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Chapter 1Introdution"Light in�uenes our lives today in new ways that we ould never have imagined just a fewdeades ago. As we move into the next entury, light will play an even more signi�ant role,enabling a revolution in world �ber-opti ommuniations, new modalities in the pratieof mediine, a more e�etive national defense, exploration of the frontiers of siene, andmuh more." This statement has been given by the National Researh Counil of the USAin 1998 [1℄. Some of these preditions have already ome true, e.g., the build-up of a newand fast �ber-opti ommuniation network by the Deutshe Telekom in Germany is inprogress. Other breakthroughs in optis are imminent. Mitsubishi Digital Eletronis hasannouned to show a large-sreen laser TV at the Consumer Eletronis 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 soures. The �rst prototypeof a laser display was presented by the Shneider AG in 1993, but small and inexpensivesoures for red, green, and blue laser light � one ruial point for the readiness for marketing� were not available at this time. In ontrast, today the reent progress in the �elds ofdiode lasers and nonlinear optis enables the use of ompat laser diodes that emit infraredlight. This light is onverted by nonlinear-optial rystals into red, green and blue lightbeams, that write the image onto the sreen. For large laser displays several watts of lightpower are neessary. Lithium niobate rystals [3,4℄ are a promising material for frequenyonverters. However, with standard lithium niobate rystals light powers muh higher than100 mW annot be generated, beause of the so-alled "optial damage" [5℄. Eletrons areexited from iron impurities by light and retrapped preferentially in darker parts of therystal. The resulting eletri �elds modify the refrative index of lithium niobate [6℄.The onsequene is a distortion of the beam shape and a limit of the ahievable outputpower. If this obstale an be overome lithium niobate will be the material of hoie even1



Introdutionfor high power appliations, beause it is extraordinarily e�ient as frequeny onverter,ommerially available at low ost and high quality as well as robust enough for longtimeoperation in devies.The aim of this work is to investigate new ways of optimizing standard lithium niobaterystals for high-power nonlinear-optial appliations. Two di�erent approahes are exam-ined: The �rst idea is to inrease the eletri ondutivity of the rystals to a point whereno eletri �elds an persist in the rystal. Consequently, no optial damage should arise.The seond approah is to remove as many eletrons from the iron impurities as possibleto avoid the optial damage right from the start. Both approahes 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 Zahariasen in 1928 [7℄. The rystal strutureat 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 vaanyalong the c-axis. Above the Curie temperature the lithium ions are plaed within thenearest oxygen layer and the niobium ions are loated entrally in the oxygen otahedra,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) andferroeletri domains are formed [9℄. Lithium niobate belongs to the 3m point group, i.e.,the rystal lattie is symmetri under a rotation by 120◦ with respet to the c-axis. Thisdi�ers from the perovskite struture, that is fae-entered ubi and that many rystalsof the ABO3 omposition belong to (with A and B metal ions), e.g., KNbO3 or BaTiO3[10℄. The peuliarity of lithium niobate implying its struture is that the ion radii oflithium ions (rLi+ = 0.68 nm) and niobium ions (rNb5+ = 0.69 nm) are almost equal [11,12℄.Sine 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 stoihiometri omposition,i.e., cLi/(cLi + cNb) = 50 % [11℄, with lithium and niobium onentrations cLi and cNb. Forharge ompensation of the resulting lithium vaanies, niobium ions oupy lithium sites(Nb5+

Li ) [13℄. Hene 20 % of the lithium vaanies are �lled with niobium ions.Some rystal properties are of speial relevane for appliations: Lithium niobate is me-hanially robust, so it an be sawn, ground and polished easily, and it is stable againstmost hemials [9℄. Espeially it is not hydrosopi like other optial rystals, suh aslithium triborate (LiB3O5, often referred to as LBO) or potassium dihydrogen phosphate3
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Figure 2.1: Shemati of the rystal struture 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 frequeny �lters in ellular phonesand TV's using surfae aousti waves [9℄. That is why the rystals are ommonly availablein high quality and purity at low osts. These fats lead to great interest to exploit theoutstanding nonlinear-optial and photorefrative properties of lithium niobate rystals.2.2 Nonlinear optis and photorefration2.2.1 Nonlinear-optial proessesWhen an eletromagneti light wave transverses a rystal, the eletrons are fored to os-illate in the eletrostati rystal potential. For small osillation amplitudes the potentialan be approximated to be harmoni. However, for larger amplitudes, i.e., higher lightintensities, the anharmoniity of the rystal potential leads to an anharmoni osillation of4



Fundamentalsthe eletrons. This osillation is desribed by a Fourier series with non-negligible higher-order terms. The physial meaning of these terms are eletromagneti light waves withmultiples of the frequeny of the inident light wave.This an also be desribed in a more quantitative way [15�18℄: The eletromagnetiwave E(t)
E(t) = E0e

iωt (2.1)polarizes the material. Here E0 is the amplitude, ω the frequeny, 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 vauum permittivity and χ(1) the eletri suseptibility of the material.In the ase of large amplitudes E0 and therefore anharmoni osillations, higher nonlinearterms of the polarization have to be taken into aount
P = ǫ0(χ

(1)E(t) + χ(2)E2(t) + χ(3)E3(t) + . . .). (2.3)The higher order suseptibilities 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 seond term in the sum is responsible for to the emission of a light wave with frequeny2ω. This proess is alled seond-harmoni generation (SHG) or frequeny doubling. The�rst experimental proof of optial SHG was done by Franken et al. in 1961 [19℄. Theamplitude of the emitted frequeny-doubled wave is proportional to the seond-order sus-eptibility χ(2), a seond-rank tensor. Therefore there is a need for materials with largenonlinear suseptibilities. An overview about the nonlinear suseptibilities of various rys-tals that are widely used for nonlinear optis 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 frequeny-doubled wave propagate withdi�erent veloities. This leads to destrutive interferene of frequeny-doubled light thatis reated at di�erent rystal positions. Typial values for the propagation distane af-ter that destrutive interferene takes plae are several mirometers. To overome thisobstale there exist di�erent phase mathing tehniques [20, 22℄. It is possible to use thebirefringene of the rystal to get mathing veloities, i.e., equal refrative indies, fordi�erent light polarizations. But in the ase of lithium niobate this does not allow touse the largest tensor elements of the nonlinear suseptibility (d13 = 4.35 pm/V insteadof d33 = 27 pm/V). The use of quasi phase-mathed periodially-poled lithium niobaterystals (PPLN) is advantageous. In these rystals ferroeletri domains are strutured5



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 suseptibilities for various ommonly used rystals. The absolutevalues of the largest tensor elements are shown [20, 21℄.suh that the orientation of the c-axis is inverted periodially. With the �ip of the c-axisthe phase of the frequeny-doubled light hanges by π. If the period is suitable for thewavelength of the inident light, the phase of the frequeny-doubled light is shifted be-fore it omes to destrutive interferene [23℄. Figure 2.2 shows shematially quasi phasemathing.In that ase an e�etive nonlinear suseptibility of deff = 17 pm/V an be used. Sinethe nonlinear suseptibility ontributes quadratially to the gained output power of thefrequeny-doubled light, the e�ort of produing PPLN is worthwhile [22℄.Seond-harmoni generation is not the only nonlinear-optial proess. With similar on-siderations like above, e.g., sum frequeny generation an be ahieved, i.e., two light beamsof di�erent frequenies ω1 and ω2 generate a third beam with frequeny ω3 = ω1 + ω2, ordi�erene frequeny generation (ω3 = ω1 − ω2), or optial parametri osillation, whereone beam with frequeny ω1 reates two beams with ω1 = ω2 + ω3.All these nonlinear-optial proesses need phase mathing. However, if the refrative in-dies are modi�ed, e.g., by temperature hanges or by illumination itself, the output powerdereases strongly. Refrative index hanges as small as 10−5 are su�ient to disturb thephase mathing ritially. Light-indued refrative index hanges an our due to thephotorefrative e�et [6℄. This is the ase espeially at high light intensities, that are de-sired for nonlinear optis, beause, e.g., the output power of the frequeny-doubled wavedepends quadratially on the intensity of the inident fundamental wave (Eq. (2.4)). Oneaim of this work is therefore to suppress the photorefrative e�et in LiNbO3 rystals.6
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(c)Figure 2.2: Shemati of quasi-phase mathing. The intensity I2ω of the frequeny-doubledlight is shown vs. the rystal length z. The skethed periodi inversion of the spontaneouspolarization PS is only valid for graph (b). The graphs orrespond to (a) (theoretial)perfet phase mathing, (b) quasi-phase mathing, and () no phase mathing.2.2.2 Photorefrative e�etIn 1966 Ashkin et al. disovered that a green laser beam is distorted when it passes a lithiumniobate rystal [5℄. This e�et is alled the photorefrative e�et: Light exites eletronsfrom multivalent impurities or rystal defets to the ondution band. The subsequenteletroni urrents lead to a harge arrier redistribution from illuminated to darker areas.Spae-harge �elds arise that modulate the refrative index via the eletroopti e�et. Thisproess is onsidered in more detail in the following setion.2.2.2.1 One-enter modelIn the ase that only one photorefrative enter, i.e., one multivalent impurity or defet likeFe2+/3+ is present, the photorefrative e�et an be desribed within the framework of theone-enter model [6℄. A shemati of the model is depited in Fig. 2.3. The states of thephotorefrative enter are loated in the band gap between valene band and ondutionband. Part of these defets are �lled with eletrons and an at as eletron soures, theother part is empty and ats as traps for eletrons. Light with su�ient photon energy anexite eletrons from the �lled enters to the ondution band leading to eletri urrents.7
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Figure 2.3: Shemati of the one-enter model.Charge driving fores The bulk photovoltai e�et and the drift of eletrons at as themain harge driving fores. Other ontributions suh as the pyroeletri e�et or di�usionoften are negligible. Hene the total urrent density in the ondution 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 onentration of �lled photorefrative enters
N− and the light intensity I. Bulk photovoltai urrents, i.e., light-indued 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 produt of the eletrial ondutivity σ and theeletrial �eld E (Ohm's law). The eletrial ondutivity is given by the sum of thedark ondutivity σd and the photoondutivity σph:
σ = σd + σph (2.8)The photoondutivity an be expressed by:
σph ∝ I

N−

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



FundamentalsSpae-harge �elds The harge arrier redistribution due to the bulk photovoltai ur-rents builds up an eletrial �eld, the so-alled spae-harge �eld, whereas the drift urrentstend to derease the eletrial �elds. After a while the equilibrium state is reahed 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 typial onditions the dark ondutivity σd is negligible andtherefore the spae-harge �eld ESC is independent of the light intensity.Eletro-opti e�et LiNbO3 is birefringent with the refrative indies for ordinarilypolarized light no and for extraordinarily polarized light ne. The spae-harge �eld modi�esboth refrative indies of lithium niobate via the linear eletro-opti e�et, also alled"Pokels e�et":

∆no,e = −1

2
n3

o,er13,33ESC (2.11)Here ∆no,e denote the refrative index hanges for ordinarily and extraordinarily polar-ized light and r13,33 the elements of the eletro-opti tensor. The indies 13 and 33 areontrated indies. Sine r33 ≈ 3r13 the birefringene 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 desribe theourring e�ets [6, 24℄. A shemati of the two-enter model an be seen in Fig. 2.4.In addition to the deep enter C1, that is idential to the photorefrative enter in theone-enter model, a seond shallow enter C2 is present. The NbLi antisite defet ouldbe identi�ed as suh a shallow enter. At room temperature C2 is empty due to thermalexitation of the eletrons from C2 to the ondution band. During illumination with laserlight at high intensities with a wavelength suitable to exite eletrons from the deep enterC1, eletrons reombine to the shallow enter C2 and are not reexited e�etively, beausethe suitable absorption wavelength is muh larger than the wavelength for exitation fromthe deep enters. These trapped eletrons signi�antly derease the photoondutivity. Sothe dependene of σph on the light intensity is sublinear,

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

−

1 (I)I + κ2N
−

2 (I)I. (2.13)Here N−

1 and N−

2 are the onentrations of the enters C1 and C2 that are �lled witheletrons, and κ1 and κ2 are their bulk photovoltai oe�ients. The resulting equilibriumspae-harge �eld is given by:
ESC =

κ1N
−

1 (I)I + κ2N
−

2 (I)I

σd + kIx
(2.14)Hene the spae-harge �eld and therefore the refrative index hange depends on the lightintensity I.2.2.2.3 Optial damageThe photorefrative e�et is useful, e.g., to reord holograms. However, for nonlinear-optial appliations it is undesired and greatly limits the output power of nonlinear-optialdevies. In that ase it is alled "optial damage". Sometimes optial damage is usedas a generi term for photorefrative damage, light-indued raks, and other undesirede�ets under illumination. In this thesis it is used as a synonym for unwanted light-induedrefrative-index hanges.In nonlinear-optial proesses suh as seond-harmoni generation a single light beam trans-verses a LiNbO3 rystal and generates optial damage. The beam shape is distorted ("beamfanning") along the c-axis as it an be seen in Fig. 2.5.The harateristi pattern omes from two ontributions:

• A marosopi lens is formed by the photorefrative e�et (see Set. 2.2.2) as well asby the thermo-opti e�et, i.e., refrative index hanges due to the inhomogeneous10
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Figure 2.5: Photograph of the beam shape that is deformed by optial damage in a LiNbO3rystal 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.Aording to simulations in [25℄ temperature hanges are the dominant ontributionfor intensities larger than 35 MW/m2 (∆T ≥ 0.03 K).
• Holographi sattering is responsible for the irregular substrutures [25℄. Satteringof light on defets at the rystal surfae and in the rystal bulk as well as re�etion oflight from the surfaes lead to a variety of light beams in di�erent diretions. Thesebeams interfere and the resulting intensity pattern reates a refrative index pat-tern via the photorefrative e�et that is enhaned by holographi two-wave mixing(Set. 2.2.2). Light is di�rated at this pattern. This ontribution inreases withthe beam diameter, beause the larger the illuminated area is the more satteringenters are involved.The refrative index hanges ∆n and with it the beam fanning inrease with the illu-mination time until saturation is reahed [26�28℄. The evolution an be desribed by

∆n(t) = A[1 − e−(t/t0)] with A onstant. Typial saturation times t0 are in the range ofseonds 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 refrative-indexhanges saturate. The wavelength dependene of the optial damage shows a maximumnear 415 nm but light-indued refrative-index hanges an be generated by light of thewhole visible range of the spetrum [27℄.Yet another disturbing light-indued e�et in LiNbO3, related to optial damage, is the
green indued 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 (Setion 2.2.2.2). For SHGthis leads to absorption of the infrared fundamental wave. The subsequent heating of therystal disturbs the phase mathing.2.2.2.4 Suppression of optial damageDuring the last 40 years sine Ashkin et al. have disovered the optial damage, a largevariety of methods have been proposed to overome this disadvantage of LiNbO3 rystals.The most promising methods are reviewed here. An attempt to ompare these methodsquantitatively is made in Set. 5.3.Crystal purity and omposition Sine optial damage originates from rystal de-fets and impurities it seems self-evident to purify the rystal growth proess [30℄ as wellas to grow stoihiometri LiNbO3 instead of ongruent material. Both possibilities arestudied intensively. The main impurity in LiNbO3 is iron. The atual impurity level isless than 1 ppm (spei�ed by Crystal Tehnology, In.). But, nevertheless, this is notsu�ient to prevent from optial damage. Even ironless rystals may exhibit optial dam-age due to Nb4+/5+
Li antisite defets that at as photorefrative enters [31℄. To dereasetheir onentration, rystals with nearly equal lithium and niobium onentrations anbe grown by speial growth tehniques [28, 32, 33℄ or the stoihiometry an be improvedby a post-growth vapor-transport equilibration (VTE) [28, 34, 35℄. Despite enormous ef-forts both methods an only provide nearly-stoihiometri rystals. Inrease of the lithiumonentration leads to stronger optial damage up to a lithium onentration of at least

cLi = 49.8 mol% [28,32,36℄. If the lithium onentration is inreased further, a suppressionof the photorefrativity an be reahed at cLi ≥ 49.9 mol% [28℄.Doping The optial damage suppressing dopant reported �rst was magnesium (Mg2+)[37, 38℄. It is known that Mg doping dereases the onentration of NbLi antisite defetsby replaing them and �lling Li vaanies. At a doping level of 5.5 mol% all NbLi defetsare replaed by Mg, and the optial damage as well as the GRIIRA drop in a threshold-like behavior. Moreover Mg doping enhanes the photoondutivity [31, 38℄ and possiblythe dark ondutivity [39℄. This suppresses optial damage aording to Eqs. (2.9) and(2.10). Additionally, iron ions hange their lattie site from FeLi to FeNb and do not atas eletron traps any more [31, 38℄. Comparable results were ahieved for doping with7.5 mol% zin (Zn2+) [31, 40�45℄, 5 mol% indium (In3+) [42, 45�48℄, 1.5 mol% sandium(S3+) [49℄, 4 mol% hafnium (Hf4+) [50, 51℄, and 6 mol% zironium (Zr4+) [50℄. Reently,several attempts have been made to ombine two or more dopants (see e.g. [52�55℄). Avery promising alternative is to ombine inreased stoihiometry with a smaller dopant12



Fundamentalsonentration of Mg [56�59℄. In that ase, additionally to the other optial damage sup-pression mehanisms, the bulk photovoltai urrents are dereased [56℄. Strong optialdamage suppression with nearly-stiohiometri VTE-treated LiNbO3 rystals ontainingonly 0.5 mol% Mg is reported in [59℄. Similar results an also be ahieved by ombininginreased stoihiometry with other optial damage suppressing dopants [60, 61℄.Another e�et that is related to optial damage and whih disturbs nonlinear-optial pro-esses is the so-alled "dark trae e�et" (also alled "gray trae", "gray trak", and "bulkdarkening"). It ours 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℄. Aording to [62,63℄ the dark trae e�etalso ours in LiNbO3:Zn, whereas in Refs. [40,41℄ light-indued darkening is not observed.A further doping ion that leads to suppressed optial damage is hydrogen (H+). In protonexhanged waveguides with an enormous onentration of H+ ions, strong optial damagesuppression is observed [64℄. As origin of this e�et a derease of the eletroopti oe�ientsand a derease of the bulk photovoltai urrents are identi�ed [64, 65℄.In general doping with large amounts of ions leads to worse optial quality of the rystals.Additionally, it seems to be a great hallenge to reate small ferroeletri domain struturesthat are required for quasi-phase mathing, beause elimination of the NbLi defets reduesthe ferroeletri oerive �eld, i.e., the eletri �eld that is required to reverse ferroeletridomains, by at least one order of magnitude. These defets stabilize domains. Withoutthese defets period lengths of domain patterns of several mirometers are hard to ahieveas they are required for generation of visible light by frequeny doubling [66℄.Illumination A further method of optial damage suppression is presented by Liu etal. [67℄. If a nearly stoihiometri LiNbO3 rystal is illuminated with UV light of thewavelength 350 nm at the same time as it is exposed to optial-damage-induing greenlight (λ = 532 nm), the UV light will redue the optial damage. The intensity of theUV light has to be only 1/7 of the intensity of the green light beam in order to suppressthe optial damage almost ompletely. The origin of this e�et is the inrease of thephotoondutivity of the rystal due to the UV light [67℄.Heating In 1972 Ninomiya and Motoki �rstly used heating to 200 ◦C to prevent optialdamage in a LiNbO3-based light modulator [68℄. A systemati analysis of the temperaturedependene of the optial damage was performed by Rams et al. in 2000 [69℄. A thresholdfor optial damage is observed that shifts to higher light intensities with inreasing tem-peratures. This threshold shows an Arrhenius-type behavior with an ativation energy of
EA = 0.24 eV. 13



FundamentalsExternal eletrial �elds With the help of large external eletrial �elds, additionaldrift urrents, that ompensate for the bulk photovoltai urrents, an be generated in orderto shift the equilibrium spae harge �elds to small values. But part of the optial damageresides, beause of di�usion urrents that annot be ompensated by drift urrents induedby an external �eld [70℄. But, additionally to the di�usion of eletrons whih are exitedfrom Fe2+ to the ondution band, there is also di�usion of holes formed by exitationof eletrons from the valene band to Fe3+. The latter proess is muh weaker, but bothan be brought to equilibrium if the Fe2+ to Fe3+ onentration ratio cFe2+/cFe3+ is at aertain small value [70℄. By means of external eletri �elds ombined with the suitable
cFe2+/cFe3+ the optial damage is redued signi�antly.Annealing treatments Several reports exist showing that annealing treatments havea permanent impat on the optial damage in LiNbO3 rystals. In 1967 Levinstein etal. observed a signi�ant derease of the optial damage after annealing at 700 ◦C in thepresene of an externally applied eletrial �eld [71℄. They attributed the suppression of theoptial damage to the indi�usion and drift of an unknown impurity (possibly platinum orgold from the eletrodes) into the rystal along disloations. In these disloations the newlyintrodued impurity ompensates for harges of photorefrative enters and deativatesthem by this means. In 1968 Smith et al. found that the annealing proedure proposedby Levinstein leads to indi�usion of hydrogen [72℄. The suppression of the optial damagewas laimed to be related to hydrogen, but a mirosopi model was not given. In 1971Peterson et al. explained the optial damage suppression in �eld annealing experiments bythe drift of Fe2+ ions from the bulk to the negative eletrode and the subsequent pullout ofthe Fe2+. By this means only Fe3+ is still present in the rystals and the photorefrativee�et annot take plae due to a lak of photoexitable eletrons [73℄.In [74℄ a proess is depited in whih LiNbO3 rystals ontaining a waveguiding layerreated by titanium (Ti) indi�usion are annealed at 150 ◦C while they are illuminatedwith an optial damage generating light beam. After ooling down to room temperaturethe optial damage is suppressed by one order of magnitude with this treatment. Toexplain this e�et it is assumed that eletrons from Fe2+ enters move along the c-axis dueto the bulk photovoltai e�et and leave the illuminated area. Hydrogen impurities thatare mobile at these temperatures ompensate for the eletri �elds by drift. Finally, theoptial damage is suppressed by a lak of photoexitable eletrons in the illuminated regionof the rystal. This e�et is also permanent beause eletrons and H+ ions are immobileat room temperature and therefore annot return.In [75℄ a series of annealing experiments shows that optial 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 optial damage. This e�et is explainedby oxidization or redution 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 redues the dark trae e�et. This is attributedto oxidization, but a detailed model is not given.In general, di�erent annealing treatments are proposed that have a favorable impat onthe optial damage, while less is known about the proesses that our during annealing,as it beomes evident from the large number of di�erent models proposed. One furtheraim of this work is to larify proesses that our during annealing and to investigate theoptial damage suppression ability of annealing treatments. That is why the knowledgeabout annealing of LiNbO3 rystals is reviewed in the following setion.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 whih the rystal is grown, areidential and remain onstant during the whole growth proess. In that ase the lithiumonentration is 48.38 mol% (Spei�ation by Crystal Tehnology, In., but values between48.3 and 48.6 mol% an be found in the literature [76�78℄). Aording to Fig. 2.6 on-gruently melting LiNbO3 an form a seond 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 surfae srathes if present [79℄. While thisproess takes many days at 300 ◦C, the formation of LiNb3O8 beomes more rapid withinreasing 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 surfae. The segrega-tion proess is independent of the atmosphere, but beomes weaker with inreasing rystalstoihiometry [81℄. LiNb3O8 an also form in the rystal bulk lose to rystal defets, butthis has been observed only after longtime treatments of one week at 780 ◦C [79℄. Theformation of LiNb3O8 takes plae aording to the reation:
Nb5+ + 8LiNbO3 → 3LiNb3O8 + 5Li+. (2.15)The exess of Li+ ions pushes the LiNbO3 rystals loser to stoihiometry [80℄. It has beenobserved that the segregation of LiNb3O8 is suppressed if the LiNbO3 rystals are free ofhydrogen impurities [82, 83℄.Additionally a surfae 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) onentrationratio 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 whih LiNbO3 onsists of beome mo-bile. Ativation 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 alulated from these datausing
µ =

σ

eN
= D0e

−EA
kBT , (2.16)where σ is the eletrial ondutivity, e the elementary harge, N the onentration of themobile harge arriers, kB the Boltzmann onstant, and T the absolute temperature. Asit an be seen, lithium is the most mobile ioni speies at typial annealing temperaturesbeause 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 traer method. For lithium ions thevariations are partiularly large: D0 varies between 10−2 and 103 m2/s and EA between1.17 and 3.24 eV depending on the method used, beause for many methods interation with16



Fundamentals
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 ativation energies EA for self di�usion in LiNbO3[86℄.other speies, that have to di�use to balane the harge, in�uenes the results drastially.Ferroeletri domains LiNbO3 hanges from its ferroeletri phase to its paraeletriphase at the Curie Temperature TC = 1142.3 ◦C. When a single-domain LiNbO3 rystalis heated above this point it beomes multi domain. When a periodially-poled LiNbO3rystal is heated up, domain patterns with small period lengths of several mirometers thatare typially needed for SHG devies 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�uene of the dopants. Thatis why important dopant properties have to be onsidered.2.3.2.1 Multivalent dopant ions and defetsMultivalent dopants play a key role as photorefrative sensitizers in lithium niobate. Themost prominent dopant is iron (Fe) that ours as Fe2+ and Fe3+ [88℄. It oupies onlylithium sites even for the highest possible doping levels of several perent [89℄. The Fe2+/3+states are loated energetially within the band gap of LiNbO3. Light an exite eletronsfrom Fe2+ to the ondution band. The resulting absorption for visible light an be usedto determine the onentration of Fe2+ [88℄:

cFe2+ = 2.16 × 1021m−2αo
477 nm. (2.17)Here cFe2+ denotes the onentration of Fe2+ ions and αo
477 nm the absorption oe�ient forordinary light polarization (i.e. polarization perpendiular to the c-axis) at the wavelength477 nm. An absorption spetrum of an iron-doped lithium niobate rystal is shown inFig. 2.7. A seond absorption peak an be seen in the infrared part of the spetrum be-17
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Li [11℄. All these ions di�er in the inorporationsites 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 exitation from deeper levels more energy is required. The possible exitation andharge transport proesses that an our during annealing under various onditions arenow onsidered in detail.

18



Fundamentals

Figure 2.8: Band sheme of doped lithium niobate. Various bivalent dopants form ele-troni states at di�erent energy levels.2.3.2.2 Exitation and harge transport proessesEletrons from the multivalent dopant ions an be exited to the ondution band and anbe transported by di�erent mehanisms. The most important mehanisms are summarizedshematially in Fig. 2.9.
• Eletrons an be exited by light with su�ient energy E = hν to the ondutionband. Due to the bulk photovoltai e�et the resulting urrent is mainly diretedalong the c-axis. The urrent density is given by jphv = β∗N−I (see setion 2.2.2.1).
• Thermal exitation of eletrons is often negligible at room temperature, but anhave signi�ant in�uene if LiNbO3 is annealed. The thermal ondutivity holds

σth = σth,0e
−EA/(kBT ) with σth,0 onstant, kB the Boltzmann onstant and T theabsolute temperature. The thermal ativation energy for exitation of eletrons fromFe2+ to the ondution band is about EA = 1.4 eV [93℄.

• At high doping levels tunneling between �lled and empty enters beomes relevantas harge transport proess. In the ase of iron doping it beomes the dominantharge transport proess at room temperature for doping levels larger than 0.05 %Fe2O3 [94℄. The tunneling ondutivity σtu is given by
σtu ∝ Neff exp

(

− a
3
√

cFe

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

Neff =
cFe2+cFe3+

cFe
. (2.19)Here a > 0 denotes a onstant. 19
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hn k TB Tunneling DriftFigure 2.9: Band sheme of lithium niobate. The most important eletroni exitation andtransfer proesses are shown shematially.
• Drift urrents are possible in the ondution band as well as between adjaent entersat high doping levels. The drift urrent density holds jDrift = σE with σ as totalondutivity and E as eletrial �eld.Additionally, thermally ativated drift and di�usion of ioni harge arriers take plae (seesetion 2.3.1 and Tab. 2.2).Random free energy barrier model The ondutivity of many disordered materialsan be desribed within the framework of the "Random free energy barrier model" [95℄. ForLiNbO3 with its several perent of rystal defets like Li vaanies and NbLi antisite defetsthe model should be appliable. It onsiders harge transport in a spatially randomlyvarying potential landsape as it is shown in Fig. 2.10. The frequeny dependene of the
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Figure 2.10: Shemati of the harge transport in a randomly varying potential landsape.20



Fundamentalsondutivity σ(ω) on an eletri 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 ondutivity and 1/τe an be interpreted as the frequeny,where the ondutivity hanges from its frequeny-independent DC part to its frequeny-dependent AC part.2.3.2.3 RedutionDuring a reduing annealing treatment multivalent dopant ions and rystal defets aretransferred from the valene state n + 1 to the state n, e.g., Fe3+ → Fe2+. The ourringproesses during redution and their ativation energies are topi of a still vivid disussionfor the last 40 years. The entire disussion annot be reviewed in this work, but instrutionsfrom the literature for the redution of LiNbO3 as well as the most important theories areonsidered.The �rst systemati study on redution was performed by Phillips and Staebler in 1974 [96℄.It is desribed that iron an be redued in LiNbO3 by annealing the rystals in argon orhydrogen atmosphere as well as in vauum 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 redution(> 95% Fe2+). Other ompounds (Li2SiO3, LiAlO2, LiF, Na2CO3) lead to similar results.Redution leads to strong hanges of the absorption in doped LiNbO3 rystals [97℄, beausethe absorption depends on the valene state of the ions, e.g., in the ase of Fe doping,redution inreases the absorption in the visible and the infrared parts of the spetrum.By this means the degree of redution an be determined (see Eq. (2.17)) [88, 90℄. It hasbeen observed that Mn ions start to redue at temperatures between 200 and 300 ◦C andCu ions between 400 and 500 ◦C. Fe starts to redue above 600 ◦C and Ti above 650 ◦C [98℄(ompare to Fig. 2.8).In undoped samples redution also inreases absorption and eletrial ondutivity dras-tially [99�101℄. The dependene of the absorption and the ondutivity on the annealingparameters are onsidered in detail in the following.Eletrial ondutivity The saturation value of the eletrial ondutivity dependslinearly on p

−1/4
O2

where pO2
is the partial pressure of oxygen in the surrounding atmosphereduring annealing [99�101℄. The exat dependene is given by an Arrhenius-type funtion[99℄:
σe = 3.83 × 104p

−1/4
O2

exp

(

− EA

kBT

) (2.21)21



FundamentalsHere σe denotes the ondutivity due to the eletrons, kB the Boltzmann onstant, and Tthe absolute temperature. For the ativation 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 ondutivity saturatesto the value of the ioni ondutivity, beause of a lak of mobile eletrons.Absorption When an undoped LiNbO3 rystal is redued, several broad absorptionpeaks an our around 380, 500, and 760 nm light wavelength depending on the treatment[11, 102℄. The absorption around 500 nm as a funtion of the eletrial ondutivity hasbeen measured in Refs. [101,103℄. The following expression for the saturation value of theabsorption α measured after annealing is given in [103, 104℄ aording to the theory givenin [105℄:

α =
σ0

ncǫ0

sinh(h̄ωπ/kBT )

(h̄ωπ/kBT )
exp

(

− h̄2ω2π2

4EAkBT

) (2.22)Here σ0 denotes the DC ondutivity, n the refrative index, c the light veloity, ǫ0the vauum permittivity, h̄ the redued Plank onstant, and ω the angular frequenyof the inident light. The experimentally determined value for the ativation 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 dynamis have been analyzed in [106℄. The time dependene ofthe absorption an be desribed 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 optial density hange, i.e., A is given by
A = log(I0/I). The rystal thikness is denoted by d, D is a di�usion oe�ient, N0is the equilibrium onentration of the di�using substane, and β is given by β = σα/ ln 10with σα the absorption ross setion. The ativation energy EA for the di�usion oe�ient
D is observed to be 3.6 eV.The mirosopi proesses ourring during redution have been disussed in the literaturesine the �rst redution 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 redued from the valene 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 dissoiation 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 vaan-ies an be oupied by one or two eletrons (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 valene state from n to n + 1, reah bak to the late 60's and early 70's of the 20thentury. Sine then it is ommon sense that oxidization takes plae 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 ondutivity hanges that our during redution.The �rst systemati study of the oxidization dynamis 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 presene of an eletrial �eldExternally applied eletrial �eld In 1967 Levinstein et al. annealed LiNbO3 in thepresene of an externally applied eletri �eld for the �rst time [71,113℄. The eletri �eldwas applied via gold eletrodes. The rystals are observed during the annealing treatmentwith a polarizing mirosope and it ould be seen that an interferene fringe pattern formsat the anode and progresses slowly to the athode with a veloity of 0.1 m/min if aneletrial �eld of 250 V/m is applied at a temperature of 700 ◦C. At the same time theeletrial ondutivity of the LiNbO3 rystal dereases. It has been observed that behindthis front the optial damage of the rystal is redued. A similar treatment at 400 ◦C withan eletrial �eld of 1000 V/m is able to remove olor hanges aused by strong redution.The mirosopi origin of these e�ets is rather unlear. In [71�73℄ di�erent argumentsare presented onsidering drift of gold, hydrogen, and iron, but proofs are still missing. Inreent �eld-annealing experiments the behavior of the LiNbO3 rystals has been studieddepending on the eletrode 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 ompensationeletrons drift from the athode into the rystal. Therefore the LiNbO3 is redued and23



Fundamentalsthe stoihiometry is hanged. A olor hange is observed that has a step-like pro�le inthe rystal. The front between dark and bright frations of the rystal moves from oneeletrode to the other [115,116℄. The eletrial ondutivity of the LiNbO3 rystal inreasesduring the lithium injetion. A �ip of the polarity of the eletri �eld reverses the e�etsand reoxidizes the rystal.This proess of reversible olor hange aused by an externally applied eletrial �eld isoften alled "eletrohromism" or "eletrooloration". The same behavior is also knownfrom other materials [117℄. Possible appliations are displays or windows with tunabletransmission.Internal eletrial �eld An internal eletrial spae harge �eld an also serve as thedriving fore for ions during annealing. This proess is alled "thermal �xing", beause itis used to stabilize holograms that are written by light [118℄. An interferene light pat-tern � for simpliity it is assumed to be sinusoidal � illuminates the rystal. Due to thebulk-photovoltai e�et harges are redistributed leading to a sinusoidally modulated on-entration of Fe2+ and onsequently Fe3+. The resulting spae-harge �eld fores hydrogenand lithium ions to move while the rystal is annealed at 150-250 ◦C, temperatures wherethe ions beome mobile. Finally, the onentrations of hydrogen and lithium ions have asinusoidal shape. Holograms that are thermally �xed an persist hundreds of years untiltheir �nal deay. 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 Tehnology, In., CA,USA, otherwise it is mentioned. Crystal Tehnology sueeded in growing LiNbO3 rystalswith iron doping of several perent 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 ongruentomposition. 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 onentrations in the rystals are determined with the help of atomi absorptionspetrosopy (AAS). The growth of rystals with suh high doping levels beomes morehallenging with inreasing doping level espeially above 2.0 % Fe. Crystal Tehnologysueeded in growing a small boule of LiNbO3 with 3.0 % Fe (about 4 m in diameter and0.7 m thik). The boule with a doping level of 4.0 % Fe grew as a spiral instead of aylinder. In that ase the diretion of the rystallographi c-axis and the x-axis whih isperpendiular 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 diretion of the c-axis iswell known. X-ut samples, i.e., samples whose large rystal faes are perpendiular 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 shematially shown in Fig. 3.1. The LiNbO3rystals are plaed on a erami plate that is overed with platinum foil to prevent fromsurfae damages of the rystal. The samples are heated up to 800-1000 ◦C in oxygenatmosphere or an atmosphere with inreased 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: Shemati of the onventional oxidization setup.3.1.2.2 Thermo-eletri oxidizationA setup is built inspired by Refs. [71�73℄ in order to investigate the e�et of eletrial�elds on the oxidization state of multivalent impurities in LiNbO3 at elevated tempera-tures. A shemati of the setup an be seen in Fig. 3.2. The rystals an be heated upto temperatures of 900 ◦C in the presene of an externally applied eletrial �eld. Thesamples are plaed in the middle of a tube furnae (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 eletrodes. Two types of gold paste areused: Gold paste from the ompany Ferro, Hanau, Germany. Sine this paste is no longerommerially 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 thevisosity an be adjusted. It has turned out that muh less solvent is su�ient for the use26
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Furnace

Furnace

LiNb crystalO3
Temperature sensor

Air

700 °C

V

AFigure 3.2: Shemati of the thermo-eletri oxidization setup.as eletrodes. 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 eletrial ondutivity 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 eletrial ondutivity notuntil drying at 800 ◦C.The wires in the furnae onsist of an alloy of nikel and aluminum that is hemially stableenough to persist several month at 700 ◦C in air and at least one experiment at 900 ◦C.Nikel and aluminum as well as gold are indeed able to di�use into the rystal, but theyan reah a depth of only several mirometers below the surfae under typial experimentalonditions [86, 119, 120℄.The urrent an be limited to values between 0.1 and 10 mA. When the urrent limit isreahed, the voltage is automatially dereased by the power supply. The evolution ofvoltage and urrent is reorded. 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,respetively. The sample holder is made of Durate 750 erami. Durate 750 withstandsmuh higher temperatures than used in experiments, is hemially inative, and exhibitsno signi�ant eletrial ondutivity at 700 ◦C. By this means leakage urrents are avoided.27
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2 cm

Figure 3.3: Photograph of an iron-doped LiNbO3 rystal (blak) in the white rystal holder.The ontat area of the rystal and the holder is minimized by onstrution. The wiresthat are used to ontat the sample eletrially are overed with rests of gold paste.The rystal is mounted in suh a way that the ontat area to the holder is minimized asshown in Fig. 3.3.In-situ observation of the thermo-eletri oxidization To observe the rystals dur-ing the treatments a speial seond furnae is onstruted. 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 shemati of this furnae is shown in Fig. 3.4. This furnaean reah temperatures of up to 900 ◦C. The temperature pro�le is not very homogeneousin the rossing region, beause no heating wires an be attahed there. The temperaturevaries by 10 ◦C between the enter of the ross and the region, that is surrounded by theheating wires, in 2 m distane. 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 onepiture every minute. The amera has a rather small distane 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 turbulenes arise. The furnae an be heated with up to 10 ◦C/min, limited by thestability of the tubes. The onstrution of the sample holder is omparable to the holderthat is desribed in the setion before. The only di�erene is that the rystal stands freelyon the holder instead of lying for better observation. A similar high voltage power supply28
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Figure 3.4: Shemati of the furnae that is onstruted for in-situ observation of therystal during annealing.and the same gold paste are used.3.1.3 Determination of the Fe2+ onentration3.1.3.1 Absorption spetrosopyThe onentration of Fe2+ in the LiNbO3 rystal an be determined by measuring the ab-sorption of ordinarily polarized light of the wavelength λ = 477 nm aording to Eq. (2.17).A Cary 500 spetrophotometer from Varian, In. is used to determine absorption spe-tra from λ = 300 to 3200 nm. The largest optial densities that an be measured are
A = log(I0/I) = 5. The absorption values are orreted for re�etion losses applying theSellmeier equation for undoped ongruently melting LiNbO3. 29



Oxidization3.1.3.2 Condutivity spetrosopyPriniple of the method Sine the eletroni transport between Fe2+ enters domi-nates the harge transport in iron-doped LiNbO3 rystals with doping levels cFe > 0.05 %at room temperature [94℄, ondutivity spetrosopy an be used to determine the Fe2+onentration. The priniple of this method is shown in Fig. 3.5. An AC voltage
V

A

Figure 3.5: Priniple of ondutivity spetrosopy, also alled dieletri spetrosopy. Afrequeny-dependent AC voltage is applied to a sample while the evolutions of voltage andurrent are monitored.
U∗(ω) = U

′

(ω) + iU
′′

(ω) with the frequeny 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 indiates omplex quantities with real part (′) and imaginary part (′′). The imaginaryunit is denoted by i. The impedane is alulated by Z∗(ω) = U∗(ω)/I∗(ω). The omplexondutivity σ∗(ω) = σ
′

(ω) − iσ
′′

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

1

Z∗(ω)

d

Ael
. (3.1)Here d denotes the distane of the eletrodes and Ael the eletrode area.Sample preparation The rystals that are used for ondutivity spetra 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 pyroeletri urrents, i.e., urrents that �ow as soon as the rystaltemperature is hanged, whih disturb temperature dependent measurements. The ele-trodes are evaporated to the large surfaes, i.e., Ael = 10× 10 mm2 and d = 0.1 − 0.6 mm.The eletrodes onsist of two layers: hromium (Cr, 10 nm thikness) and gold (Au, 100 nmthikness). The hromium leads to a better adhesion of the gold layer to the rystal sur-fae. 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 hromiuman di�use less than one mirometer into the rystal at temperatures up to 700 ◦C fortypial timesales.Spetrometer and measurement hamber The ondutivity spetra are measuredwith the Alpha AL spetrometer from Novoontrol. Frequenies from 3 × 10−6 to
3 × 105 Hz an be set. The measurable apaities range from 10−15 to 1 F and the mea-surable ondutivities from 5× 10−15 to 100 Ω−1. An external voltage with the amplitude1 V is applied. A self-onstruted heatable measurement hamber is used. A shemati ofthis hamber an be found in Fig. 3.6. The eletrodes of the LiNbO3 samples are onneted
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transformerFigure 3.6: Shemati of the measurement hamber for ondutivity spetrosopy.to the ondutivity spetrometer. The top eletrode is glued to the wire by silver paste,the bottom eletrode to the sample holder. Srews �x the sample holder to the steel platebelow. This steel plate is wired to the spetrometer. In the hot plate below three heatingelements with eah 125 W heating power heat the sample up to 720 ◦C. They are onnetedto the power supply via an isolating transformer. By this means noise from external ablesis redued, and grounding of the hot plate an be avoided. Grounding would neessitate toisolate the hot plate from the steel plate. That would lead to redued thermal ondutivityand lower temperatures at the sample. The heating elements are ontrolled by a temper-ature ontroller "2408" from Eurotherm. The assoiated temperature sensor is attahedlose 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 eletromagneti noise. The freespae in this box is �lled with isolating �eee. The erami hat also prevents the �eeefrom touhing the sample. If the aluminum box reahes temperatures above 100 ◦C, abimetalli swith will turn o� the heaters for seurity. 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 Birefringene hangesOptial inhomogeneities often show up as birefringene inhomogeneities that an be mea-sured by the Sénarmont ompensator method. It is named after the frenh physiist H. H.de Sénarmont (1808 - 1862) [122℄. It is often referred to similar tehniques as "ompensatorsetup" or "ellipsometry". A shemati of the setup is shown in Fig. 3.7. A red laser beam
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Photodiode
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633 nm

L L

translation stageFigure 3.7: Shemati 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 foussed into the rystal(beam diameter 2σ = 17 µm, light intensity I = 3 W/m2). The polarizer in front of therystal polarizes the laser beam at an angle of 45◦ with respet to the rystallographi
c-axis. By this means the rystal is birefringent for the inident red light. Consequently,the light polarization hanges inside the rystal from linear to ellipti. A seond lens be-hind the rystal transforms the laser beam into a plane wave for a proper funtion 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 bak into linearpolarization, but generally with a di�erent plane of polarization ompared to that of theinput polarization (see Appendix A and [15℄). The diretion of the polarization is deter-mined with a polarizer (analyzer) in a rotational stage and a photodiode. In order to getpreise data about the rotation of the polarization plane, the intensity of the transmittedbeam is deteted for various angles of the analyzer, and afterwards a sinusoidal funtion is�tted to the data. By the phase di�erene β of sinus waves measured at di�erent positions32



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

βλ

2πd
. (3.2)Here d denotes the rystal thikness and λ the vauum wavelength of the HeNe laser beam.Furthermore, the rystal an be shifted perpendiularly to the HeNe laser beam and inparallel to the optial table, enabling lateral sans of birefringene hanges. The minimumstep size is 2.5 µm. With the help of small steps ambiguities about the phase shift thatan be indued by phase shifts larger than π an be avoided. For rystals of a thikness of1 mm, birefringene hanges as small as ∆(ne−no) > 5×10−6 an be deteted. This limitis given by small temperature �utuations of the LiNbO3 rystal that lead to birefringenehanges due to the thermo-opti e�et [123℄. If these �utuations an be eliminated adetetion limit for the birefringene hanges of 5 × 10−7 will be feasible.
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Oxidization3.2 Experimental results3.2.1 Iron onentrationThe total iron onentration in the rystals, whih an di�er from the nominal onen-tration, i.e., the onentration of iron oxide (Fe2O3) in the melt, is measured by meansof atomi absorption spetrosopy (AAS). The iron onentration is determined for therystals 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 onentration cFe for highly iron-dopedrystals.
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 eletri �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 ondutivity inreases. Attemperatures typially between 500 and 600 ◦C the urrent limit is reahed, and the voltageis dereased automatially. At 700 ◦C the eletri �eld is lowered to only 2-10 V/mm. Whenthe rystal is ooled down, its ondutivity inreases again and the voltage is restored toits former level.Absorption hanges Pitures of the rystals in the as-grown and the annealed stateand the orresponding absorption spetra 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 blak. The orresponding absorption spetrum in Fig. 3.10 (a) shows a strong34
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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 eletrodes are attahed to thebottom and the top of the rystals in these photographs. Here almost no dark setionsand 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 eletrodes are attahed at the left andthe right side of the sample. It appears brownish, but from the absorption spetrum 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 diretion of the c-axis of the sampleis not known, that is why the light polarization is arbitrary and no orretion for re�etionlosses an be performed. Consequently in Fig. 3.11 the optial density log(I0/I) (inidentlight intensity I0, intensity I of the transmitted beam) is shown instead of the absorptionoe�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-eletrially36
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Figure 3.10: Absorption spetra for ordinarily polarized light of LiNbO3 rystals dopedwith 0.5-3.0 wt% Fe2O3 (a) in the as-grown state and (b) after thermo-eletri oxidization.oxidized. It an be seen that the onventional oxidization tehnique is able to oxidizethe highly iron-doped rystal, but only the thermo-eletri oxidization leads to a nearlyomplete oxidization of iron.Preipitations After the annealing preipitations and srathes an be seen on the rys-tal surfae. A photograph of a rystal doped with 1.0 % Fe is shown in Fig. 3.13. Thesesrathes were neither present before the annealing nor any tip was in ontat to thesample. They show no preferred diretion or length.The preipitations on the surfae are observed with the help of an atomi fore mirosope(AFM). The resulting pitures are shown in Fig. 3.14. Preipitations are present at theentire rystal surfae, but near to the anode only islands show up whereas loser to theathode the preipitations grow together and form a ompat layer.
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Figure 3.13: Photograph of a rystal whih is doped with 1.0 wt% Fe2O3. After annealingsrathes an be seen on the surfae.38
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Figure 3.14: Surfae topology of an annealed rystal doped with 1.0 wt% Fe2O3 measuredwith an atomi fore mirosope. 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 automatially. Afterabout 2.7 hours at a temperature of about 500 ◦C the voltage shows an unexpeted peak,i.e., the rystal ondutivity inreases while the sample is onstantly heated. This behaviordepends strongly on the total iron onentration as shown in Fig. 3.15. Below a dopinglevel of 2.0 % Fe no peak an be seen. With inreasing iron onentration it beomeslarger. This anomaly is further analyzed by in-situ observations of the LiNbO3 rystalsduring the annealing proedure. 39
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Figure 3.16: The piture sequene 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, whih is the sharpest, beomes even sharper withinreasing doping level. The dynamis of this front is investigated in detail in the followingsetion.3.2.3.3 Dynamis of the oxidizationIn order to investigate the dynamis of the oxidization proess, the time-dependene ofthe position of the absorption front in the rystal during annealing is analyzed from the41
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dT

dt
=

(Tmax − 450 ◦C)v0jmax

0.01s mA/mm2
, (3.3)where v0 is the veloity of the absorption front for the doping level used that an be foundin Fig. 3.20 and s the distane of the eletrodes. Hene if larger rystals are used the43
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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 ativation energies, kB the Boltzmann onstant, and T theabsolute temperature. In the following the larger ativation 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 theativation 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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(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 disontinuities our, that originate from outdi�usion of hromium inthe steel sample holder, whih leads to a detahment of the eletrodes.In general, the segments with the E

(1)
A shift to higher ondutivities with inreased dopinglevels, i.e., σ

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

(2)
A shows nosigni�ant dependene on the doping level.Thermo-eletrially 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 surfae preipitations. The �nal thikness46
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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 funtion is �tted to the data, and σdc isextrated and plotted in an Arrhenius plot. The result is shown in Fig. 3.22 (b). For therystals with doping levels from 0.5 - 2.0 % Fe the same two linear segments are found.Note that the segment with the ativation energy E
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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 respet to the noise levelof the spetrometer a lowering of the hydrogen onentration by at least a fator of �ve isfound. In the thermo-eletrially oxidized sample the hydrogen onentration is inreasedby about one order of magnitude ompared to the sample in the as-grown state.The ativation energies E
(1,2)
A that are dedued 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)
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cFe pretreatment ∆cFe2+ ∆cH+ |∆(ne − no)|meas[wt% Fe2O3℄ [1025 m−3℄ [1025 m−3℄ [10−4℄0.05 redued -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 onentration cFe, pretreatment before the thermo-eletri oxidiza-tion, di�erene ∆cFe2+ of the Fe2+ onentrations between dark/brownish and transparentsetions of the rystals, di�erene ∆cH+ of the H+ onentrations between dark and trans-parent setions of the rystals, and measured birefringene 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 setions.3.2.6 Investigations of the preipitationThe solubility of the surfae preipitations after the thermo-eletri oxidization is examined.The rystals are plaed into warm water (T = 70 ◦C). After 30 minutes the gold layer thatated as the athode during annealing is detahed from the surfae, whereas the anodestiks �rmly to the rystal. Part of the visible surfae struture annot be solved in warmwater even after days. The water with the solved part of the preipitations is analyzedin a mass spetrometer. To assure that as muh as possible of the solvable ompoundsare solved, the thermo-eletrially oxidized sample is plaed into water for several weeks.For omparison a rystal with gold eletrodes, but still untreated, is also set into warmwater for the same time. The solution that was obtained from the oxidized sample showsan inreased lithium onentration by a fator of 4 with respet to the solution from theuntreated sample.3.2.7 Various dopantsThe thermo-eletri oxidization treatment is applied to LiNbO3 doped with opper (Cu)and manganese (Mn). The opper-doped samples are fabriated by indi�usion of oppedinto undoped LiNbO3. The manganese-doped rystals are supplied by Deltronis, 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 suessfully oxidized with dT/dt = 0.1 ◦C/min in-stead of dT/dt = 3 ◦C/min for iron. Undoped LiNbO3 rystals that are heavily redued51



Oxidizationand therefore appear blak are fully reoxidized by the thermo-eletri 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 4Photorefration
4.1 Experimental methods4.1.1 CrystalsPhotorefration measurements are performed with the highly iron-doped, ompletely oxi-dized samples mentioned in Set. 3 as well as with undoped LiNbO3 wafers grown from aongruent melt. The supplier Crystal Tehnology, In. spei�es that these undoped rystalsontain less than 1 ppm iron impurities. Other impurities have even smaller onentra-tions. The samples are x-uts with a size of 1 × 8 × 10 mm3. The c-axis is not parallel tothe edges but inludes a 45 ◦ angle.Periodially-poled z-ut samples provided by Crystal Tehnology, 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 thik. The end faes are polished to optial grade.4.1.2 Measurements of the photorefrationThe photorefrative optial damage is measured in undoped lithium niobate rystals withthe help of the spread-out of the transmitted beam ("beam fanning"), the Sénarmontompensator setup, and measurements of the maximum obtainable seond harmoni power.4.1.2.1 Beam fanningThe fastest and simplest, but rather qualitative measurements of the optial damage areperformed with the setup shown in Fig. 4.1. A frequeny-doubled Nd:YAG laser beam53
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Photorefration
Polarizer

Beam splitter

l/4 plate

Polarizer in
rotational stage

Photodiode

Crystal

633 nm

532 nm

L

L Beam blocker

D

Movable
mirror

L

Figure 4.2: Shemati of the extended Sénarmont setup for measurements of light-induedrefrative-index hanges. The abbreviations in the �gure are L: lens, D: dieletri mirror.inhomogeneities are already present in the rystal. After the illumination a seond san istaken showing the sum of already existing birefringene inhomogeneities and light-induedbirefringene hanges. That san is orreted by subtrating the baseline. The rystalsare illuminated with the green laser beam for several minutes in order to assure that thebirefringene hange has reahed its equilibrium.Simulation The �nite waist of the red readout beam leads to an underestimation of thebirefringene hange maximum. In order to orret the error this behavior is simulated. Atwo-dimensional Gaussian funtion A(x, y) represents the spatial birefringene 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 seond two-dimensional Gaussianfuntion B(x, y) represents the intensity of the red readout beam. Its waist is 2σr. Everypoint in the birefringene pattern that is illuminated by the readout beam ontributes tothe signal behind the analyzer with its partiular 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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2σ∆δn = 20 µm. It an be seen that a readout beam with a very small waist (1 µm) om-pared to the birefringene pattern leads to an exat reprodution of the pattern, whereas amuh 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 ishosen in the following experiments, leads to a good reprodution of the pro�le shape, butunderestimates the amplitude by about a fator of two. In the experimental results it isaounted for this error.4.1.2.3 Seond-harmoni generationFor the investigation of the seond-harmoni generation a ontinuous-wave Yb:YAG laserbeam (wavelength λ = 1030 nm) is foussed into a ongruently melting, periodially-poled,undoped lithium niobate rystal. The beam waist in the fous is 90 µm. The rystal istemperature stabilized by ±0.1 ◦C. The rystal setions with domain period lengths of6.129, 6.071, and 6.014 µm are used, spei�ed by the manufaturer of the photolithographimask for the fabriation of the PPLN. The orresponding phase mathing temperaturesare 50, 70, and 90 ◦C. In the rystal the infrared light is partially frequeny-doubled togreen light of the wavelength 515 nm. Two dieletri short-pass �lters separate the infrared56



Photorefrationpump beam from the frequeny-doubled green beam. The re�etivity of the mirrors for theinfrared light is larger than 99 %. The transmitted light power is measured. In order toalulate the pump power P int
P inside the rystal and the generated seond-harmoni lightpower P int

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

C as well as the limited transmission of thedieletri mirrors for the frequeny-doubled light T 515
M are taken into aount:

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 Photorefration in iron-doped oxidized LiNbO3 rystalsThe beam fanning in highly iron-doped thermo-eletrially 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 beomes less pronouned for higherdoping levels. The rystal ontaining 3.0 % Fe shows about the same beam fanning, i.e.,optial damage as a ongruently melting and undoped LiNbO3 rystal.

Figure 4.4: Beam fanning of highly iron-doped thermo-eletrially 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



Photorefration4.2.2 Photorefration 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 spetra an be observed, only the OH vibrationpeak is enhaned by about a fator of 2. The rystal is as transparent as before the treat-ment, within the sensitivity of the spetrometer used, but in some ases surfae and bulkdefets arise that resemble the defets ourring during annealing of iron-doped LiNbO3.Furthermore, small piees of the rystal detah at the anode.Beam fanning Crystals that are treated in the way desribed 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-eletrially oxidized.58



Photorefrationleads to the typial spread-out of the laser beam.Sénarmont ompensator measurements Quantitative measurements of the birefrin-gene 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 san of the birefringene hanges isreorded. Typial results of these sans are shown in Fig. 4.6. They exhibit nearly Gaus-sian shape, and the widths of the birefringene 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-gene hanges of a onventionally oxidized sample are presented. All rystals show a linearinrease of the birefringene hange with inreasing light intensity. It an be seen, thatthe rystal in the as-grown state shows the largest slope of the birefringene hange, andthe thermo-eletrially oxidized rystal exhibits the smallest slope, whih 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 ahieved. Some rystalsexhibit inhomogeneities onerning the light-indued birefringene hanges. With the pre-
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PhotorefrationTemperature [◦C℄ Pmax
SHG(as grown) [mW℄ Pmax

SHG(oxidized) [mW℄50 ≈ 30 50070 ≈ 30 150090 ≈ 30 2600Table 4.1: Maximum stable internal seond-harmoni powers Pmax
SHG for ongruently meltingundoped periodially-poled LiNbO3 rystals before and after thermo-eletri oxidizationtreatment at di�erent phase mathing temperatures.the same quadrati inrease of the seond-harmoni output power until a threshold isreahed, but the maximum obtainable output power is enhaned drastially. At 90 ◦C upto 3.2 W of green light are generated. The lines show quadrati �ts. The highest stableseond-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 indued optial damage. Hene inhomogeneities in the optial damage,as observed in the measurements of the light-indued birefringene hanges in Set. 4.2.2.1,ontribute to the measured output power. The maximum output power is generated withina very small temperature range beause of the phase-mathing requirement. A graph ofthe temperature dependene of the seond-harmoni output an be seen in Fig. 4.9. Atheoretial alulation using the Sellmeier equation is also shown.
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Chapter 5Disussion
5.1 OxidizationTailoring the degree of oxidization of iron doping, i.e., the onentration ratio cFe2+/cFe,is ruial for many appliations in nonlinear optis and photorefration. For iron-dopedLiNbO3 rystals with doping levels ranging from 0.05 to 4.0 % Fe, the novel thermo-eletrioxidization 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 oxidizationbeomes 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 eletrons has to be ompensated by other harged speies.Obviously, this proess is not limiting the thermo-eletri oxidization up to 4.0 % Fe. Theoloration 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 dedued from the absorption spetra in Fig. 3.10 (b). The residual extintion signalaround 500 nm an inlude ontributions from small residual Fe2+ onentrations as wellas sattering and absorption from the bulk and surfae defets that are indued by theannealing proess. These srathes (Fig. 3.13), surfae preipitations (Fig. 3.14) and bulkdefets (Fig. 3.19) probably originate from a phase transition of LiNbO3. In Fig. 2.6 thephase diagram of LiNbO3 is shown. At typial annealing temperatures of 700 ◦C theformation of lithium triniobate (LiNb3O8) is possible. At temperatures above 300 ◦C itgrows along srathes in the surfae and around other surfae defets [79℄. The srathesthat are observed after the thermo-eletri oxidization do not form during annealing, butvery small, invisible srathes being present after polishing beome visible after annealingdue to the preipitation of LiNb3O8 along them. At higher temperatures LiNb3O8 forms63



Disussionfaster on the entire surfae. It has been reported that at a temperature of 750 ◦C after1 day a surfae layer an be found. Hene it seems reasonable to assume that the surfaepreipitations observed after 6 hours at 700 ◦C onsist at least partially of LiNb3O8. Thebulk defets, 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 muh longer times than 6 hours [79℄, but the formation an be enhaned by urrents�owing trough the rystal.5.1.1 Dynamis of the oxidizationThe evolution of the voltage at onstant urrent during the annealing proedure 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 dereased ondutivity of the rystalduring this annealing phase. From the in-situ observations of the oxidization in Fig. 3.16 itan be seen that the derease of the ondutivity and the appearane of the absorption frontour simultaneously. The measurements of the ondutivity spetra (Fig. 3.23) show thatthe oxidization indeed dereases the ondutivity of the rystals at room temperature byorders of magnitude. This derease 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 derease of the ondutivity. Thatis why the peak in the evolution of the voltage only appears for rystals above 1 % Fedoping level and it beomes more distint with inreasing iron onentration. When therystal starts to oxidize in a ertain region the ondutivity is dereased loally. Now therystal an be seen as two resistors in series with di�erent resistanes. This implies that alarger part of the applied voltage drops over the higher resistane, i.e., the oxidized part ofthe rystal. If the voltage drives the oxidization proess this will lead to a self-enhaningoxidization proess and to the formation of an absorption front that is more distint forlarger di�erenes in the ondutivity, 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 Shok-wave modelAousti shok waves are haraterized by propagating, nearly disontinuous hanges ofsome properties of the medium, e.g., the density. During the thermo-eletri oxidization afront rosses the rystals that separates rystal frations of di�erent absorption, ondu-tivity, and Fe2+ onentration. Due to this analogy it is reasonable to model the proessesthat our during the thermo-eletri oxidization within the framework of a shok-wavemodel.64



Disussion5.1.2.1 Model and notationLet NFe2+ and NFe3+ be the onentration of Fe2+ and Fe3+ enters, NFe = NFe2+ + NFe3+be the total onentration of iron, and n be the onentration of free eletrons. Sinethe main soure of free eletrons 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 onentration of ative eletrons. These eletrons an be redis-tributed via harge transport proesses at elevated temperatures. With good auray, theonentration of free eletrons is
n =

sNFe2+

γ(NFe − NFe2+)
, (5.1)where s and γ are the exitation and the reombination oe�ients, respetively. Theexitation oe�ient is expeted to be thermally ativated, s ∝ exp[−EA/(kBT )], where EAis the ativation energy and kB is Boltzmann's onstant. The expression 1/[γ(NFe−NFe2+)]represents the reombination time for free eletrons. Most probable, this time does notpossess a strong temperature dependene. As long as no harge transport takes plae, theparameter N− = NFe2+ + n remains temperature independent within our model, whilethe onstituents NFe2+ and n possess strong temperature dependenes. When onsideringthe eletri properties, ompensation harges are of major importane. Let N+ be theonentration of these harges. The question whih kind of harge arrier is representedby N+ is answered later (Set. 5.1.3).Let us denote N±

0 as the uniform bakground onentrations of N± in the absene of hargetransport proesses. These parameters are temperature independent by de�nition. In par-tiular, N−

0 an be treated as the onentration of Fe2+ ions at room temperature when thethermal exitation of eletrons is negligible. As soon as the harge neutrality requirementis applied, we have to assume that the bakground harge onentration e(N+
0 − N−

0 ),where e is the elementary harge, is ompensated by ertain immobile harges, i.e., rystalions. Suh a ompensation is expeted to be present in this model. To onsider the in�u-ene of harge transport proesses, it is neessary to use model expressions for eletroniurrents and the urrents produed by the ompensation harge arriers. In the followingit is assumed that drift of free eletrons and ompensating mobile harge arriers are thedominant harge transport proesses. The orresponding model expressions for the urrentdensities j± are
j± = eµ±N±E, (5.2)where E is the eletri �eld, µ− is the mobility of free eletrons, and µ+ is the mobilityof the ompensation mobile harges. The mobilities are indeed positive quantities. Theeletron �ux is obviously −µ−nE, it is antiparallel to the eletroni urrent. The �uxof the positive ompensation harges, µ+N+E, is antiparallel to the eletron �ux. The65



Disussion
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µ± ∝ exp[−E±

A/(kBT )]. From Fig. 3.22 it an be inferred that this assumption is indeedvalid for the eletrons.Di�usion of the harge arriers an be responsible for the sharpness of the shok-wavefront. In the leading approximation it is, however, negligible. The bulk photovoltai e�etis absent under thermal exitation.5.1.2.2 Shok-wave solutionLet d be the thikness 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 theeletrodes 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 shok-wave solution for N±(z, t) and the eletri �elddistribution E(z, t) in the presene of the voltage. It is assumed that the shok-wave frontat the time t is situated at z = z0(t), and the veloity of this front is v = v(z0). Allvariables experiene disontinuities 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



Disussioneletrial 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 onentrations) and E = E2. This also satis�esthe harge neutrality ondition. Sine the applied voltage is negative, it is expeted that
E1,2 < 0.Consider now the balane of mobile harge arriers at the front point. Sine N− = 0 for
z < z0, no eletrons an ross the front from the left side. For z > z0, the eletron �uxis positive beause E2 < 0. As the �eld E is negative, the eletron �ux is direted to theright. The only possibility to maintain the balane for eletrons is to set v = −µ−E2. Thismeans that the eletrons are standing in the oordinate frame whih moves with the frontveloity v. The balane 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 alulated,

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 expeted.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 respetively.The �eld ratio E1/E2 is independent of the front oordinate z0,
E1

E2
=

rN + rµ

rN − 1
, (5.10)67



Disussionand it is larger than one.We an also alulate the front veloity,
v = µ−E0

[

1 +
ξ(rµ + 1)

(rN − 1)

]−1

. (5.11)It is a dereasing funtion of ξ = z0/d. The veloity 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 dependene, i.e., a onstant veloity of the absorptionfront. But in this experiment the urrent limit is ative, i.e., the urrent is kept onstantwhile the eletri �eld is adapted ontinuously. A onstant urrent means the amount ofharges that �ows through the rystal per time unit remains onstant. If a �xed fration ofthe urrent ontributes to the oxidization a onstant veloity of the front an be expeted.With inreasing urrent limit the amount of harges that �ows and therefore the amountof harges that ontributes to the oxidization is also inreased. Hene the front veloity isenhaned.A linear dependene of the front veloity on the eletri �eld is predited by the model. InFig. 3.18 a linear dependene of the front veloity on the urrent limit is shown. Aordingto Ohm's law j = σE, the urrent density is proportional to the eletri �eld, i.e., the frontveloity depends linearly on the eletri �eld, as expeted. Even with a time dependent
E(t), the linear relation to the front veloity holds. However, future measurements of theabsorption front at onstant eletri �eld and temperature are useful for a further supportof the shok-wave model.Sine 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 eletrons would need to pass the en-tire rystal when no oxidization would take plae and rµ > 1, i.e., more ompensationharges than mobile eletrons are present in the rystal. Sine up to 4.0 % Fe the om-pensation harges do not limit the oxidization proess, this ondition seems to be ful�lled.It is analyzed in the following what kind of harge arriers are responsible for the hargeompensation.5.1.3 Charge ompensation mehanismThe harges of the eletrons that are removed from the rystal during the thermo-eletrioxidization proess have to be ompensated by either the indi�usion of negative hargearriers, e.g., hydroxyl ions (OH−) or oxygen ions (O2−), or by the outdi�usion of positive68



Disussionharge 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, beause the strong Fe3+peak around λ = 483 nm after the oxidization learly indiates the presene of iron and,furthermore, the di�usion onstant of iron, as known from the literature [126℄, is too smallto allow large drift distanes at the temperatures used. It is reasonable to onsider thedi�usion onstants and ativation energies of these ions. In Set. 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 ativation energy andthe di�usion onstants vary in the literature within a very broad range. So one has tobe septi 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. Aording to the shok-wave modelthe ompensating ions drift to the athode. Indeed surfae preipitations are observedmainly lose to the athode (see Fig. 3.9, 3.14, and 3.16). A part of these preipitationsis solvable in water, that is why the athode detahes in warm water (Set. 3.2.6). Themass spetrosopy shows that lithium is enrihed in this layer. Consequently this layeronsists most likely of lithium ompounds that are solvable in water like lithium oxide(Li2O), lithium hydroxide (LiOH), or lithium arbonate (Li2CO3). Most probably theseompounds form when lithium leaves the rystal at the athode in order to ompensate forthe eletroni harges. Hydrogen an also leave the rystal at the athode, but it probablydoes not form solid ompounds that an be deteted. These rather qualitative argumentsare further supported by the analysis of the birefringene measurements (Set. 3.2.5).Birefringene hanges It is shown that the oxidization is aompanied by hanges ofthe birefringene of the rystals (Fig. 3.26). It is known from [127℄ that the birefringeneis related to the lithium onentration by the following expression:
(ne − no)(λ) = [cLi − a(λ)]/b(λ), (5.13)with (ne − no)(λ) being the birefringene depending on the wavelength λ, cLi the lithiumonentration, and a(λ) as well as b(λ) known onstants that depend only on the wavelengthof the inident light. Small hanges in the hydrogen onentration, that our during theoxidization treatment, do not have a signi�ant impat on the birefringene, as it is knownfrom thermal �xing experiments [93℄. Aording to the shok-wave model, the expetedhange in the lithium onentration is given by

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



DisussionWith the help of Eq. (5.14), the hange of the lithium onentration and subsequently
|∆(ne − no)|calc, that is expeted aording to the shok-wave model, is alulated. Forthis alulation a starting value for the lithium onentration has to be assumed. In ourhighly doped rystals this value is not well known, but only hanges of the birefringeneare relevant for this analysis. They depend only very weakly on the initial lithium on-entration. Additionally the hanges of the lithium onentration (∆cLi ≈ 1025 m−3) aresmall ompared to the absolute lithium onentration (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 sans over the absorption front with the Sénarmont setup (Fig. 3.26).There is an exellent agreement between birefringene hanges that are predited from the

cFe pretreatment |∆(ne − no)|meas |∆(ne − no)|calc[wt% Fe2O3℄ [10−4℄ [10−4℄0.05 redued 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 onentration cFe, pretreatment before the thermo-eletri ox-idization, measured birefringene hanges |∆(ne − no)|meas, and alulated birefringenehanges |∆(ne − no)|calc for all rystals used.absorption spetra and those that are measured with the Sénarmont setup. The ratherlarge unertainties 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 birefringenehanges are also possible, e.g., absorption hanges leading to hanges of the refrative in-dex (Kramers Kronig relations [128℄), but they are expeted to be small, beause only apolarization-dependent absorption hange an lead to a hange of the birefringene. In ourase the polarization dependene of the absorption peaks is rather weak. For the absorp-tion hanges that result from oxidization of iron enters a Kramers Kronig ontributionto the birefringene hanges of one order of magnitude smaller than the ontribution fromthe hange of the lithium onentration is estimated. Therefore Kramers Kronig relatede�ets an be negleted.5.1.4 Charge transport proessesThe ondutivity spetra of the iron-doped LiNbO3 rystals (see Fig. 3.21) show goodagreement with the random free energy barrier model. This model assumes a randomly70



Disussionvarying potential landsape (Fig. 2.10). LiNbO3 with its many NbLi antisite defets andespeially the highly iron-doped rystals seem to ful�ll this ondition very well. The DCondutivity σdc of the rystals in the as-grown and the oxidized state that are obtainedfrom the �ts show two thermally ativated harge transport proesses in the Arrhenius plots(see Fig. 3.22). The ativation 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 onentration and with the oxidization state. Hene it sales with theFe2+ onentration that is inreased with the total iron onentration in the as-grown stateof the rystals and that an be hanged by oxidizing treatments. Obviously, the transport ofeletrons 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 adjaent iron enters is the dominantharge transport mehanism for LiNbO3 rystals with doping levels ranging from 0.05up to 3.0 % Fe, derived from holographi measurements of the dependene of the DCondutivity on the doping level (see Eq. (2.18)). Tunneling an be thermally ativatedby, e.g., exitation of eletrons to energetially higher states within the potential well, butthe exat mehanism annot be lari�ed in this work.The attribution of the part of the Arrhenius plot, whih shows the larger ativation energy

E
(2)
A = 1.2 eV, to a harge arrier is rather ompliated. In the literature lots of values forativation energies of undoped or slightly iron-doped rystals are reported. They are sum-marized in Tab. 5.2. Many reports attribute the ativation energy to hydrogen impurities.In Fig. 3.23 three rystals with di�erent hydrogen onentrations are ompared. The hy-drogen onentrations of the thermo-eletrially oxidized and the onventionally oxidizedsample vary by a fator of 50, while no signi�ant shift of the straight line that orrespondsto the ativation energy of 1.2 eV is deteted. Conlusively 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 onern onlyundoped or slightly iron-doped LiNbO3 rystals. It is quite possible that high iron dopingin�uenes the di�usivity of lithium ions. From Fig. 3.24 it an be seen that the ativationenergies for the untreated samples derease slightly with inreasing doping level leading toan inreased lithium di�usivity. Further andidates for the harge transport orrespondingto E

(2)
A are lithium ions or lithium vaanies that have been shown to drift signi�antlyinside the rystals at temperatures above 450 ◦C (see Set. 5.1.3). The ativation energiesthat are given for Li in the literature vary between 1 and 3 eV [86℄.
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DisussionDoping level E
(1)
A E

(2)
A Temperature range Referene[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: Referene data from the literature: Doping levels, ativation energies around0.3 eV and 1 eV, temperature ranges used, and referenes.5.1.5 Strength of the oxidizationThe strength of the oxidization, i.e., the onentration ratio cFe2+/cFe an be determinedby absorption spetrosopy and by ondutivity spetrosopy.5.1.5.1 Absorption spetrosopyThe absorption oe�ients of the rystals in the as-grown state and after the thermo-eletri oxidization (Figs. 3.10) are used to determine the Fe2+ onentrations aordingto Eq. (2.17). The onentrations of Fe2+ for all rystals in the as-grown and thermo-eletrially oxidized state as well as the onentration ratios cFe2+/cFe are shown in Tab. 5.3.The resulting unertainty of the Fe2+ onentration is about 30 %. The total iron onen-tration was determined by atomi absorption spetrosopy (see Tab. 3.1). The absorptionoe�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 subtrated from the spetra in order todetermine the Fe2+ onentration. However, no lear absorption peak of Fe2+ is visible forthe oxidized samples. Hene the given value for the Fe2+ onentration and the onentra-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 sattering and absorptionfrom indued bulk defets. In order to obtain exat values instead of upper limits for theFe2+ onentration, the ondutivity spetra are analyzed.72



DisussionAs 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 onentration cFe, Fe2+ onentration cFe2+ and onentrationratio of Fe2+ and the total iron onentration cFe2+/cFe for rystals in the as-grown stateas well as for thermo-eletrially oxidized samples. The values for the oxidized rystals areobtained from absorption spetra.5.1.5.2 Condutivity spetraIn the Arrhenius plot of the DC ondutivities σdc obtained from the ondutivity spetraa straight line is observed that sales with the Fe2+ onentration. It originates from athermally ativated harge transport of eletrons from Fe2+. Sine results in Refs. [94,129℄suggest tunneling as harge transport mehanism, the residual Fe2+ onentration afterthe thermo-eletri oxidization cFe2+(oxidized) an be determined from the measured DCondutivities 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+ onentration in the as-grown state cFe2+(as grown) is known from the absorptionspetra (see Tab 5.3). Furthermore it is assumed that in the oxidized state cFe3+ = cFe andthe total iron onentration cFe is known from AAS (Tab. 3.1). The Fe3+ onentrationin the as-grown state is alulated 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 eletrons between adjaent Fe sites is assumed. It may also bepossible that hopping between Fe enters via the ondution band takes plae. In that ase

σdc ∝ cFe2+ . The use of this relation leads to results within the same order of magnitudeompared to the values presented in Tab. 5.4.The obtained values for the Fe2+ onentrations are not upper limits, beause the ativationenergy shows that the eletrons 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-eletri 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



Disussion 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 onentration cFe, Fe2+ onentration cFe2+ and onentrationratio of Fe2+ and the total iron onentration cFe2+/cFe for rystals in the as-grown stateas well as for thermo-eletrially oxidized samples. The values for the oxidized rystals areobtained from ondutivity spetra.that in the oxidized rystals ontaining 1.0 and 2.0 % Fe the residual Fe2+ onentrationis similar or even smaller ompared to that of undoped LiNbO3 in the as-grown state.5.2 Suppression of photorefration5.2.1 Photorefration in highly iron-doped LiNbO3 rystalsIn Fig. 4.4 it is shown that the optial damage dereases with inreasing iron-doping levelfor highly-doped, ompletely oxidized LiNbO3. This behavior an be explained with theone-enter model. The refrative index hange ∆n is given by (Eqs. 2.6-2.11):

∆n ∝ cFe2+

σph + σd
. (5.16)The photoondutivity σph ∝ cFe2+/cFe3+ is strongly dereased by the oxidization, whereasthe dark ondutivity σd is enhaned with inreasing doping level, beause at the highdoping levels used the dark ondutivity is governed by tunneling of eletrons betweenadjaent iron sites (Eqs. 2.18 and 2.19):

σd ∝ cFe2+cFe3+

cFe
exp

(

− a
3
√

cFe

)

. (5.17)The omparison with the ondutivity spetra shows indeed that the dark ondutivity ofthe oxidized samples inreases with the doping level and is far above the dark ondutivityof the undoped samples (Fig. 3.22). The ondutivity of the rystal doped with 0.5 % Feis probably inreased by brown inhomogeneities of the Fe2+ onentration and therefore isas large as the ondutivity of the sample with 1.0 % Fe.74



DisussionAt the high doping levels used the dark ondutivity may exeed the photoondutivitysigni�antly. Consequently the photoondutivity is negleted and the photorefrativeindex hange an be expressed as
∆n ∝ exp

(

a
3
√

cFe

)

, (5.18)using the approximation for omplete oxidization cFe3+ = cFe. Hene, the model pre-dits that the optial damage, i.e., the refrative index hange ∆n, dereases strongly withinreasing iron onentration. This mathes the results in Fig. 4.4. Furthermore ∆n is pre-dited to be independent of the residual Fe2+ onentration. Thus slight inhomogeneitiesin the oxidization strength do not a�et the optial damage.In Fig. 4.4 it an be seen that the optial 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 ondutivities in Eq. 5.16, beause the Fe2+ onentrations
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 photoondutivity an be negleted, whereas the undoped rystalin the as-grown state has a negligible dark ondutivity. To obtain similar refrative indexhanges for both rystals, the photoondutivity of the undoped rystal has to be equalto the dark ondutivity of the highly-doped LiNbO3 sample. The photoondutivity 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 ondutivity of σd ≈ 10−13 (Ωcm)−1at room temperature (Fig. 3.22). For the oxidized rystal doped with 3 % Fe, that showsnearly equal optial damage ompared to the undoped sample, no dark ondutivity mea-surements were performed, but it an be estimated from Fig. 3.22 that its dark ondutivityis in the order of magnitude σd ≈ 10−12 (Ωcm)−1. Hene, the dark ondutivity of thedoped sample is indeed similar to the photoondutivity of the undoped rystal. Henethe one-enter model an desribe the photorefrative behavior of these rystals at leastqualitatively.Probably untreated highly iron-doped LiNbO3 samples exhibit even less photorefrativeoptial damage by orders of magnitude, beause their dark ondutivity is orders of mag-nitude higher ompared to that of the oxidized samples (Fig. 3.22 (a)), but they are uselessfor appliations, due to their huge absorption in the visible. In fat the absorption of theoxidized highly iron-doped LiNbO3 rystals is already too high for most appliations (seeFig. 3.10 (b)). 75



Disussion5.2.2 Photorefration in undoped LiNbO3 rystalsThe thermo-eletri oxidization is able to suppress the optial 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 derease of the Fe2+ onentrations 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 plae.The suppression of the optial damage, i.e., the light-indued refrative-index hange, anbe desribed within the framework of the one-enter model (Set. 2.2.2.1). The refrativeindex hange ∆n is given by:
∆n ∝ cFe2+

σph + σd
∝ cFe3+

1 + σd/σph
. (5.19)Here σph ∝ cFe2+/cFe3+ has been used. The photoondutivity σph is dereased by theoxidization, whereas the dark ondutivity σd is governed by ioni harge transport pro-esses and therefore independent of hanges of the Fe2+ onentration (Set. 5.1.4). TheFe3+ onentration cFe3+ hanges probably only slightly during the oxidization, beause inthe as-grown state the majority of the iron impurities are usually present as Fe3+. Conse-quently the oxidization leads to a derease of the refrative-index hange, i.e., a suppressionof the optial damage.As an alternative explanation for the optial damage suppression the inreased stoihiom-etry due to the formation of LiNb3O8 is onsidered (see Eq. (2.15)). But a suppression ofthe optial damage would require cLi/(cLi + cNb) > 49.9 % (Set. 2.2.2.4). Suh a stronginrease of the lithium onentration an be ruled out, beause in that ase remarkableshifts of the band edge and the OH vibration peak in the absorption spetra our [136℄.These shifts are not observed after thermo-eletri oxidization (Set. 4.2.2.1).It an be expeted that the thermo-eletri oxidization is also able to suppress the unwantedgreen indued infrared absorption (GRIIRA, see Set. 2.2.2.3), that originated from theexitation of eletrons from Fe2+ to the ondution band and the subsequent retrapping inNbLi [29℄. In oxidized rystals almost no eletrons are photoexitable and therefore thereannot be any retrapping.A strong enhanement of the seond-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 reahed when two or more photons exite eletronsdiretly from the valene band to the ondution band. They an be retrapped in Fe3+enters and the photorefrative e�et an arise. In that ase a quadrati dependene ofthe optial damage on the inident light intensity is expeted. In Fig. 4.7 it an be seenthat a rather linear dependene is present. This implies that still eletrons from impurity76



Disussionenters are responsible for the residual optial damage. Hene a further improvement ofthe thermo-eletri oxidization by optimizing its parameters is probably the best way toget even enhaned optial damage resistane.The temperature dependene of the output power in Fig. 4.9 shows exellent agreementwith the theory implying that the ferroeletri domain pattern, that was present in therystals before the thermo-eletri oxidization, is not a�eted by this treatment. This is asigni�ant advantage in omparison to many other optial-damage-suppression-methods.In the following setion a ritial, quantitative omparison is tried.5.3 Comparison of methods to suppress optial damageSine the disovery of optial damage in 1966 [5℄ a variety of methods to suppress optialdamage have been developed. They are reviewed in Set. 2.2.2.4. It is hallenging toompare these methods, beause many di�erent ways to quantify the optial 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 theappliation of old methods to state-of-the-art rystals ould lead to di�erent results. Itis only valid to ompare the fators FSup, i.e., the optial damage suppression omparedto ongruently melting undoped LiNbO3 rystals, as long as the optial damage dependsrather linear on the inident light intensity, beause the fators were gained at di�erentintensities.Whereas most methods onsidered in Tab. 5.5 show larger suppression fators for optialdamage than the thermo-eletri oxidization, the striking advantage over most methodsis the use of standard ongruently melting undoped LiNbO3. That is why large seond-harmoni output ould be realized in this work. Other methods, that also use undopedongruently melting LiNbO3, possess other disadvantages: To heat the rystals up to200 ◦C is rather inonvenient, beause turbulenes in the surrounding air an disturb thelight beams. For the simultaneous illumination with UV light a seond strong UV lightsoure is required. Hene the thermo-eletri oxidization is one of the most promisingtehniques to make LiNbO3 rystals suitable for appliations in nonlinear-optial devies.5.4 Connetions to other �elds of sieneIn this setion an overview is given about onnetions of the thermo-eletri oxidization toother �elds of physis. 77



DisussionMethod 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-eletri 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℄stoihiometry cLi/(cLi + cNb) = 49.5 %H+ exhange 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℄Stoihiometry 2m � 514.5 depends strongly on [28℄

cLi/(cLi + cNb) = 49.9 %Table 5.5: Review of the optial-damage-suppression methods. The optial damage sup-pression fators FSup ompared to ongruently melting undoped LiNbO3 rystals are givenas well as the maximum realized ontinuous-wave seond-harmoni output power PSHGand the aording light wavelenth λ. Pulsed seond-harmoni generation is not reviewed.In the remark olumn important information onerning the omparison of the data aredenoted. The Referenes indiate from whih publiation the data are taken. The indies
e and m show if the values are estimated or measured.5.4.1 Thermal �xingIn Set. 2.3.2.5 thermal �xing, a method to stabilize holograms, is introdued. In bothmethods, thermal �xing and thermo-eletri oxidization, ions are shifted by eletrial �elds,either internal spae-harge �elds or externally applied eletrial �elds. Eletrons are alsomoved either by the bulk photovoltai e�et or by the external �eld. Both methods usethe enhaned mobility of harge arriers at elevated temperatures. The thermo-eletrioxidization utilizes muh higher temperatures beause the harge arriers have to drift78



Disussionmuh longer distanes and in some ases higher temperatures are required to exite theeletrons and mobilize them. In the ase of hologram reording the eletrons are mobilizedby optial exitation. The �nal result in both ases is a region where the rystal is oxidizedand the harge is ompensated by moving ions.5.4.2 EletrohromismEletrohromism, a reversible olor hange of a material due to an applied eletri �eld, wasdisovered to our in WO3 by Kraus in 1953 [143℄. The reversible eletri-�eld-induedinorporation of small ions suh as H+ or Li+ into a host material that ontains usuallymany vaanies leads to a oloration due to a hange of the valene state of an ioni speiesor the reation of olor enters. There is a vast amount of di�erent materials exhibitingeletrohromism using di�erent mehanisms. Among them there are perovskites as well asmetal oxides and others. An overview is given in [117℄. Thermo-eletri oxidization removesions from a host material with many vaanies with a subsequent olor hange due to ahange in valeny state of an ion. Hene it an also be onsidered as an eletrohromiproess.5.4.3 Lithium ion batteriesMost portable omputers ontain a Li ion battery as power soure. During harging lithiumions from a lithium soure, e.g., a lithium ontaining oxide material, drift into a hostmaterial, e.g., graphite. For harge ompensation an eletroni urrent �ows through theexternal wire. During disharging this proess is reversed. The reversible interalationof lithium from a soure into the host is ruial for this proess. The large mobility ofLi+ ions is exploited. An overview is given in [144℄. The thermo-eletri oxidization alsoexploits the mobility of lithium ions and their ability to leave a rystal lattie, while anompensating eletroni urrent �ows through a wire.5.4.4 Resistive swithingA reent promising development for mass storage devies omparable to hard dis drives isthe resistive swithing tehnology [145,146℄. Often oxide materials are used suh as dopedperovskites. Their resistane is swithed between a highly resisting state and a state of lowresistane with the help of an externally applied eletri �eld. The mirosopi proessesare unknown for many of the materials that are used. The thermo-eletri oxidization isable to hange the resistane of iron-doped LiNbO3 rystals by orders of magnitude withan eletri �eld. It an be onsidered as resistive swithing tehnique. 79
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Chapter 6OutlookThe thermo-eletri oxidization is a very promising tehnique in order to hange severalrystal properties suh as absorption, ondutivity, and optial damage resistane. Eahof these property hanges an be of relevane for future appliations.In undoped LiNbO3 rystals the eletroni ondutivity is muh smaller than the ioniondutivity. An optimum oxidization is expeted for nearly equal ioni and eletroniondutivities 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-eletri oxidization. By this means the eletroni ondutivity an be inreased,by the photoondutivity. The light intensity is a new parameter that allows to tune theoptimum oxidization temperature. This may lead to a muh enhaned oxidization.To verify the shok-wave model further oxidization experiments at onstant temperatureand eletri �eld are helpful. The veloity of the absorption front an be ompared withthe preditions of the model.The modeling of the proesses within the framework of the shok-wave model enablesanother promising possibility, the predition of suitable annealing parameters from on-dutivity spetra. While the optimum parameters in this work were found by systemativariations of all parameters, this model may help to extend the thermo-eletri oxidiza-tion to other materials. From measurements of the ondutivity a predition 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 theondutivity. If two harge transport proesses are present with di�erent signs at suitabletemperatures, annealing experiments are promising. The ondutivity values an be usedto predit the oxidization temperature and the time, that suh a treatment would last aswell as the required eletri �eld. 81



OutlookAlthough a mirosopi model is given and supported by many di�erent measurements,there are still open questions and spaes for improvement. For example it is not yet learwhih fator is responsible for the residual Fe2+ onentration. Systemati studies of thedependene of the Fe2+ onentration after annealing on the annealing parameters willmost probably lead to a further inrease of the obtainable seond-harmoni output.
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Chapter 7SummaryLithium niobate rystals (LiNbO3) are a promising material for nonlinear-optial applia-tions like frequeny onversion to generate visible light, e.g., in laser displays, but theirahievable output power is greatly limited by the "optial damage", i.e., light-induedrefrative-index hanges aused by exitation of eletrons from iron impurities and thesubsequent retrapping in unilluminated areas of the rystal. The resulting spae-harge�elds modify the refrative indies due to the eletro-opti e�et. By this "photorefrativee�et" the phase-mathing ondition, i.e., the avoidane of destrutive interferene betweenlight generated at di�erent rystal positions due to the dispersion of the fundamental waveand the onverted wave, is disturbed ritially above a ertain light intensity threshold.Several methods exist to suppress optial damage, e.g., high doping with metal ions suhas magnesium. All methods possess inherent disadvantages, e.g., high doping usually leadsto a worse rystal quality. Moreover, the periodi struturing of the rystallographi c-axis,whih is neessary for the quasi phase mathing, is ompliated. In this work the in�ueneof annealing treatments onduted in the presene of an externally applied eletri �eld("thermo-eletri oxidization") on the valene state of iron impurities and thereby on theoptial damage is investigated. It is observed that for highly iron-doped LiNbO3 rystalsthis treatment leads to a nearly omplete oxidization from Fe2+ to Fe3+ indiated by thedisappearane of the absorption aused by Fe2+. During the treatment an absorption frontforms that moves with onstant veloity through the rystal. The absorption in the visibleas well as the eletrial ondutivity are dereased by up to �ve orders of magnitude due tothis novel treatment. The ratio of the Fe2+ onentration to the total iron onentration �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. Birefringene 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 eletrons from Fe2+.83



SummaryA mirosopi shok-wave model is developed that explains the observed absorption frontby a self-enhaning oxidization proess due to the inrease of the rystal resistane andthe subsequently enhaned voltage drop over the oxidized volume.Undoped ongruently melting LiNbO3 rystals are also thermo-eletrially oxidized. Mea-surements of light-indued birefringene hanges are utilized to show that the optial dam-age in these rystals is suppressed by one order of magnitude over a wide range of lightintensities. This e�et is explained within the framework of the one-enter model bythe nearly omplete oxidization. The maximum ahievable frequeny-doubled light out-put power is measured for thermo-eletrially oxidized and periodially-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 dependene of the power of the frequeny-doubled light shows that the periodidomain struture is not a�eted by the oxidizing treatment.A striking advantage of the thermo-eletri oxidization ompared to other optial damagesuppression method is that standard undoped, ongruently melting, periodially-poledLiNbO3 rystals an be improved. In most ases doping, e.g., with magnesium � the mostadvaned optial damage suppression method � auses additional hallenges onerningrystal quality and periodi poling. Hene the thermo-eletri oxidization appears as one ofthe most promising optial-damage-suppression methods for nonlinear-optial appliations.
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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 dedued with the help of Müller matries [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�erene of ordinarily and extraordinarily polarized light beams that is indued bythe birefringene of the rystal. The angles α and β are measured with respet to theaxis that inludes 45◦ with the y- and the c-axis, i.e., the plane of polarization of theinident light beam. Let the angle of the �rst polarizer be 0◦ to generate equal frationsof 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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