arriers at the front point. Sin
e N− = 0 for
z < z0, no ele
trons 
an 
ross the front from the left side. For z > z0, the ele
tron �uxis positive be
ause E2 < 0. As the �eld E is negative, the ele
tron �ux is dire
ted to theright. The only possibility to maintain the balan
e for ele
trons is to set v = −µ−E2. Thismeans that the ele
trons are standing in the 
oordinate frame whi
h moves with the frontvelo
ity v. The balan
e equation for the 
ompensation 
harge means that their �uxes onboth sides of the front are the same in the moving 
oordinate frame,

(N+
0 − N−

0 )(µ+E1 − v) = N+
0 (µ+E2 − v). (5.3)Substituting v = −µ−E2 in this equation, it is obtained that

µ+(N+
0 − N−

0 )E1 = (µ+N+
0 + µ+N−

0 )E2. (5.4)This equation has to be supplemented by the voltage-dropping relation
E1z0 + (d − z0)E2 = −U0. (5.5)Combining Eqs. (5.4) and (5.5), the �elds E1 and E2 are 
al
ulated,

E1

E0
= − µ+N+

0 + µ−N−

0

µ+(N+
0 − N−

0 ) + ξ(µ+ + µ−)N−

0

(5.6)
E2

E0
= − µ+(N+

0 − N−

0 )

µ+(N+
0 − N−

0 ) + ξ(µ+ + µ−)N−

0

, (5.7)where ξ = z0/d is the normalized front 
oordinate. Both �elds are negative, as expe
ted.It is useful to use two ratios, rµ = µ−/µ+ and rN = N+
0 /N−

0 , instead of four parameters
N±

0 and µ±. Being expressed by these ratios, Eqs. (5.6) and (5.7) read:
E1

E0
= −

[

1 +
(ξ − 1)(rµ + 1)

(rµ + rN )

]−1 (5.8)
E2

E0
= −

[

1 +
ξ(rµ + 1)

(rµ + rN )

]−1 (5.9)For z0 = 0 and z0 = d Eqs. (5.8) and (5.9) lead to E2 = −E0 and E1 = −E0 respe
tively.The �eld ratio E1/E2 is independent of the front 
oordinate z0,
E1

E2
=

rN + rµ

rN − 1
, (5.10)67
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ussionand it is larger than one.We 
an also 
al
ulate the front velo
ity,
v = µ−E0

[

1 +
ξ(rµ + 1)

(rN − 1)

]−1

. (5.11)It is a de
reasing fun
tion of ξ = z0/d. The velo
ity 
hanges from µ−E0 at z0 = 0 to
µ−E0(rN − 1)/(rN + rµ) at z0 = d. The measurements of the position of the absorptionfront in Fig. 3.17 show a linear time dependen
e, i.e., a 
onstant velo
ity of the absorptionfront. But in this experiment the 
urrent limit is a
tive, i.e., the 
urrent is kept 
onstantwhile the ele
tri
 �eld is adapted 
ontinuously. A 
onstant 
urrent means the amount of
harges that �ows through the 
rystal per time unit remains 
onstant. If a �xed fra
tion ofthe 
urrent 
ontributes to the oxidization a 
onstant velo
ity of the front 
an be expe
ted.With in
reasing 
urrent limit the amount of 
harges that �ows and therefore the amountof 
harges that 
ontributes to the oxidization is also in
reased. Hen
e the front velo
ity isenhan
ed.A linear dependen
e of the front velo
ity on the ele
tri
 �eld is predi
ted by the model. InFig. 3.18 a linear dependen
e of the front velo
ity on the 
urrent limit is shown. A

ordingto Ohm's law j = σE, the 
urrent density is proportional to the ele
tri
 �eld, i.e., the frontvelo
ity depends linearly on the ele
tri
 �eld, as expe
ted. Even with a time dependent
E(t), the linear relation to the front velo
ity holds. However, future measurements of theabsorption front at 
onstant ele
tri
 �eld and temperature are useful for a further supportof the sho
k-wave model.Sin
e v = dz0/dt, the time that is required for the front to 
ross the entire 
rystal is givenby

t0 =

∫ d

0
dz0/v(z0) =

d

µ−E0

(

1 +
1

2

rµ + 1

rN − 1

)

. (5.12)This time t0 will be larger than d/(µ−E0), the time ele
trons would need to pass the en-tire 
rystal when no oxidization would take pla
e and rµ > 1, i.e., more 
ompensation
harges than mobile ele
trons are present in the 
rystal. Sin
e up to 4.0 % Fe the 
om-pensation 
harges do not limit the oxidization pro
ess, this 
ondition seems to be ful�lled.It is analyzed in the following what kind of 
harge 
arriers are responsible for the 
harge
ompensation.5.1.3 Charge 
ompensation me
hanismThe 
harges of the ele
trons that are removed from the 
rystal during the thermo-ele
tri
oxidization pro
ess have to be 
ompensated by either the indi�usion of negative 
harge
arriers, e.g., hydroxyl ions (OH−) or oxygen ions (O2−), or by the outdi�usion of positive68



Dis
ussion
harge 
arriers, e.g., hydrogen ions (H+), lithium ions (Li+), niobium ions (Nb5+), or ironions (Fe2+/3+). Signi�
ant movement of iron ions 
an be ruled out, be
ause the strong Fe3+peak around λ = 483 nm after the oxidization 
learly indi
ates the presen
e of iron and,furthermore, the di�usion 
onstant of iron, as known from the literature [126℄, is too smallto allow large drift distan
es at the temperatures used. It is reasonable to 
onsider thedi�usion 
onstants and a
tivation energies of these ions. In Se
t. 2.3.1 an overview is given.It 
an be seen that lithium is more mobile than oxygen and niobium at the temperaturesused in the annealing experiments. However, the values for the a
tivation energy andthe di�usion 
onstants vary in the literature within a very broad range. So one has tobe s
epti
 about their validity. Nevertheless, hydrogen ions, that are even more mobilethan lithium ions [86℄ (EA ≈ 0.9 eV, D0 ≈ 10−3 
m2/s), and lithium ions are the mostprobable 
andidates as 
harge 
ompensating ions. A

ording to the sho
k-wave modelthe 
ompensating ions drift to the 
athode. Indeed surfa
e pre
ipitations are observedmainly 
lose to the 
athode (see Fig. 3.9, 3.14, and 3.16). A part of these pre
ipitationsis solvable in water, that is why the 
athode deta
hes in warm water (Se
t. 3.2.6). Themass spe
tros
opy shows that lithium is enri
hed in this layer. Consequently this layer
onsists most likely of lithium 
ompounds that are solvable in water like lithium oxide(Li2O), lithium hydroxide (LiOH), or lithium 
arbonate (Li2CO3). Most probably these
ompounds form when lithium leaves the 
rystal at the 
athode in order to 
ompensate forthe ele
troni
 
harges. Hydrogen 
an also leave the 
rystal at the 
athode, but it probablydoes not form solid 
ompounds that 
an be dete
ted. These rather qualitative argumentsare further supported by the analysis of the birefringen
e measurements (Se
t. 3.2.5).Birefringen
e 
hanges It is shown that the oxidization is a

ompanied by 
hanges ofthe birefringen
e of the 
rystals (Fig. 3.26). It is known from [127℄ that the birefringen
eis related to the lithium 
on
entration by the following expression:
(ne − no)(λ) = [cLi − a(λ)]/b(λ), (5.13)with (ne − no)(λ) being the birefringen
e depending on the wavelength λ, cLi the lithium
on
entration, and a(λ) as well as b(λ) known 
onstants that depend only on the wavelengthof the in
ident light. Small 
hanges in the hydrogen 
on
entration, that o

ur during theoxidization treatment, do not have a signi�
ant impa
t on the birefringen
e, as it is knownfrom thermal �xing experiments [93℄. A

ording to the sho
k-wave model, the expe
ted
hange in the lithium 
on
entration is given by

∆cLi = ∆cFe2+ − ∆cH+. (5.14)From the absorption measurements (see Fig. 3.25 (b)) the 
hange of the Fe2+ 
on
entra-tion ∆cFe2+ and the 
hange of the hydrogen 
on
entration ∆cH+ are known (see Tab. 3.2).69



Dis
ussionWith the help of Eq. (5.14), the 
hange of the lithium 
on
entration and subsequently
|∆(ne − no)|calc, that is expe
ted a

ording to the sho
k-wave model, is 
al
ulated. Forthis 
al
ulation a starting value for the lithium 
on
entration has to be assumed. In ourhighly doped 
rystals this value is not well known, but only 
hanges of the birefringen
eare relevant for this analysis. They depend only very weakly on the initial lithium 
on-
entration. Additionally the 
hanges of the lithium 
on
entration (∆cLi ≈ 1025 m−3) aresmall 
ompared to the absolute lithium 
on
entration (cLi ≈ 1028 m−3). A starting valueof 48.6 mol% Li2O is used. The result is shown in Tab. 5.1 and 
ompared to the values thatare observed by the s
ans over the absorption front with the Sénarmont setup (Fig. 3.26).There is an ex
ellent agreement between birefringen
e 
hanges that are predi
ted from the

cFe pretreatment |∆(ne − no)|meas |∆(ne − no)|calc[wt% Fe2O3℄ [10−4℄ [10−4℄0.05 redu
ed 1.3 ± 0.1 1.5 ± 0.50.5 � 1.2 ± 0.1 1.7 ± 0.51.0 oxidized 1.0 ± 0.1 1.4 ± 0.51.0 � < 0.1 0.01 ± 0.003Table 5.1: Nominal iron 
on
entration cFe, pretreatment before the thermo-ele
tri
 ox-idization, measured birefringen
e 
hanges |∆(ne − no)|meas, and 
al
ulated birefringen
e
hanges |∆(ne − no)|calc for all 
rystals used.absorption spe
tra and those that are measured with the Sénarmont setup. The ratherlarge un
ertainties originate from the relation between absorption and Fe2+ and H+ 
on-
entrations that mainly 
ontribute to the error bars. It is assumed that these relations arestill valid for the highly iron-doped 
rystals used. Other 
ontributions to the birefringen
e
hanges are also possible, e.g., absorption 
hanges leading to 
hanges of the refra
tive in-dex (Kramers Kronig relations [128℄), but they are expe
ted to be small, be
ause only apolarization-dependent absorption 
hange 
an lead to a 
hange of the birefringen
e. In our
ase the polarization dependen
e of the absorption peaks is rather weak. For the absorp-tion 
hanges that result from oxidization of iron 
enters a Kramers Kronig 
ontributionto the birefringen
e 
hanges of one order of magnitude smaller than the 
ontribution fromthe 
hange of the lithium 
on
entration is estimated. Therefore Kramers Kronig relatede�e
ts 
an be negle
ted.5.1.4 Charge transport pro
essesThe 
ondu
tivity spe
tra of the iron-doped LiNbO3 
rystals (see Fig. 3.21) show goodagreement with the random free energy barrier model. This model assumes a randomly70
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ussionvarying potential lands
ape (Fig. 2.10). LiNbO3 with its many NbLi antisite defe
ts andespe
ially the highly iron-doped 
rystals seem to ful�ll this 
ondition very well. The DC
ondu
tivity σdc of the 
rystals in the as-grown and the oxidized state that are obtainedfrom the �ts show two thermally a
tivated 
harge transport pro
esses in the Arrhenius plots(see Fig. 3.22). The a
tivation energies are about E
(1)
A = 0.32 eV and E

(2)
A = 1.2 eV. InFigs. 3.22 and 3.23 it 
an be seen that the straight line that 
orresponds to E

(1)
A = 0.32 eV isshifted with the iron 
on
entration and with the oxidization state. Hen
e it s
ales with theFe2+ 
on
entration that is in
reased with the total iron 
on
entration in the as-grown stateof the 
rystals and that 
an be 
hanged by oxidizing treatments. Obviously, the transport ofele
trons between iron 
enters is the dominating 
harge transport at temperatures wherethe straight line, 
orresponding to E

(1)
A , is present in the Arrhenius plot. There are alot of reports of similar values in the literature. They are summarized in Tab. 5.2. InRefs. [94, 129℄ it is shown that tunneling between adja
ent iron 
enters is the dominant
harge transport me
hanism for LiNbO3 
rystals with doping levels ranging from 0.05up to 3.0 % Fe, derived from holographi
 measurements of the dependen
e of the DC
ondu
tivity on the doping level (see Eq. (2.18)). Tunneling 
an be thermally a
tivatedby, e.g., ex
itation of ele
trons to energeti
ally higher states within the potential well, butthe exa
t me
hanism 
annot be 
lari�ed in this work.The attribution of the part of the Arrhenius plot, whi
h shows the larger a
tivation energy

E
(2)
A = 1.2 eV, to a 
harge 
arrier is rather 
ompli
ated. In the literature lots of values fora
tivation energies of undoped or slightly iron-doped 
rystals are reported. They are sum-marized in Tab. 5.2. Many reports attribute the a
tivation energy to hydrogen impurities.In Fig. 3.23 three 
rystals with di�erent hydrogen 
on
entrations are 
ompared. The hy-drogen 
on
entrations of the thermo-ele
tri
ally oxidized and the 
onventionally oxidizedsample vary by a fa
tor of 50, while no signi�
ant shift of the straight line that 
orrespondsto the a
tivation energy of 1.2 eV is dete
ted. Con
lusively hydrogen impurities 
annot bethe dominant 
harge 
arrier in the highly-doped LiNbO3 
rystals at these temperaturesabove 250 ◦C. The reports in the literature, that attribute E

(2)
A to hydrogen 
on
ern onlyundoped or slightly iron-doped LiNbO3 
rystals. It is quite possible that high iron dopingin�uen
es the di�usivity of lithium ions. From Fig. 3.24 it 
an be seen that the a
tivationenergies for the untreated samples de
rease slightly with in
reasing doping level leading toan in
reased lithium di�usivity. Further 
andidates for the 
harge transport 
orrespondingto E

(2)
A are lithium ions or lithium va
an
ies that have been shown to drift signi�
antlyinside the 
rystals at temperatures above 450 ◦C (see Se
t. 5.1.3). The a
tivation energiesthat are given for Li in the literature vary between 1 and 3 eV [86℄.
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ussionDoping level E
(1)
A E

(2)
A Temperature range Referen
e[wt % Fe2O3℄ ≈ 0.3 eV ≈ 1 eV [◦C℄0 � 1.43 950�1050 [100℄0 � 1.5 600�900 [130℄0 � 1.16 210�310 [131℄0 � ≈ 1.25 460�620 [132℄0 0.28 1.07 20�180 [133℄0.07 0.33 1.08 20�180 [133℄0.138 0.28 0.97 30�180 [134℄0.004�0.75 0.3 ≈ 1.1 30�300 [135℄Table 5.2: Referen
e data from the literature: Doping levels, a
tivation energies around0.3 eV and 1 eV, temperature ranges used, and referen
es.5.1.5 Strength of the oxidizationThe strength of the oxidization, i.e., the 
on
entration ratio cFe2+/cFe 
an be determinedby absorption spe
tros
opy and by 
ondu
tivity spe
tros
opy.5.1.5.1 Absorption spe
tros
opyThe absorption 
oe�
ients of the 
rystals in the as-grown state and after the thermo-ele
tri
 oxidization (Figs. 3.10) are used to determine the Fe2+ 
on
entrations a

ordingto Eq. (2.17). The 
on
entrations of Fe2+ for all 
rystals in the as-grown and thermo-ele
tri
ally oxidized state as well as the 
on
entration ratios cFe2+/cFe are shown in Tab. 5.3.The resulting un
ertainty of the Fe2+ 
on
entration is about 30 %. The total iron 
on
en-tration was determined by atomi
 absorption spe
tros
opy (see Tab. 3.1). The absorption
oe�
ient around the wavelength 477 nm is governed by the Fe3+ absorption for all oxi-dized samples (Fig. 3.10 (b)). This Fe3+ peak is subtra
ted from the spe
tra in order todetermine the Fe2+ 
on
entration. However, no 
lear absorption peak of Fe2+ is visible forthe oxidized samples. Hen
e the given value for the Fe2+ 
on
entration and the 
on
entra-tion ratio cFe2+/cFe 
an be 
onsidered as an upper limit only. There 
an be 
ontributionsto the absorption 
oe�
ient from additional Fe3+ absorptions or s
attering and absorptionfrom indu
ed bulk defe
ts. In order to obtain exa
t values instead of upper limits for theFe2+ 
on
entration, the 
ondu
tivity spe
tra are analyzed.72
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ussionAs grown Oxidized
cFe [wt% Fe2O3℄ cFe2+ [1025/m3℄ cFe2+/cFe cFe2+ [1025/m3℄ cFe2+/cFe0.5 3.0 0.20 < 0.048 < 3.7 × 10−31.0 5.3 0.18 < 0.055 < 2.3 × 10−32.0 10 0.18 < 0.065 < 1.6 × 10−33.0 15 0.17 < 0.3 < 6.0 × 10−3Table 5.3: Nominal iron 
on
entration cFe, Fe2+ 
on
entration cFe2+ and 
on
entrationratio of Fe2+ and the total iron 
on
entration cFe2+/cFe for 
rystals in the as-grown stateas well as for thermo-ele
tri
ally oxidized samples. The values for the oxidized 
rystals areobtained from absorption spe
tra.5.1.5.2 Condu
tivity spe
traIn the Arrhenius plot of the DC 
ondu
tivities σdc obtained from the 
ondu
tivity spe
traa straight line is observed that s
ales with the Fe2+ 
on
entration. It originates from athermally a
tivated 
harge transport of ele
trons from Fe2+. Sin
e results in Refs. [94,129℄suggest tunneling as 
harge transport me
hanism, the residual Fe2+ 
on
entration afterthe thermo-ele
tri
 oxidization cFe2+(oxidized) 
an be determined from the measured DC
ondu
tivities with the help of Eqs. 2.18 and 2.19:

σdc(oxidized)

σdc(as grown)
=

cFe2+(oxidized)cFe

cFe2+(as grown)cFe3+(as grown)
. (5.15)The Fe2+ 
on
entration in the as-grown state cFe2+(as grown) is known from the absorptionspe
tra (see Tab 5.3). Furthermore it is assumed that in the oxidized state cFe3+ = cFe andthe total iron 
on
entration cFe is known from AAS (Tab. 3.1). The Fe3+ 
on
entrationin the as-grown state is 
al
ulated by cFe3+(as grown) = cFe − cFe2+(as grown). The resultsare summarized in Tab. 5.4. The values have errors of about 30 %.For this analysis tunneling of ele
trons between adja
ent Fe sites is assumed. It may also bepossible that hopping between Fe 
enters via the 
ondu
tion band takes pla
e. In that 
ase

σdc ∝ cFe2+ . The use of this relation leads to results within the same order of magnitude
ompared to the values presented in Tab. 5.4.The obtained values for the Fe2+ 
on
entrations are not upper limits, be
ause the a
tivationenergy shows that the ele
trons are the dominant 
harge 
arriers at the temperatures used.It 
an be seen that cFe2+ is diminished by up to �ve orders of magnitude due to the thermo-ele
tri
 oxidization. The rather large value of the 
rystal doped with 0.5 % Fe is probablydue to some small brown inhomogeneities in the degree of oxidization. It 
an be estimated73



Dis
ussion As grown Oxidized
cFe [wt% Fe2O3℄ cFe2+ [1025/m3℄ cFe2+/cFe cFe2+ [1021/m3℄ cFe2+/cFe0.5 3.0 0.20 29 2.2 × 10−41.0 5.3 0.18 1.1 4.7 × 10−62.0 10 0.18 2.1 5.8 × 10−6Table 5.4: Nominal iron 
on
entration cFe, Fe2+ 
on
entration cFe2+ and 
on
entrationratio of Fe2+ and the total iron 
on
entration cFe2+/cFe for 
rystals in the as-grown stateas well as for thermo-ele
tri
ally oxidized samples. The values for the oxidized 
rystals areobtained from 
ondu
tivity spe
tra.that in the oxidized 
rystals 
ontaining 1.0 and 2.0 % Fe the residual Fe2+ 
on
entrationis similar or even smaller 
ompared to that of undoped LiNbO3 in the as-grown state.5.2 Suppression of photorefra
tion5.2.1 Photorefra
tion in highly iron-doped LiNbO3 
rystalsIn Fig. 4.4 it is shown that the opti
al damage de
reases with in
reasing iron-doping levelfor highly-doped, 
ompletely oxidized LiNbO3. This behavior 
an be explained with theone-
enter model. The refra
tive index 
hange ∆n is given by (Eqs. 2.6-2.11):

∆n ∝ cFe2+

σph + σd
. (5.16)The photo
ondu
tivity σph ∝ cFe2+/cFe3+ is strongly de
reased by the oxidization, whereasthe dark 
ondu
tivity σd is enhan
ed with in
reasing doping level, be
ause at the highdoping levels used the dark 
ondu
tivity is governed by tunneling of ele
trons betweenadja
ent iron sites (Eqs. 2.18 and 2.19):

σd ∝ cFe2+cFe3+

cFe
exp

(

− a
3
√

cFe

)

. (5.17)The 
omparison with the 
ondu
tivity spe
tra shows indeed that the dark 
ondu
tivity ofthe oxidized samples in
reases with the doping level and is far above the dark 
ondu
tivityof the undoped samples (Fig. 3.22). The 
ondu
tivity of the 
rystal doped with 0.5 % Feis probably in
reased by brown inhomogeneities of the Fe2+ 
on
entration and therefore isas large as the 
ondu
tivity of the sample with 1.0 % Fe.74



Dis
ussionAt the high doping levels used the dark 
ondu
tivity may ex
eed the photo
ondu
tivitysigni�
antly. Consequently the photo
ondu
tivity is negle
ted and the photorefra
tiveindex 
hange 
an be expressed as
∆n ∝ exp

(

a
3
√

cFe

)

, (5.18)using the approximation for 
omplete oxidization cFe3+ = cFe. Hen
e, the model pre-di
ts that the opti
al damage, i.e., the refra
tive index 
hange ∆n, de
reases strongly within
reasing iron 
on
entration. This mat
hes the results in Fig. 4.4. Furthermore ∆n is pre-di
ted to be independent of the residual Fe2+ 
on
entration. Thus slight inhomogeneitiesin the oxidization strength do not a�e
t the opti
al damage.In Fig. 4.4 it 
an be seen that the opti
al damage of highly doped oxidized and undopedas-grown LiNbO3 
rystals is within the same order of magnitude. To understand this resultone has mainly to 
onsider the 
ondu
tivities in Eq. 5.16, be
ause the Fe2+ 
on
entrations
cFe2+ are within the same order of magnitude for both, the highly iron-doped and oxidizedas well as the undoped 
rystals in the as-grown state. In the 
ase of the highly iron-dopedand oxidized 
rystal the photo
ondu
tivity 
an be negle
ted, whereas the undoped 
rystalin the as-grown state has a negligible dark 
ondu
tivity. To obtain similar refra
tive index
hanges for both 
rystals, the photo
ondu
tivity of the undoped 
rystal has to be equalto the dark 
ondu
tivity of the highly-doped LiNbO3 sample. The photo
ondu
tivity ofundoped LiNbO3 
rystals in the as-grown state is known from the Ref. [36℄. For the lightintensities used in the beam fanning experiment it is about σph ≈ 2×10−12 (Ωcm)−1. TheLiNbO3 
rystal doped with 2 % Fe exhibits a dark 
ondu
tivity of σd ≈ 10−13 (Ωcm)−1at room temperature (Fig. 3.22). For the oxidized 
rystal doped with 3 % Fe, that showsnearly equal opti
al damage 
ompared to the undoped sample, no dark 
ondu
tivity mea-surements were performed, but it 
an be estimated from Fig. 3.22 that its dark 
ondu
tivityis in the order of magnitude σd ≈ 10−12 (Ωcm)−1. Hen
e, the dark 
ondu
tivity of thedoped sample is indeed similar to the photo
ondu
tivity of the undoped 
rystal. Hen
ethe one-
enter model 
an des
ribe the photorefra
tive behavior of these 
rystals at leastqualitatively.Probably untreated highly iron-doped LiNbO3 samples exhibit even less photorefra
tiveopti
al damage by orders of magnitude, be
ause their dark 
ondu
tivity is orders of mag-nitude higher 
ompared to that of the oxidized samples (Fig. 3.22 (a)), but they are uselessfor appli
ations, due to their huge absorption in the visible. In fa
t the absorption of theoxidized highly iron-doped LiNbO3 
rystals is already too high for most appli
ations (seeFig. 3.10 (b)). 75



Dis
ussion5.2.2 Photorefra
tion in undoped LiNbO3 
rystalsThe thermo-ele
tri
 oxidization is able to suppress the opti
al damage in 
ongruently melt-ing undoped lithium niobate 
rystals by about one order of magnitude over a wide rangeof light intensities at room temperature (Fig. 4.7). It has been shown that this oxidizationmethod leads to a de
rease of the Fe2+ 
on
entrations by up to 5 orders of magnitudein highly iron-doped 
rystals (Tab. 5.4). It is reasonable to assume that also in undopedLiNbO3 
rystals with iron impurities of less than 1 ppm a strong oxidization takes pla
e.The suppression of the opti
al damage, i.e., the light-indu
ed refra
tive-index 
hange, 
anbe des
ribed within the framework of the one-
enter model (Se
t. 2.2.2.1). The refra
tiveindex 
hange ∆n is given by:
∆n ∝ cFe2+

σph + σd
∝ cFe3+

1 + σd/σph
. (5.19)Here σph ∝ cFe2+/cFe3+ has been used. The photo
ondu
tivity σph is de
reased by theoxidization, whereas the dark 
ondu
tivity σd is governed by ioni
 
harge transport pro-
esses and therefore independent of 
hanges of the Fe2+ 
on
entration (Se
t. 5.1.4). TheFe3+ 
on
entration cFe3+ 
hanges probably only slightly during the oxidization, be
ause inthe as-grown state the majority of the iron impurities are usually present as Fe3+. Conse-quently the oxidization leads to a de
rease of the refra
tive-index 
hange, i.e., a suppressionof the opti
al damage.As an alternative explanation for the opti
al damage suppression the in
reased stoi
hiom-etry due to the formation of LiNb3O8 is 
onsidered (see Eq. (2.15)). But a suppression ofthe opti
al damage would require cLi/(cLi + cNb) > 49.9 % (Se
t. 2.2.2.4). Su
h a strongin
rease of the lithium 
on
entration 
an be ruled out, be
ause in that 
ase remarkableshifts of the band edge and the OH vibration peak in the absorption spe
tra o

ur [136℄.These shifts are not observed after thermo-ele
tri
 oxidization (Se
t. 4.2.2.1).It 
an be expe
ted that the thermo-ele
tri
 oxidization is also able to suppress the unwantedgreen indu
ed infrared absorption (GRIIRA, see Se
t. 2.2.2.3), that originated from theex
itation of ele
trons from Fe2+ to the 
ondu
tion band and the subsequent retrapping inNbLi [29℄. In oxidized 
rystals almost no ele
trons are photoex
itable and therefore there
annot be any retrapping.A strong enhan
ement of the se
ond-harmoni
 output power is demonstrated (Fig. 4.8).It has been shown that a stable output power of up to 2.6 W is already obtainable. Theultimate limit for the output power is rea
hed when two or more photons ex
ite ele
tronsdire
tly from the valen
e band to the 
ondu
tion band. They 
an be retrapped in Fe3+
enters and the photorefra
tive e�e
t 
an arise. In that 
ase a quadrati
 dependen
e ofthe opti
al damage on the in
ident light intensity is expe
ted. In Fig. 4.7 it 
an be seenthat a rather linear dependen
e is present. This implies that still ele
trons from impurity76
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enters are responsible for the residual opti
al damage. Hen
e a further improvement ofthe thermo-ele
tri
 oxidization by optimizing its parameters is probably the best way toget even enhan
ed opti
al damage resistan
e.The temperature dependen
e of the output power in Fig. 4.9 shows ex
ellent agreementwith the theory implying that the ferroele
tri
 domain pattern, that was present in the
rystals before the thermo-ele
tri
 oxidization, is not a�e
ted by this treatment. This is asigni�
ant advantage in 
omparison to many other opti
al-damage-suppression-methods.In the following se
tion a 
riti
al, quantitative 
omparison is tried.5.3 Comparison of methods to suppress opti
al damageSin
e the dis
overy of opti
al damage in 1966 [5℄ a variety of methods to suppress opti
aldamage have been developed. They are reviewed in Se
t. 2.2.2.4. It is 
hallenging to
ompare these methods, be
ause many di�erent ways to quantify the opti
al damage wereused, and the 
rystal quality is largely improved within the last 40 years. But in spiteof that, a 
omparison is tried in Tab. 5.5. This 
omparison 
annot be 
onsidered tobe 
omplete. Moreover, it is possible that values given here 
ontain large errors or theappli
ation of old methods to state-of-the-art 
rystals 
ould lead to di�erent results. Itis only valid to 
ompare the fa
tors FSup, i.e., the opti
al damage suppression 
omparedto 
ongruently melting undoped LiNbO3 
rystals, as long as the opti
al damage dependsrather linear on the in
ident light intensity, be
ause the fa
tors were gained at di�erentintensities.Whereas most methods 
onsidered in Tab. 5.5 show larger suppression fa
tors for opti
aldamage than the thermo-ele
tri
 oxidization, the striking advantage over most methodsis the use of standard 
ongruently melting undoped LiNbO3. That is why large se
ond-harmoni
 output 
ould be realized in this work. Other methods, that also use undoped
ongruently melting LiNbO3, possess other disadvantages: To heat the 
rystals up to200 ◦C is rather in
onvenient, be
ause turbulen
es in the surrounding air 
an disturb thelight beams. For the simultaneous illumination with UV light a se
ond strong UV lightsour
e is required. Hen
e the thermo-ele
tri
 oxidization is one of the most promisingte
hniques to make LiNbO3 
rystals suitable for appli
ations in nonlinear-opti
al devi
es.5.4 Conne
tions to other �elds of s
ien
eIn this se
tion an overview is given about 
onne
tions of the thermo-ele
tri
 oxidization toother �elds of physi
s. 77



Dis
ussionMethod FSup PSHG at λ Remark Ref.[W℄ [nm℄Mg doping ≥ 80e 2.8m 542 T = 22 ◦C [137℄Heating 200 ◦C 32e 2.7m 532 FSup est. from [69℄ [138℄Thermo-ele
tri
 10m 2.6m 515 T = 90 ◦C thisoxidization workMg doping + VTE 106
m � 488 0.5 mol% Mg [59℄Mg doping + 2000m � 532 0.78 mol% Mg [139℄stoi
hiometry cLi/(cLi + cNb) = 49.5 %H+ ex
hange 102-104

m 532 [64℄S
 doping + SLN 103
m � 532 1.3 mol% S
 [60℄In doping 100m � 488 3 mol% In [48℄Zn doping 80m � 488 7 % Zn [44℄UV illumination 30m � 532 IUV = 6 W/m2 [67℄S
 doping ≥ 20e � 488 1.5 mol% S
 [140℄Hf doping 20m � 532 4�8 mol% Hf [141, 142℄Annealing 150 ◦C + 10m � 460 Ti indi�used [74℄illumination waveguideHeating 120 ◦C 5.5m � 488 [69℄Stoi
hiometry 2m � 514.5 depends strongly on [28℄

cLi/(cLi + cNb) = 49.9 %Table 5.5: Review of the opti
al-damage-suppression methods. The opti
al damage sup-pression fa
tors FSup 
ompared to 
ongruently melting undoped LiNbO3 
rystals are givenas well as the maximum realized 
ontinuous-wave se
ond-harmoni
 output power PSHGand the a

ording light wavelenth λ. Pulsed se
ond-harmoni
 generation is not reviewed.In the remark 
olumn important information 
on
erning the 
omparison of the data aredenoted. The Referen
es indi
ate from whi
h publi
ation the data are taken. The indi
es
e and m show if the values are estimated or measured.5.4.1 Thermal �xingIn Se
t. 2.3.2.5 thermal �xing, a method to stabilize holograms, is introdu
ed. In bothmethods, thermal �xing and thermo-ele
tri
 oxidization, ions are shifted by ele
tri
al �elds,either internal spa
e-
harge �elds or externally applied ele
tri
al �elds. Ele
trons are alsomoved either by the bulk photovoltai
 e�e
t or by the external �eld. Both methods usethe enhan
ed mobility of 
harge 
arriers at elevated temperatures. The thermo-ele
tri
oxidization utilizes mu
h higher temperatures be
ause the 
harge 
arriers have to drift78
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ussionmu
h longer distan
es and in some 
ases higher temperatures are required to ex
ite theele
trons and mobilize them. In the 
ase of hologram re
ording the ele
trons are mobilizedby opti
al ex
itation. The �nal result in both 
ases is a region where the 
rystal is oxidizedand the 
harge is 
ompensated by moving ions.5.4.2 Ele
tro
hromismEle
tro
hromism, a reversible 
olor 
hange of a material due to an applied ele
tri
 �eld, wasdis
overed to o

ur in WO3 by Kraus in 1953 [143℄. The reversible ele
tri
-�eld-indu
edin
orporation of small ions su
h as H+ or Li+ into a host material that 
ontains usuallymany va
an
ies leads to a 
oloration due to a 
hange of the valen
e state of an ioni
 spe
iesor the 
reation of 
olor 
enters. There is a vast amount of di�erent materials exhibitingele
tro
hromism using di�erent me
hanisms. Among them there are perovskites as well asmetal oxides and others. An overview is given in [117℄. Thermo-ele
tri
 oxidization removesions from a host material with many va
an
ies with a subsequent 
olor 
hange due to a
hange in valen
y state of an ion. Hen
e it 
an also be 
onsidered as an ele
tro
hromi
pro
ess.5.4.3 Lithium ion batteriesMost portable 
omputers 
ontain a Li ion battery as power sour
e. During 
harging lithiumions from a lithium sour
e, e.g., a lithium 
ontaining oxide material, drift into a hostmaterial, e.g., graphite. For 
harge 
ompensation an ele
troni
 
urrent �ows through theexternal wire. During dis
harging this pro
ess is reversed. The reversible inter
alationof lithium from a sour
e into the host is 
ru
ial for this pro
ess. The large mobility ofLi+ ions is exploited. An overview is given in [144℄. The thermo-ele
tri
 oxidization alsoexploits the mobility of lithium ions and their ability to leave a 
rystal latti
e, while an
ompensating ele
troni
 
urrent �ows through a wire.5.4.4 Resistive swit
hingA re
ent promising development for mass storage devi
es 
omparable to hard dis
 drives isthe resistive swit
hing te
hnology [145,146℄. Often oxide materials are used su
h as dopedperovskites. Their resistan
e is swit
hed between a highly resisting state and a state of lowresistan
e with the help of an externally applied ele
tri
 �eld. The mi
ros
opi
 pro
essesare unknown for many of the materials that are used. The thermo-ele
tri
 oxidization isable to 
hange the resistan
e of iron-doped LiNbO3 
rystals by orders of magnitude withan ele
tri
 �eld. It 
an be 
onsidered as resistive swit
hing te
hnique. 79
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Chapter 6OutlookThe thermo-ele
tri
 oxidization is a very promising te
hnique in order to 
hange several
rystal properties su
h as absorption, 
ondu
tivity, and opti
al damage resistan
e. Ea
hof these property 
hanges 
an be of relevan
e for future appli
ations.In undoped LiNbO3 
rystals the ele
troni
 
ondu
tivity is mu
h smaller than the ioni

ondu
tivity. An optimum oxidization is expe
ted for nearly equal ioni
 and ele
troni

ondu
tivities as it is the 
ase in highly iron-doped LiNbO3 
rystals. Another idea toimprove the oxidization of undoped LiNbO3 
rystals is to illuminate the 
rystals duringthe thermo-ele
tri
 oxidization. By this means the ele
troni
 
ondu
tivity 
an be in
reased,by the photo
ondu
tivity. The light intensity is a new parameter that allows to tune theoptimum oxidization temperature. This may lead to a mu
h enhan
ed oxidization.To verify the sho
k-wave model further oxidization experiments at 
onstant temperatureand ele
tri
 �eld are helpful. The velo
ity of the absorption front 
an be 
ompared withthe predi
tions of the model.The modeling of the pro
esses within the framework of the sho
k-wave model enablesanother promising possibility, the predi
tion of suitable annealing parameters from 
on-du
tivity spe
tra. While the optimum parameters in this work were found by systemati
variations of all parameters, this model may help to extend the thermo-ele
tri
 oxidiza-tion to other materials. From measurements of the 
ondu
tivity a predi
tion 
an be madewhether a material is suited or not. It will be helpful to use Hall measurements to de-termine the sign of the 
harge 
arriers that are observed in the Arrhenius plots of the
ondu
tivity. If two 
harge transport pro
esses are present with di�erent signs at suitabletemperatures, annealing experiments are promising. The 
ondu
tivity values 
an be usedto predi
t the oxidization temperature and the time, that su
h a treatment would last aswell as the required ele
tri
 �eld. 81



OutlookAlthough a mi
ros
opi
 model is given and supported by many di�erent measurements,there are still open questions and spa
es for improvement. For example it is not yet 
learwhi
h fa
tor is responsible for the residual Fe2+ 
on
entration. Systemati
 studies of thedependen
e of the Fe2+ 
on
entration after annealing on the annealing parameters willmost probably lead to a further in
rease of the obtainable se
ond-harmoni
 output.
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Chapter 7SummaryLithium niobate 
rystals (LiNbO3) are a promising material for nonlinear-opti
al appli
a-tions like frequen
y 
onversion to generate visible light, e.g., in laser displays, but theira
hievable output power is greatly limited by the "opti
al damage", i.e., light-indu
edrefra
tive-index 
hanges 
aused by ex
itation of ele
trons from iron impurities and thesubsequent retrapping in unilluminated areas of the 
rystal. The resulting spa
e-
harge�elds modify the refra
tive indi
es due to the ele
tro-opti
 e�e
t. By this "photorefra
tivee�e
t" the phase-mat
hing 
ondition, i.e., the avoidan
e of destru
tive interferen
e betweenlight generated at di�erent 
rystal positions due to the dispersion of the fundamental waveand the 
onverted wave, is disturbed 
riti
ally above a 
ertain light intensity threshold.Several methods exist to suppress opti
al damage, e.g., high doping with metal ions su
has magnesium. All methods possess inherent disadvantages, e.g., high doping usually leadsto a worse 
rystal quality. Moreover, the periodi
 stru
turing of the 
rystallographi
 c-axis,whi
h is ne
essary for the quasi phase mat
hing, is 
ompli
ated. In this work the in�uen
eof annealing treatments 
ondu
ted in the presen
e of an externally applied ele
tri
 �eld("thermo-ele
tri
 oxidization") on the valen
e state of iron impurities and thereby on theopti
al damage is investigated. It is observed that for highly iron-doped LiNbO3 
rystalsthis treatment leads to a nearly 
omplete oxidization from Fe2+ to Fe3+ indi
ated by thedisappearan
e of the absorption 
aused by Fe2+. During the treatment an absorption frontforms that moves with 
onstant velo
ity through the 
rystal. The absorption in the visibleas well as the ele
tri
al 
ondu
tivity are de
reased by up to �ve orders of magnitude due tothis novel treatment. The ratio of the Fe2+ 
on
entration to the total iron 
on
entration �a measure for the strength of the oxidization � is in the order of 10−6 for oxidized 
rystalswhereas it is about 10−1 for untreated samples. Birefringen
e 
hanges are observed atthe absorption front that are explained by the removal of hydrogen and lithium ions fromthe 
rystal that 
ompensate for the 
harges of the also removed ele
trons from Fe2+.83



SummaryA mi
ros
opi
 sho
k-wave model is developed that explains the observed absorption frontby a self-enhan
ing oxidization pro
ess due to the in
rease of the 
rystal resistan
e andthe subsequently enhan
ed voltage drop over the oxidized volume.Undoped 
ongruently melting LiNbO3 
rystals are also thermo-ele
tri
ally oxidized. Mea-surements of light-indu
ed birefringen
e 
hanges are utilized to show that the opti
al dam-age in these 
rystals is suppressed by one order of magnitude over a wide range of lightintensities. This e�e
t is explained within the framework of the one-
enter model bythe nearly 
omplete oxidization. The maximum a
hievable frequen
y-doubled light out-put power is measured for thermo-ele
tri
ally oxidized and periodi
ally-poled 
ongruentlymelting LiNbO3 
rystals. An output power of up to 3 W light of the wavelength 515 nm isrealized at 90 ◦C instead of about 30 mW output power for untreated 
rystals. The tem-perature dependen
e of the power of the frequen
y-doubled light shows that the periodi
domain stru
ture is not a�e
ted by the oxidizing treatment.A striking advantage of the thermo-ele
tri
 oxidization 
ompared to other opti
al damagesuppression method is that standard undoped, 
ongruently melting, periodi
ally-poledLiNbO3 
rystals 
an be improved. In most 
ases doping, e.g., with magnesium � the mostadvan
ed opti
al damage suppression method � 
auses additional 
hallenges 
on
erning
rystal quality and periodi
 poling. Hen
e the thermo-ele
tri
 oxidization appears as one ofthe most promising opti
al-damage-suppression methods for nonlinear-opti
al appli
ations.

84



Bibliography[1℄ National Resear
h Coun
il, ed. Harnessing light: Opti
al s
ien
e and engineering forthe 21st 
entury. National A
ademy Press, Washington, D.C., 1998.[2℄ �In pursuit of perfe
t TV 
olor, with LED's and lasers�, The New York Times, July18, 2007.[3℄ A. M. Prokhorov and Y. S. Kuz'minov Physi
s and 
hemistry of 
rystalline lithiumniobate. Adam Hilger, 1990.[4℄ Y. S. Kuz'minov Lithium niobate 
rystals. Cambridge International S
ien
es, 1995.[5℄ A. Ashkin, G. D. Boyd, J. M. Dziedzi
, R. G. Smith, A. A. Ballmann, J. Levinstein,and K. Nassau, �Opti
ally-indu
ed refra
tive index inhomogeneities in LiNbO3 andLiTaO3�, Appl. Phys. Lett. 9, 72 (1966).[6℄ K. Buse, �Light�indu
ed 
harge transport pro
esses in photorefra
tive 
rystals I:models and experimental methods�, Appl. Phys. B: Lasers Opt. 64, 273 (1997).[7℄ W. Za
hariasen Untersu
hungen über die Kristallstruktur von Sesquioxiden undVerbindungen ABO3. I Kommisjon Hos Ja
ob Dybwad, 1928.[8℄ R. Weis and T. Gaylord, �Lithium niobate: Summary of physi
al properties and
rystal stru
ture�, Appl. Phys. A: Mater. S
i. Pro
ess. 37, 191 (1985).[9℄ F. Agullo-Lopez, J. A. Aust, F. Ca

avale et al. Properties of lithium niobate. IN-SPEC, 2002.[10℄ K.-H. Hellwege, ed. Landolt Börnstein - Numeri
al data and fun
tional relationshipsin s
ien
e and te
hnology, new series. Springer, 1981.[11℄ O. F. S
hirmer, O. Thiemann, and M. Wöhle
ke, �Defe
ts in LiNbO3 � I. Experi-mental aspe
ts�, J. Phys. Chem. Solids 52, 185 (1991). 85



Bibliography[12℄ U. S
hlarb and K. Betzler, �In�uen
e of the defe
t stru
ture on the refra
tive indi
esof undoped and Mg-doped lithium niobate�, Phys. Rev. B 50, 751 (1994).[13℄ S. C. Abrahams and P. Marsh, �Defe
t stru
ture dependen
e on 
omposition inlithium niobate�, A
ta Crystallogr., Se
t. B: Stru
t. S
i. 42, 61 (1986).[14℄ M. G. Clark, F. J. Disalvo, A. M. Glass, and G. E. Peterson, �Ele
troni
-stru
tureand opti
al index damage of iron-doped lithium-niobate�, J. Chem. Phys. 59, 6209(1973).[15℄ E. He
ht Opti
s. Addison-Wesley, Reading, Massa
husetts, 1974.[16℄ P. But
her and D. Cotter The elements of nonlinear opti
s. Cambridge UniversityPress, 1990.[17℄ N. Bloembergen Nonlinear opti
s. World S
ienti�
, 1996.[18℄ R. Boyd Nonlinear opti
s. Elsevier, 2003.[19℄ P. A. Franken, A. E. Hill, C. W. Peters, and G. Weinrei
h, �Generation of opti
alharmoni
s�, Phys. Rev. Lett. 7, 118 (1961).[20℄ P. F. Bordui and M. M. Fejer, �Inorgani
 
rystals for nonlinear-opti
al frequen
y-
onversion�, Ann. Rev. Mater. S
i. 23, 321 (1993).[21℄ V. Dmitriev, G. Gurzadyan, and D. Nikogosyan Springer series in opti
al s
ien
esvolume 64: Handbook of nonlinear opti
al 
rystals. Springer, 1991.[22℄ D. Hum and M. Fejer, �Quasi-phasemat
hing�, C. R. Phys. 8, 180 (2007).[23℄ J. A. Armstrong, N. Bloembergen, J. Du
uing, and P. S. Pershan, �Intera
tionsbetween light waves in a nonlinear diele
tri
�, Phys. Rev. 127, 1918 (1962).[24℄ F. Jermann and J. Otten, �The light�indu
ed 
harge transport in LiNbO3:Fe at highlight intensities�, J. Opt. So
. Am. B 10, 2085 (1993).[25℄ J. J. Liu, P. P. Banerjee, and Q. W. Song, �Role of di�usive, photovoltai
, andthermal e�e
ts in-beam fanning in LiNbO3�, J. Opt. So
. Am. B 11, 1688 (1994).[26℄ F. S. Chen, �Opti
ally indu
ed 
hange of refra
tive indi
es in LiNbO3 and LiTaO3�,J. Appl. Phys. 40, 3389 (1969).[27℄ H. B. Serreze and R. B. Goldner, �Study of wavelength dependen
e of opti
allyindu
ed birefringen
e 
hange in undoped LiNbO3�, Appl. Phys. Lett. 22, 626 (1973).86



Bibliography[28℄ M. Fontana, K. Chah, M. Aillerie, R. Mouras, and P. Bourson, �Opti
al damageresistan
e in undoped LiNbO3 
rystals�, Opt. Materials 16, 111 (2001).[29℄ Y. Furukawa, K. Kitamura, A. Alexandrovski, R. K. Route, M. M. Fejer, andG. Foulon, �Green-indu
ed infrared absorption in MgO doped LiNbO3�, Appl. Phys.Lett. 78, 1970 (2001).[30℄ G. E. Peterson, A. M. Glass, A. Carneval, and P. M. Bridenbaugh, �Control of laserdamage in LiNbO3�, J. Am. Ceram. So
. 56, 278 (1973).[31℄ T. Volk, N. Rubinina, and M. Wohle
ke, �Opti
al-damage-resistant impurities inlithium niobate�, J. Opt. So
. Am. B 11, 1681 (1994).[32℄ Y. Furukawa, M. Sato, K. Kitamura, Y. Yajima, and M. Minakata, �Opti
al-damageresistan
e and 
rystal quality of LiNbO3 single-
rystals with various [Li℄/[Nb℄ ratios�,J. Appl. Phys. 72, 3250 (1992).[33℄ G. I. Malovi
hko, V. G. Gra
hev, E. P. Kokanyan, O. F. S
hirmer, K. Betzler,B. Gather, F. Jermann, S. Klauer, U. S
hlarb, and M. Wohle
ke, �Chara
teriza-tion of stoi
hiometri
 LiNbO3 grown from melts 
ontaining K2O�, Appl. Phys. A:Mater. S
i. Pro
ess. 56, 103 (1993).[34℄ R. Holman, P. Cressman, and J. Revelli, �Chemi
al 
ontrol of opti
al damage inlithium niobate�, Appl. Phys. Lett. 32, 280 (1978).[35℄ D. Jundt, M. Fejer, and R. Byer, �Opti
al properties of lithium-ri
h lithium niobatefabri
ated by vapor transport equilibration�, IEEE J. Quant. Ele
. 26, 135 (1990).[36℄ F. Jermann, M. Simon, and E. Krätzig, �Photorefra
tive properties of 
ongruent andstoi
hiometri
 lithium niobate at high light intensities�, J. Opt. So
. Am. B 12, 2066(1995).[37℄ G. G. Zhong, J. Jin, and Z. K. Wu, �Measurements of opti
ally indu
ed refra
tive-index damage of lithium niobate doped with di�erent 
on
entrations of MgO�, J.Opt. So
. Am. 70, 631 (1980).[38℄ D. A. Bryan, R. Gerson, and H. E. Tomas
hke, �In
reased opti
al damage resistan
ein lithium niobate�, Appl. Phys. Lett. 44, 847 (1984).[39℄ M. C. Wengler, U. Heinemeyer, E. Soergel, and K. Buse, �Ultraviolet light-assisteddomain inversion in magnesium-doped lithium niobate 
rystals�, J. Appl. Phys. 98,064104 (2005).[40℄ T. Volk, V. Pryalkin, and N. Rubinina, �Opti
al�damage resistant LiNbO3:Zn 
rys-tal�, Opt. Lett. 15, 996 (1990). 87



Bibliography[41℄ T. R. Volk, M. A. Ivanov, V. I. Pryalkin, and N. M. Rubinina, �Photorefra
tiveand nonlinear-opti
al properties of opti
al-damage resistant LiNbO3:Zn 
rystals�,Ferroele
tri
s 126, 57 (1992).[42℄ Y. F. Kong, J. K. Wen, and H. F. Wang, �New doped lithium niobate 
rystal withhigh resistan
e to photorefra
tion - LiNbO3:In�, Appl. Phys. Lett. 66, 280 (1995).[43℄ Y. Zhang, Y. H. Xu, M. H. Li, and Y. Q. Zhao, �Growth and properties of Zn dopedlithium niobate 
rystal�, J. Cryst. Growth 233, 537 (2001).[44℄ T. Volk, B. Maximov, T. Chernaya, N. Rubinina, M. Wohle
ke, and V. Simonov,�Photorefra
tive properties of LiNbO3:Zn 
rystals related to the defe
t stru
ture�,Appl. Phys. B: Lasers Opt. 72, 647 (2001).[45℄ T. Volk, B. Maximov, S. Sulyanov, N. Rubinina, and M. Wohle
ke, �Relation ofthe photorefra
tion and opti
al-damage resistan
e to the intrinsi
 defe
t stru
ture inLiNbO3 
rystals�, Opt. Materials 23, 229 (2003).[46℄ T. R. Volk and N. M. Rubinina, �A new opti
al-damage resistant impurity in lithium-niobate 
rystals - indium�, Ferroele
tri
s Letters Se
tion 14, 37 (1992).[47℄ T. Volk, M. Wohle
ke, N. Rubinina, N. V. Razumovski, F. Jermann, C. Fis
her,and R. Bower, �LiNbO3 with the damage-resistant impurity indium�, Appl. Phys. A:Mater. S
i. Pro
ess. 60, 217 (1995).[48℄ R. Wang, B. Wang, Y. L. Liu, and L. S. Shi, �Double-frequen
y properties ofIn:LiNbO3 
rystals�, Cryst. Res. Te
hnol. 40, 684 (2005).[49℄ J. K. Yamamoto, K. Kitamura, N. Iyi, S. Kimura, Y. Furukawa, and M. Sato, �In-
reased opti
al-damage resistan
e in S
2O3-doped LiNbO3�, Appl. Phys. Lett. 61,2156 (1992).[50℄ E. P. Kokanyan, L. Razzari, I. Cristiani, V. Degiorgio, and J. B. Gruber, �Redu
edphotorefra
tion in hafnium-doped single-domain and periodi
ally poled lithium nio-bate 
rystals�, Appl. Phys. Lett. 84, 1880 (2004).[51℄ S. Q. Li, S. G. Liu, Y. F. Kong, D. L. Deng, G. Y. Gao, Y. B. Li, H. C. Gao, L. Zhang,Z. H. Hang, S. L. Chen, and J. J. Xu, �The opti
al damage resistan
e and absorptionspe
tra of LiNbO3:Hf 
rystals�, J. Phys.: Condens. Matter 18, 3527 (2006).[52℄ L. Sun, J. Wang, Q. Lv, B. Q. Liu, F. Y. Guo, R. Wang, W. Cai, Y. H. Xu, and L. C.Zhao, �Defe
t stru
ture and opti
al damage resistan
e of In:Mg:Fe:LiNbO3 
rystalswith various Li/Nb ratios�, J. Cryst. Growth 297, 199 (2006).88



Bibliography[53℄ Y. R. Nie, R. Wang, and B. Wang, �Growth and opti
al damage properties of In:Zn:LiNbO3 waveguide substrate�, Cryst. Res. Te
hnol. 42, 23 (2007).[54℄ Z. H. Hu, P. Guo, J. Y. Li, and X. H. Zhen, �Stru
ture and opti
al damage resistan
eof In:Yb:Er:LiNbO3 
rystals�, Cryst. Res. Te
hnol. 42, 488 (2007).[55℄ S. Q. Fang, Y. J. Qiao, X. H. Zhang, and F. R. Ling, �In
reased opti
al damageresistan
e in Ce:Cu:LiNbO3 by doping with S
2O3 for quasi-nonvolatile holographi
storage�, Phys. Status Solidi A 204, 833 (2007).[56℄ Y. Furukawa, K. Kitamura, S. Takekawa, K. Niwa, and H. Hatano, �Stoi
hiometri
Mg:LiNbO3 as an e�e
tive material for nonlinear opti
s�, Opt. Lett. 23, 1892 (1998).[57℄ K. Niwa, Y. Furukawa, S. Takekawa, and K. Kitamura, �Growth and 
hara
teriza-tion of MgO doped near stoi
hiometri
 LiNbO3 
rystals as a new nonlinear opti
almaterial�, J. Cryst. Growth 208, 493 (2000).[58℄ L. Palfalvi, G. Almasi, J. Hebling, A. Peter, and K. Polgar, �Measurement of laser-indu
ed refra
tive index 
hanges of Mg-doped 
ongruent and stoi
hiometri
 LiNbO3�,Appl. Phys. Lett. 18, 2245 (2002).[59℄ S. S. Chen, H. D. Liu, Y. F. Kong, Z. H. Huang, J. J. Xu, and G. Y. Zhang,�The resistan
e against opti
al damage of near-stoi
hiometri
 LiNbO3:Mg 
rystalsprepared by vapor transport equilibration�, Opt. Materials 29, 885 (2007).[60℄ M. Nakamura, S. Takekawa, Y. W. Liu, and K. Kitamura, �Crystal growth of S
-doped near-stoi
hiometri
 LiNbO3 and its 
hara
teristi
s�, J. Cryst. Growth 281,549 (2005).[61℄ S. Q. Fang, B. Wang, T. Zhang, F. R. Ling, and Y. Q. Zhao, �Growth and 
hara
-teristi
s of near-stoi
hiometri
 Zn:LiNbO3 
rystals grown by TSSG method�, Mater.Chem. Phys. 89, 249 (2005).[62℄ J. Li, X. J. Chen, B. Wu, B. Li, and S. H. Pan, �Laser-indu
ed dark tra
es in dopedLiNbO3 
rystals�, Appl. Phys. Lett. 67, 3384 (1995).[63℄ J. C. Deng, Y. F. Kong, J. Li, J. K. Wen, and B. Li, �Redu
tion of laser-indu
eddark tra
es in LiNbO3:Mg and LiNbO3:Zn by heat treatment�, J. Appl. Phys. 79,9334 (1996).[64℄ O. Caballero-Calero, A. Gar
ia-Cabanes, J. M. Cabrera, M. Carras
osa, and A. Al-
azar, �Opti
al damage in x-
ut proton ex
hanged LiNbO3 planar waveguides�, J.Appl. Phys. 100, 093103 (2006). 89



Bibliography[65℄ J. Olivares, E. Dieguez, F. J. Lopez, and J. M. Cabrera, �Fe ions in proton-ex
hangedLiNbO3 waveguides�, Appl. Phys. Lett. 61, 624 (1992).[66℄ K. Mizuu
hi, A. Morikawa, T. Sugita, and K. Yamamoto, �Ele
tri
-�eld poling inMg-doped LiNbO3�, J. Appl. Phys. 96, 6585 (2004).[67℄ Y. Liu, R. Jayavel, M. Nakamura, K. Kitamura, T. Yamaji, and H. Hatano, �Suppres-sion of beam fanning in near-stoi
hiometri
 lithium niobate 
rystals by ultravioletlight irradiation�, J. Appl. Phys. 92, 5578 (2002).[68℄ Y. Ninomia and T. Motoki, �LiNbO3 light modulator�, Rev. S
i. Instrum. 43, 519(1972).[69℄ J. Rams, A. Al
azar-de Velas
o, M. Carras
osa, J. M. Cabrera, and F. Agullo-Lopez,�Opti
al damage inhibition and thresholding e�e
ts in lithium niobate above roomtemperature�, Opt. Commun. 178, 211 (2000).[70℄ E. Krätzig and R. Orlowski, �Light-indu
ed 
harge transport in doped LiNbO3 andLiTaO3�, Ferroele
tri
s 27, 241 (1980).[71℄ H. J. Levinstein, A. A. Ballmann, R. T. Denton, A. Ashkin, and J. M. Dziedzi
,�Redu
tion of the sus
eptibility to opti
ally indu
ed index inhomogeneities�, J. Appl.Phys. 38, 3101 (1967).[72℄ R. G. Smith, D. B. Fraser, R. T. Denton, and T. C. Ri
h, �Correlation of redu
tionin opti
ally indu
ed refra
tive-index inhomogeneity with OH 
ontent in LiTaO3 andLiNbO3�, J. Appl. Phys. 39, 4600 (1968).[73℄ G. E. Peterson, A. M. Glass, and T. J. Negran, �Control of sus
eptibility of lithiumniobate to laser-indu
ed refra
tive index 
hanges�, Appl. Phys. Lett. 19, 130 (1971).[74℄ R. A. Be
ker, �Thermal �xing of Ti-indi�used LiNbO3 
hannel waveguides for re-du
ed photorefra
tive sus
eptibility�, Appl. Phys. Lett. 45, 121 (1984).[75℄ G. E. Betts, F. J. O'Donnell, and K. G. Ray, �E�e
t of annealing on photorefra
tivedamage in titanium-indi�used LiNbO3 modulators�, IEEE Photoni
. Te
h. L. 6, 211(1994).[76℄ R. L. Byer, J. F. Young, and R. Feigelson, �Growth of high-quality LiNbO3 
rystalsfrom 
ongruent melt�, J. Appl. Phys. 41, 2320 (1970).[77℄ H. M. O'Bryan, P. K. Gallagher, and C. D. Brandle, �Congruent 
omposition andLi-ri
h phase-boundary of LiNbO3�, J. Am. Ceram. So
. 68, 493 (1985).90



Bibliography[78℄ B. C. Grabmaier, W. Wersing, and W. Koestler, �Properties of undoped and MgO-doped LiNbO3 - Correlation to the defe
t stru
ture�, J. Cryst. Growth 110, 339(1991).[79℄ E. Born, J. Hornsteiner, T. Metzger, and E. Riha, �Di�usion of niobium in 
ongruentlithium niobate�, Phys. Status Solidi A 177, 393 (2000).[80℄ M. A. M
Coy, S. A. Dregia, and W. E. Lee, �Crystallography of surfa
e nu
leationand epitaxial-growth of lithium triniobate on 
ongruent lithium-niobate�, J. Mater.Res. 9, 2029 (1994).[81℄ L. O. Svaasand, M. Eriksrud, G. Nakken, and A. P. Grande, �Solid-solution range ofLiNbO3�, J. Cryst. Growth 22, 230 (1974).[82℄ H. Nagata, T. Sakamoto, H. Honda, J. I
hikawa, E. M. Haga, K. Shima, and N. Haga,�Redu
ed thermal de
omposition of OH-free LiNbO3 substrates even in a dry gasatmosphere�, J. Mater. Res. 11, 2085 (1996).[83℄ A. Koide, H. Shimizu, and T. Saito, �Prevention of thermal degradations by usingdehydrated LiNbO3 
rystal�, Jpn. J. Appl. Phys., Part 2 33, L957 (1994).[84℄ L. D. Pokrovskii, �Formation of the HNbO3 phase by high-temperature annealing ofLiNbO3 substrates�, J. Stru
t. Chem. 41, 890 (2000).[85℄ A. Koide, H. Shimizu, and T. Saito, �Main 
ause of surfa
e waveguides formed underLiNbO3 
rystal surfa
e during thermal treatment�, Jpn. J. Appl. Phys., Part 1 36,239 (1997).[86℄ D. P. Birnie, �Review - Analysis of di�usion in lithium niobate�, J. of MaterialsS
ien
e 28, 302 (1993).[87℄ Y. Q. Lu, Y. L. Lu, Q. Luo, Y. Y. Zhu, X. F. Chen, C. C. Xue, and N. B. Ming,�A 
hange in domain morphology in opti
al superlatti
e LiNbO3 indu
ed by thermalannealing�, J. Phys.: Condens. Matter 9, 747 (1997).[88℄ H. Kurz, E. Krätzig, W. Keune, H. Engelmann, U. Gonser, B. Dis
hler, and A. Räu-ber, �Photorefra
tive 
enters in LiNbO3, studied by opti
al�, Mössbauer� and EPR�Methods�, Appl. Phys. A: Mater. S
i. Pro
ess. 12, 355 (1977).[89℄ K. Olimov, M. Falk, K. Buse, T. Woike, J. Hormes, and H. Modrow, �X-ray absorp-tion near edge spe
tros
opy investigations of valen
y and latti
e o

upation site of Fein highly iron-doped lithium niobate 
rystals�, J. Phys.: Condens. Matter 18, 5135(2006). 91



Bibliography[90℄ K. Peithmann, J. Hukriede, K. Buse, and E. Krätzig, �Photorefra
tive properties ofLiNbO3 
rystals doped by 
opper di�usion�, Phys. Rev. B: Condens. Matter Mater.Phys. 61, 4615 (2000).[91℄ Y. P. Yang, D. Psaltis, M. Luennemann, D. Berben, U. Hartwig, and K. Buse,�Photorefra
tive properties of lithium niobate 
rystals doped with manganese�, J.Opt. So
. Am. B 20, 1491 (2003).[92℄ T. Vitova, M. Falk, T. Woike, K. Buse, and J. Hormes, �Combined X-ray and VISabsorption and nonresonant High Resolution X-Ray Emission Spe
tros
opy studiesof valen
y and site o

upation of manganese in Mn-doped lithium niobate 
rystals�,unpublished.[93℄ T. Volk and M. Wohle
ke, �Thermal �xation of the photorefra
tive hologramsre
orded in lithium niobate and related 
rystals�, Crit. Rev. Solid State Mater. S
i.30, 125 (2005).[94℄ I. Nee, M. Müller, K. Buse, and E. Krätzig, �Role of iron in lithium-niobate 
rystalsfor the dark-storage time of holograms�, J. Appl. Phys. 88, 4282 (2000).[95℄ J. C. Dyre, �The random free-energy barrier model for AC 
ondu
tion in disorderedsolids�, J. Appl. Phys. 64, 2456 (1988).[96℄ W. Phillips and D. L. Staebler, �Control of Fe2+ 
on
entration in iron-doped lithium-niobate�, J. Ele
tron. Mater. 3, 601 (1974).[97℄ B. Dis
hler, J. Herrington, A. Räuber, and H. Kurz, �Correlation of photorefra
tivesensitivity in doped LiNbO3 with 
hemi
ally-indu
ed 
hanges in opti
al-absorptionspe
tra�, Solid State Commun. 14, 1233 (1974).[98℄ O. Thiemann and O. S
hirmer, �Energy levels of several 3d impurities and EPR ofTi3+ in LiNbO3�, SPIE Ele
tro-Opti
 and Magneto-Opti
 Materials 1018, 18 (1988).[99℄ P. Jorgensen and R. W. Bartlett, �High temperature transport pro
esses in lithiumniobate�, J. Phys. Chem. Solids 30, 2639 (1969).[100℄ A. Mehta, E. K. Chang, and D. M. Smyth, �Ioni
 transport in LiNbO3�, J. Mater.Res. 6, 851 (1991).[101℄ P. F. Bordui, D. H. Jundt, E. M. Standifer, R. G. Norwood, R. L. Sawin, and J. D.Galipeau, �Chemi
ally redu
ed lithium niobate single 
rystals: Pro
essing, propertiesand improved surfa
e a
ousti
 wave devi
e fabri
ation and performan
e�, J. Appl.Phys. 85, 3766 (1999).92



Bibliography[102℄ A. Gar
ia-Cabanes, L. Arizmendi, J. M. Cabrera, and F. Agullolopez, �New aspe
tsof redu
tion treatments on Fe-doped LiNbO3�, Cryst. Latti
e Def. Amorph. Mat. 15,131 (1987).[103℄ A. Dhar and A. Mansingh, �On the 
orrelation between opti
al and ele
tri
al prop-erties in redu
ed lithium niobate 
rystals�, J. Phys. D: Appl. Phys. 24, 1644 (1991).[104℄ H. Jhans, J. M. Honig, and C. N. R. Rao, �Opti
al properties of redu
ed LiNbO3�,J. Phys. C 19, 3649 (1986).[105℄ H. G. Reik and D. Heese, �Frequen
y dependen
e of ele
tri
al 
ondu
tivity of smallpolarons for high and low temperatures�, J. Phys. Chem. Solids 28, 581 (1967).[106℄ D. Sugak, Y. Zhyda
hevskii, Y. Sugak, O. Buryy, S. Ubizskii, I. Solskii, M. S
hrader,and K. D. Be
ker, �In situ investigation of opti
al absorption 
hanges in LiNbO3during redu
ing/oxidizing high-temperature treatments�, J. Phys.: Condens. Matter19, 086211 (2007).[107℄ J. Crank The mathemati
s of di�usion. Oxford University Press, 1958.[108℄ J. Koppitz, O. F. S
hirmer, and A. I. Kuznetsov, �Thermal-disso
iation of bipolaronsin redu
ed undoped LiNbO3�, Europhys. Lett. 4, 1055 (1987).[109℄ M. H. Li, Y. Q. Zhao, K. B. Xu, and Y. H. Xu, �Oxidation and redu
tion treatmentof photorefra
tive Fe:LiNbO3 
rystal�, Chin. S
i. Bull. 41, 655 (1996).[110℄ I. S. Akhmadullin, V. A. Golenish
hev-Kutuzov, and S. A. Miga
hev, �Ele
troni
stru
ture of deep 
enters in LiNbO3�, Phys. Solid State 40, 1012 (1998).[111℄ S. Du
harme and J. Feinberg, �Altering the photorefra
tive properties of BaTiO3 byredu
tion and oxidation at 650 ◦C�, J. Opt. So
. Am. B 3, 283 (1986).[112℄ V. Leyva, A. Agranat, and A. Yariv, �Dependen
e of the photorefra
tive propertiesof KTa1−XNbxO3:Cu,V on Cu valen
e state 
on
entration�, J. Appl. Phys. 67, 7162(1990).[113℄ H. Levinstein and C. Capio, �De
orated dislo
ations in LiNbO3 and LiTaO3�,J. Appl. Phys. 38, 2761 (1967).[114℄ S. Bredikhin, S. S
harner, M. Klingler, V. Kveder, B. Red'kin, and W. Weppner,�Change of the stoi
hiometry and ele
tro
oloration due to the inje
tion of Li and Oions into lithium niobate 
rystals�, Ioni
s 3, 470 (1997). 93



Bibliography[115℄ S. Bredikhin, S. S
harner, M. Klinger, V. Kveder, B. Red'kin, and W. Weppner,�Pe
uliarity of O2− and Li+ ele
trodi�usion into lithium niobate single 
rystals�,Solid State Ioni
s 135, 737 (2000).[116℄ S. Bredikhin, S. S
harner, M. Klingler, V. Kveder, B. Red'kin, and W. Weppner,�Nonstoi
hiometry and ele
tro
oloration due to inje
tion of Li+ and O2− ions intolithium niobate 
rystals�, J. Appl. Phys. 88, 5687 (2000).[117℄ T. Yamase, �Photo- and ele
tro
hromism of polyoxometalates and related materials�,Chem. Rev. 98, 307 (1998).[118℄ K. Buse, S. Breer, K. Peithmann, S. Kapphan, M. Gao, and E. Krätzig, �Origin ofthermal �xing in photorefra
tive lithium niobate 
rystals�, Phys. Rev. B: Condens.Matter Mater. Phys. 56, 1225 (1997).[119℄ R. S
hmidt and I. Kaminow, �Metal-di�used opti
al waveguides in LiNbO3�, Appl.Phys. Lett. 25, 458 (1974).[120℄ J. Kohler, N. Imanaka, and G. Y. Ada
hi, �Multivalent 
ationi
 
ondu
tion in 
rys-talline solids�, Chem. Mater. 10, 3790 (1998).[121℄ J. M. Akmeida, G. Boyle, A. P. Leite, R. M. Delarue, C. N. Ironside, F. Ca
avalle,P. Chakraborty, and I. Mansour, �Chromium di�usion in lithium-niobate for a
tiveopti
al wave-guides�, J. Appl. Phys. 78, 2193 (1995).[122℄ H. De Sénarmont, �Sur les modi�
ations que la re�exion spé
ulaire à la surfa
e des
orps metallique imprime à un rayon de lumière polarisée�, Ann. Chim. Phys. 73,337 (1840).[123℄ U. S
hlarb and K. Betzler, �Refra
tive indi
es of lithium niobate as a fun
tion ofwavelength and 
omposition: A generalized �t�, Phys. Rev. B 48, 15613 (1993).[124℄ S. Kapphan and A. Breitkopf, �PE�layers and proton di�usion pro�les in LiNbO3investigated with Fourier�IR and se
ond harmoni
 generation�, phys. stat. sol. (a)133, 159�166 (1992).[125℄ J. M. Cabrera, J. Olivares, M. Carras
osa, J. Rams, R. Müller, and E. Diéguez,�Hydrogen in lithium niobate�, Adv. Phys. 45, 349 (1996).[126℄ D. Kip, B. Gather, H. Bendig, and E. Krätzig, �Con
entration and refra
tive indexpro�les of titanium- and iron-di�usion planar LiNbO3 waveguides�, Phys. StatusSolidi A 139, 241 (1993).[127℄ U. S
hlarb and K. Betzler, �Refra
tive indi
es of lithium niobate as a fun
tion ofwavelength and 
omposition�, J. Appl. Phys. 73, 3472 (1993).94



Bibliography[128℄ J. D. Ja
kson Classi
al ele
trodynami
s. John Wiley & Sons, New York, 1999.[129℄ M. Falk, J. Japs, T. Woike, and K. Buse, �Charge transport in highly iron-dopedoxidized lithium niobate single 
rystals�, Appl. Phys. B : Lasers Opt. 87, 119 (2007).[130℄ G. Bergmann, �Ele
tri
al 
ondu
tivity of LiNbO3�, Solid State Commun. 6, 77 (1968).[131℄ M. Masoud and P. Heitjans, �Impedan
e spe
tros
opy study of Li ion dynami
s insingle 
rystal, mi
ro
rystalline, nano
rystalline, and amorphous LiNbO3�, Di�usionIn Materials: Dimat 2004 237-240, 1016 (2005).[132℄ G. T. Niitsu, H. Nagata, and A. C. M. Rodrigues, �Ele
tri
al properties along the xand z axes of LiNbO3 wafers�, J. Appl. Phys. 95, 3116 (2004).[133℄ S. V. Yevdokimov and A. V. Yatsenko, �Spe
i�
 features of the dark 
ondu
tivity inlithium niobate 
rystals of 
ongruent 
omposition�, Phys. Solid State 48, 336 (2006).[134℄ Y. P. Yang, I. Nee, K. Buse, and D. Psaltis, �Ioni
 and ele
troni
 dark de
ay ofholograms in LiNbO3:Fe 
rystals�, Appl. Phys. Lett. 78, 4076 (2001).[135℄ I. B. Barkan, M. V. Entin, and S. I. Marennikov, �Condu
tivity of Fe-doped LiNbO3
rystals�, Phys. Status Solidi A 44, K91 (1977).[136℄ I. Földvari, K. Polgár, R. Voszka, and R. Balasanyang, �A simple method to de-termine the real 
omposition of LiNbO3 
rystals�, Crystal Res. Te
hnol. 19, 1659(1984).[137℄ H. Furuya, A. Morikawa, K. Mizuu
hi, and K. Yamamoto, �High-beam-quality 
on-tinuous wave 3 W green-light generation in bulk periodi
ally poled MgO:LiNbO3�,Jpn. J. Appl. Phys., Part 1 45, 6704 (2006).[138℄ G. D. Miller, R. G. Bat
hko, W. M. Tullo
h, D. R. Weise, M. M. Fejer, and R. L.Byer, �42%-e�
ient single-pass 
w se
ond-harmoni
 generation in periodi
ally poledlithium niobate�, Opt. Lett. 22, 1834 (1997).[139℄ Y. Furukawa, K. Kitamura, S. Takekawa, A. Miyamoto, M. Terao, and N. Suda,�Photorefra
tion in LiNbO3 as a fun
tion of [Li℄/[Nb℄ and MgO 
on
entrations�,Appl. Phys. Lett. 77, 2494 (2000).[140℄ J. Yamamoto, T. Yamazaki, and K. Yamagishi, �Non
riti
al phase mat
hing andphotorefra
tive damage in S
2O3:LiNbO3�, Appl. Phys. Lett. 64, 3228 (1994).[141℄ P. Galinetto, F. Rossella, P. Minzioni, L. Razzari, I. Cristiani, V. Degiorgio, andE. P. Kokanyan, �Mi
roraman and photorefra
tivity study of hafnium-doped lithiumniobate 
rystals�, J. Nonl. Opt. Phys. & Mater. 15, 9 (2006). 95



Bibliography[142℄ E. P. Kokanyan, �Hafnium-doped periodi
ally poled lithium niobate 
rystals: Growthand photorefra
tive properties�, Ferroele
tri
s 341, 119 (2006).[143℄ T. Kraus, �Labor-Beri
ht, Balzers AG�, unpublished.[144℄ J. Taras
on and M. Armand, �Issues and 
hallenges fa
ing re
hargeable lithium bat-teries�, Nature 414, 359 (2001).[145℄ A. Be
k, J. G. Bednorz, C. Gerber, C. Rossel, and D. Widmer, �Reprodu
ible swit
h-ing e�e
t in thin oxide �lms for memory appli
ations�, Appl. Phys. Lett. 77, 139(2000).[146℄ S. F. Alvarado, F. La Mattina, and J. G. Bednorz, �Ele
trolumines
en
e in SrTiO3:Crsingle-
rystal nonvolatile memory 
ells�, Appl. Phys. A : Mater. S
i. Pro
ess. 89, 85(2007).[147℄ A. Gerrard and J. Bur
h Introdu
tion to matrix methods in opti
s. Courier DoverPubli
ations, 1994.

96



Appendix ASénarmont methodThe 
entral statement of the Sénarmont 
ompensator method is that a quarter-wave plateat a �xed angle is able to turn arbitrary ellipti
 light polarization into linear polarization.This statement is 
onsidered here in detail.In general the light power behind the analyzer P is given by
P =

1

2
P0{1 + sin(

π

2
− 2α) cos[2(α − β)] cos Γ − sin[2(α − β)] sin Γ}, (A.1)as it 
an be dedu
ed with the help of Müller matri
es [15,147℄. Here P0 denotes the initiallight power, α the angle of the quarter-wave plate, β the angle of the analyzer, and Γ thephase di�eren
e of ordinarily and extraordinarily polarized light beams that is indu
ed bythe birefringen
e of the 
rystal. The angles α and β are measured with respe
t to theaxis that in
ludes 45◦ with the y- and the c-axis, i.e., the plane of polarization of thein
ident light beam. Let the angle of the �rst polarizer be 0◦ to generate equal fra
tionsof ordinarily and extraordinarily polarized light. If the quarter-wave plate is also adjustedto an angle of 0◦ Eq. (A.1) reads:
P =

1

2
P0[1 + cos(2β − Γ)]. (A.2)It 
an be seen that for all values of Γ, i.e., every ellipti
 polarization, the transmitted lightpower behind the analyzer follows a 
osine when the analyzer is rotated. The maximumof the 
osine is at the angle β = Γ/2 + 2πn with n ǫZ. At this angle the transmittedpower equals the initial power (P = P0). That means that the light beam behind thequarter-wave plate is linearly polarized. 97
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