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The influence of laser illumination on ferroelectric domain engineering, waveguide formation and
surface micro-structuring in lithium niobate (LN) is investigated. The ability to combine and to
manipulate the size and depth of poling inhibited (P1) domains, which are produced by UV-laser
irradiation of the +z face of congruent lithium niobate crystals followed by electric field poling, is
demonstrated. It is therefore possible to produce complex domain structures, by partially overlapping
individual UV laser irradiated tracks thus increasing the utility of this method for the fabrication of
surface microstructures. Investigation of the electro-optic performance of ferroelectric/photonic
composite structures, which occur naturally as a consequence of the Pl process, had shown a
significant enhancement (by ~ 36.7 % under the experimental conditions used) of the inherent
electro-optic coefficient of the crystal attributed to large range stress at the domain boundaries. The
feasibility of UV laser induced PI domain engineering in proton exchanged waveguides in LN was
investigated showing that Pl domain inversion is in principle possible. It requires however high laser
intensity illumination which may produce significant surface damage. Additionally it was found that
the proton concentration was also affected by the UV laser irradiation resulting in modifications of
the original proton exchanged waveguide structure. Finally, an alternative to UV laser irradiation as
a means for Pl domain engineering and waveguide formation in LN is presented. This alternative
method uses visible c.w. laser irradiation and an amorphous silicon absorbing layer to couple energy

into the LN crystal thus emulating the direct absorption that occurs at UV wavelengths.






Table of Contents

TabIe Of CONTENTS ... .eiiiiiiece et e et ee e neee s v
LISt OF TADIES .« aee i IX
LEST OF FIQUIES.ct ittt ettt ettt Xi
DECLARATION OF AUTHORSHIP .....coiiiiiecee e Xxiii
ACKNOWIBAGEIMENTS ... XXV
N o] 0] €371 o] OSSPSR XXVl
Chapter 1: INTrOUCTION .....cc.viiiiiiiiiieie et XXX
S 101 0o [ Tod 1 o SRS SRR 1
1.2 SYNOPSIS .ttt ettt ettt ekttt ettt 1
R T T oL (=T od OSSPSR 3
1.4 LIthium NIODGLE ......eoiiiie et e e e e 4
1.4.1 LN crystal structure-StoiChIOMELrY .........coovivveiiiie e 5

1.4.2 Defects in coNGruent LN .......oouiiiiiiiiiieiiec e 6

1.5 Nonlinear optical ProPerties ........cocvreiiiie et 7
1.5.1 Second order nonlinear SUSCepPtibIlity .........ccccovvvveiiiieiiiie e 7

1.5.2  Quasi-phase MAatChiNG ......ccceeeiiieeiiie e 9

1.6 PhYSICAl PrOPEITIES ..oeovveeeseiie ettt e e e et e e enee e 11
1.6.1 Linear electro-optiC effeCt..........coovveiiiiiii e 11

1.6.2 PyroelectriC €ffECt ........ooiiieeiie e 12

1.6.3  PiIeZOEIECLIIC EFFECE .....viiiie i 13

1.7  Domain ENQINEEIING ....oeeiiiieeiiie ettt s et taa e se e e et e e snne e 14
1.8 Electric-field POliNg.........coouiieiii e 16
1.9 DOomain VISUAIISALION .......viiiiiiiieiie ittt 17
1.9.1 Optical TECANIQUES........eeiiviee et 17

1.9.2 WEL BICHING ..c.vvieecee et 18

1.9.3 Scanning electron MICrOSCOPY ....cccvvreeiuieeiiieeciteeeeie e e e e e e saee e 20

1.9.4 Piezoresponse force MICrOSCOPY .....uvveiviieiiiiie i e e see e 20

1,10 RETEIEINCES. ... ittt ettt e e 22
Chapter 2: UV laser-induced poling-inhibition in CLN...........ccccccoiiiiiii e 27
P00 R 101 4 {0 o (1 { o o FO ORI 27



2.2 Fabrication and characterization of UV laser-induced Pl domains...................... 28
2.3 PIMECNANISIM ....eiiiiiiie ettt e et eeanneas 29
2.4 Kinetics 0f DOMAIN INVEISION .....oiiiiiiieiiiieiiie et 30
2.5 Ferroelectric domain building blocks for photonic and nonlinear optical

MICrOSEructures iN LINDOZ ....ocuviiiiiiiii e 30

2.5.1 Impact of domain ProOXIMILY ........cccveiiieriiiiie e 30
2.5.2 The impact of repeated exposures on the domain depth.............cccccveevieennne. 33
2.5.3  Surface MICro-StrUCTUIING .......eeivieiieiiierie ettt 35
2.6 Acoustic Superlattice transducers for SAW generation by poling inhibition ....... 39
2.6.1  BaCKGIOUNG.......c.oiiiiiiiiiiie ettt 40
2.6.2 Experimental proCeaUre ..........cooiiiiiiiiiiii et 42
2.7 CONCIUSIONS ...ttt ettt ettt et 43
2.8 RETEIBNCES ...ttt 45

Chapter 3: Local enhancement of the electro-optic coefficient in poling inhibited CLN

channel WavegUIES. ..........cocuiiiiiiie e 49

3.1 INEFOAUCTION ..ttt 49
3.2 Waveguide/domain fabrication ProCeSS ........ccveivvreiiireiiiieesiieeesieeesieeeseee e s 50
3.3 Superposition of a waveguide channel with an inverted domain ......................... 51
3.4 Experimental arrangement for EO Measurements...........ccceevvveeiveeesveeesivneesnnnns 53
3.5 RESUIES aNd QISCUSSION ...c.vvviiiieiieiiie sttt 55
3.6 Proposed MECNANISM........cciiuiie it e ettt e e se e e e e aneeas 59
3.7 CONCIUSIONS ...ttt ettt et rb et e e be e b 61
3.8 RETBIBNCES ...t 63
Chapter 4: UV laser-induced poling inhibition in proton exchanged LN crystals ...... 67
/Ot 101 (0o (¥ (o] o PP RTOPRPRURS 67
4.2  Proton Exchange waveguide fabrication.............ccccccooviieiiiic i 68
4.3 Domain engineering in PE:CLN Waveguides............cccccveiiireiiieeeiieeeciie e 68
4.4 Investigation of UV-induced poling inhibition in congruent and Mg-doped PE:CLN
WAVEGUIAES ...ttt e e st e e et e e et e e et e e et e e e s nae e e anteeeanteaeanreeeas 69

4.4.1 EXperimental PrOCEAUIES. .........cciuiieiiie ettt 69
4.4.2 PlLINPE:CLN WaVEQUIUES.......ccvieiiiiiee ettt a e 71
4.4.3 Mg-doped PE:CLN WaVEQUIES .........ccoiiiiriieeiiiiieeesiiies e ciies e siiea e 77
4.5 Investigation of PE after UV-induced Pl domains in CLN............ccccceevvvivneenen, 79

Vi



4.5.1 EXperimental ProCeAUIES .........coouiiiiiiiie it 79

4.5.2 RESUILS AN GQISCUSSION . ..ceve ettt e e e e e e e e e e enann 79
A0 CONCIUSIONS. ... et ettt e e e e e e e e enann 81
A 7 RETOIEINCES. ..ottt 82

Chapter 5:Direct writing of channel waveguides and Pl domains in LN using an

amorphous silicon absorption layer. ... 87
T80 A 11§ o T (1 oo PSSP 87
5.2 Sample preparation and direct 1aser Writing ..........ccccovverienieiniiiie e 88
5.3 Optical channel waveguide fOrmation..............cccveiiiiiieiiiene e 88
5.4  Mode profile MEASUIEMENTS ........ooiiiiiiiiiiie i 89
5.4.1 Channel waveguides on the +z face 0f a-SI/CLN ...........cccceeviveiiiieiiieeenee, 90
5.4.2  Propagation LOSS .......ccueiuieiiieiieiiieiiie sttt sttt 97
5.4.3 Channel waveguides on the -z face 0f a-SI/CLN ............cccceevivveiiineniinennn, 103
5.5 Proposed mechanism for the waveguide formation ............cccccevvveviiiiniiieinn, 106
5.6 Poling inhibition on a-Si/CLN CrystalS ...........cccoceiiiiiiiiiiiiiie e 107
5.6.1  INEFOTUCTION .....ciuiiiiiiiiie ittt 107
5.6.2 EXperimental ProCeAUIES .........ccvuuveiiiieeiiie e 107
5.6.3 Laser-induced poling inhibition in a-Si/CLN using a visible irradiation..... 107
5.6.4 Directly-written domains induced by visible laser...........ccccccoeeviiieiiinnenne, 115
5.6.5 Proposed mechanism for domain formation..............cccceeveeviie e, 118
5.7 CONCIUSIONS.....eeiiieiie ettt bbbttt enrne s 119
5.8 RETBIENCES. ... ittt 120
Chapter 6:FULUIE WOKK .......coviii et 123
8.1 RETEIENCES. ... ittt 125
Appendix
LiSt OF PUBIICALIONS ... 127

vii



viii



List of Tables

Table 1.1 Definition of the contracted NOLATION ...........cccueiiiiiieiieiie e 8
Table 1.2 Piezoelectric strain coefficients [X10™ C/NJ......cccveeverereriiiiiiieeeecceeee e 13
Table 1.3 Etching rates of LN in 48% HF acid at room temperature. ............cccooveveenieniieeneeseeenn 19

Table 3.1 Calculated values of the Vr, Vrr error and rss for six different measurements of a waveguide
that overlaps with a Pl domain, written under writing intensity of 0.18 MW/cm? and speed
of 0.1 mm/sec. The obtained values are grouped depending on the direction of the applied

voltage and the average rsz has been calculated for each case.........ccccccvvvvieeviieeiinnnne 56

Table 3.2 Values of average rs; measurements of waveguides on different samples that overlaps with

a Pl domain, written under different writing intensities and speed of 0.1 mm/sec......... 58
Table 5.1 Measured TM mOdes at A=633 MM .....coviiiiiiiiiiiieiie e 99
Table 5.2 Measured TE M0des at A=633 MM .......ccuiiiiiiiiiiiiiei s 100
Table 5.3 Measured TM mMOdes at A=1.52 [IM....ccciviiiiieeiiiee e tae e saee e snee e 102






List of Figures

Figure 1.1 Grouping of crystal classes according to their piezoelectric, pyroelectric, ferroelectric and
electrostrictive properties. Reprinted from Ref. [16] ........ccceiviiiiniiiiiiiiieeec e 4

Figure 1.2 (a): the crystal structure of LN unit cell reprinted from Ref. [20] and b) the relative
positions of the Li and Nb atoms in relation to the O planes represented by the black lines.
The dashed lines represent the centre plane between two oxygen planes. ..............cc.c..... 6

Figure 1.3 Schematics of a possible defect complex involving Nbyi and V. (a) A stoichiometric
crystal with no defects. (b) A defect dipole complex in its low-energy configuration. Upon
polarization reversal, state b becomes state c, in which the dipole in c is in a frustrated
state. State ¢ will relax to state d after annealing at >150°C, which allows diffusion of V;
. The defect polarization Pp is shown in b, ¢, and d. The oxygen planes are represented by

FEA TTTANGIES. ..ottt et e 7

Figure 1.4 Comparison of relative phase-matching efficiencies for non-phase matching (NPM),
perfect phase matching (PPM) and quasi-phase matching (QPM). The arrows indicate the

direction of the spontaneous Polarisation. .............cccevveeeiiee e e 10
Figure 1.5 The unit cell of LiNbO3 for +Ps and —Ps domains. Reprinted by Ref. [20].................... 15

Figure 1.6 A layer of crystal lattice of (a) virgin and (b) domain-inverted LN replotted from Ref.
[38]. The order of cation ions and vacancies is reversed along both y and z direction as

indicated by the dashed arrOWS. .........ccvviiiii i 16

Figure 1.7 Electric field poling setup. The white light is of low intensity and used only for
visualisation of the poling process via the crossed polarisers and CCD camera. (P1, P2
indicates the polarisers; HV the high voltage; W the water; S the LN sample; FS the fused
Silica and O the O-TINQ.) ...eeiiiii e ree e s re e e saeeeens 17

Figure 1.8 Schematic of a cross-section of LN crystal upon HF etching along c direction. The arrows

indicate the direction of the polarization states: 1 for +Ps and | for —Ps domains. ....... 18
Figure 1.9 Schematic of the wedge polishing gEOMELIY. ........covviiiiiiiiiiie e 19

Figure 1.10 PFM measurement set-up reprinted from [37]. An alternating voltage with an optional
offset is applied to the conducting tip. The back side of the sample is grounded. A contact-
mode feedback is used. The domain signal is read out with a lock-in amplifier operating

at the frequency of the alternating voltage that is applied to the tip. (C = Cantilever.) ..20

Xi



Figure 2.1 Schematic of the laser writing set-up. The sample is mounted on a two axis computer-
controlled stage. M1, M2, M3 indicates the mirrors, BS the beam splitter, L the focusing
1€NS aNd CCD the CAMETA. ........eeiiieiiieiee ittt 28

Figure 2.2 top: schematic of the wedge polishing geometry. Bottom: SEM image of the stretched
depth profile of a P1 domain [15]. ....ccveiiiiiiiiieiiieie e 29

Figure 2.3 SEM images of wedge-polished/HF etched domain pairs fabricated by a UV laser beam
under the same writing conditions. The centre-to-centre distances between the adjacent
domains are: @) 1 um, b) 3 um, ¢) 5 um, d) 7 um, €) 9 um. The dashed lines indicate the
edge where the slope changes due to wedge polishing and above each stretched depth

profile a schematic of the cross section of each adjacent PI domain is illustrated. ........ 32

Figure 2.4 Depth of Pl domain pairs as a function of the separation between UV laser exposed tracks

for different irradiating laser INtENSITIES. .........ooviiiiiiiiiic e 33

Figure 2.5 SEM images of wedge-polished and HF etched domains fabricated by repeated laser
irradiated tracks along the same area. From left to right the numbers of superimposed
laser tracks are: a) 1, b) 2, ¢) 3 and d) 4. The horizontal dashed lines indicate the position

where the slope changes due to wedge polishing..........ccccccveeiiie i, 34

Figure 2.6 Depth versus number of superimposed laser tracks for UV-induced PI domains fabricated

by a focused UV laser beam under different irradiating laser intensities. ..................... 35

Figure 2.7 SEM images of HF-etched Pl domain ring combinations that form ring shapes with
variable width (images a-c) and disc structures with varying diameter (images d-f). Rings
on images (a-c) consist of combinations of 1, 2 and 4 adjacent Pl domains, respectively.
Discs on images (d-f) consist of combinations of 7, 12 and 17 adjacent Pl domains,

FESPECLIVEIY. . vriiiiie e e e e e e e naae s 36

Figure 2.8 SEM images of: a) Mach-Zehnder ridge structures fabricated using 0.15 MW/cm? of UV
laser intensity and developed from HF etching of Pl domains where the distance between
the two interferometer arms from top left to bottom right of the image is: 10 um, 20 pum,
50 pm, 100 um and 200 um. b) Coupler structures fabricated under the same writing
conditions where the minimum distance between the two arms from top left to bottom

right of the image is: 2 um, 3 um, 4 um, 5 umand 6 pMm. .....cooovvviiiieneieeeeee s 37

Figure 2.9 Schematic of the Mach-Zehnder structure. The red arrows dictate the direction of the first
part of the interferometer, consisting the input, arm 1 and output. The black arrows
indicate the second part, consisting of the movement of the stages back to point A and the

writing of arm 2 up to point B where it connects with the first section. ....................... 37

Xii



Figure 2.10 SEM image of Y-junction structure developed from HF etching of curved Pl domains.

The distance between the two interferometer arms is: 20 M. ......ccoooveiiiiiiiiieiieniens 38

Figure 2.11 SEM images of ridge coupler structures developed from HF etching of PI domains. The
distance between the two ridges in the coupler section is: a) 3 um, b) 4 um and c)
o3 VT o PP P PRSP UPT PSPPI 38

Figure 2.12 SEM images of ring-shaped superstructure near a straight ridge section fabricated using
0.14 MW/cm? of UV laser intensity. The distance between the centres of the ring and

straight ridge sections is: @) 2 M, D) 4 LML ....ooiiiiiiiiiee e 39

Figure 2.13 a) Schematic of the basic structure of ASL based transducer in PPLN with coplanar
electrodes configuration. b) Side-view (yz-plane). Reprinted from Ref. [27]................ 41

Figure 2.14 Schematic of the basic structure of an ASL transducer using a Pl domain grating in

lithium niobate with coplanar electrodes. ............coovviiiiiiiiiei e 42

Figure 2.15 Microscope images of fabricated UV-induced PI gratings of period of 10um with
different UV laser powers: a) 0.10MW/cm? b) 0.12MW/cm?, ¢) 0.14MW/cm?and d)
0.16MW/cm?. a) and b) are solid domain with no laser damaged surface. c) and d) are

solid domains with laser-damaged SUrface. ..........ccccvveviie i 43

Figure 3.1 Schematic of the cross section of a) the LN crystal during the UV-irradiation process on
its +z face where the red region indicates the UV-induced temperature increased volume,
b) the lithium ions distribution upon the irradiated region, c) the resulted UV-written
waveguide on a single domain substrate where the blue line indicates the refractive index
distribution, c) the EFP step and d) the formed Pl domain which overlaps with the

LT V=T [T o LTSS PPR 50

Figure 3.2 Schematic of the Pl domains overlapping with the UV-written waveguides (cyan regions)
in a LN crystal where gold electrodes have been deposited on the z faces (yellow area).

The arrows indicate the POIAIILY .........cooiviiiiii e 51

Figure 3.3 Plot of Peak Anc as a function of waveguide writing intensity before and after. Reprinted
L]0 I 1S PRSPPSO 52

Figure 3.4 Experimental setup for the measurement of electro-optic coefficient of the PI lithium
niobate waveguides: Al, A2 correspond to optical attenuators; M1, M2, M3 are mirrors;
BS1, BS2 are cube beam splitters; WUT the “waveguide under test”; V the applied
voltage; P the pinhole; D the detector and L1A the lock-in amplifier............................ 54

Xiii



Figure 3.5 Variation of normalised detector output with the a) negative and b) positive applied
voltage of a waveguide that overlaps with a PI domain, written under writing intensity of
0.18 MW/cm? and speed of 0.1 MM/SEC. .......ccveviviverereiiiiiiieeeceeee et 56

Figure 3.6 Intensity of the UV laser versus the measured rss for: a) negative and b) positive voltage
ramp. The red lines are guide t0 the BYE. ........c.ooiiiiii i 57

Figure 3.7 a) Comparison between 1/e?> measurements of mode depths (for A=633nm and TM
polarisation) and Pl domain depth as measured in [22] versus the writing intensity and b)

the rzameasured for eaCh WaveguUIde. ..........ccooviiiiiiiiii e 59

Figure 3.8 Refractive index profile (red line) and the intensity of light (grey line) emerging after
propagation through a domain wall in a 500um thick crystal. The shaded zone indicates
the domain inverted region. The vertical arrow indicates the position of the domain

boundary. Reprinted from Reference [12] .........cccoiiiiiiiiiiiieiieeeeee e 60

Figure 4.1 SEM images of wedge-polished and HF etched tracks fabricated by UV-laser irradiation
followed by EFP. The laser intensities used are: (a) 0.13 MW/cm?, b) 0.15 MW/cm?, c)
0.17 MW/cm? and d) 0.19 MW/cm?. The dashed lines indicate the boundary where the

slope changes due to wedge POlSNING. .........ccoviviiiiiii e 71

Figure 4.2 SEM images of wedge-polished and HF etched tracks fabricated UV-laser irradiation
followed by EFP. The laser intensities used are: (a) 0.25 MW/cm?, b) 0.27 MW/cm?, c)
0.30 MW/cm? and d) 0.31 MW/cm?. The dashed lines indicate the boundary where the

slope changes due to wedge POlIShING........cccooiviiiii i 72

Figure 4.3 SEM image (a) and PFM scan (b) of the depth profile of an UV-induced Pl domain in PE
sample. The UV-laser intensity used was 0.36 MW/cm?. The dashed lines indicate the

boundary where the slope changes due to wedge polishing ............cccccooveiviieiincinnen, 74

Figure 4.4 The depth (a) and width (b) of UV-laser tracks in a PE undoped CLN (as measured from
the SEM images of wedge polished samples) plotted as a function of the laser intensity.
The red symbols correspond to various surface and depth qualities and the red dashed line

corresponds to the depth of the high proton exchange layer............cooceovviiiiieeiinneenen, 74

Figure 4.5 Schematic of the waveguide coupling experiment. A 633nm He-Ne laser beam is coupled
into the PE waveguide and coupled out through two objectives. The waveguide coupling

point is able to move anywhere between the UV-laser irradiated tracks....................... 75

Figure 4.6 Near-field intensity profiles of two UV-induced Pl domains on the PE:CLN surface planar

waveguide, fabricated by a UV-laser beam focused to a spot size of ~ 2.5um at intensity

Xiv



of 0.36 MW/cm? Incident coupling point of the He-Ne beam is located a) between the two
adjacent irradiated tracks and b) right of the centre of the track. ............ccccevvieiinnne 76

Figure 4.7 Near-field intensity profiles of a UV- irradiated track on the PE:CLN surface planar
waveguide. The UV laser intensity used was 0.13 MW/cm? The coupling point of the
He-Ne beam is located: a) as close as possible to the surface and b) deeper in the
CPYSTALL 1 77

Figure 4.8 SEM image of the depth profile of a UV-induced Pl domain in Mg-doped PE. The UV-
laser intensity used was 0.36 MW/cm? The dashed lines indicate the boundary where the
slope changes due to wedge PoliSNiNg. ........cccooiiiiiiiiiii e 78

Figure 4.9 SEM image of the depth profile of scattered nano-domains of an UV laser track in Mg-
doped PE sample followed by EFP. The laser intensity used was 0.25 MW/cm?. The

dashed lines indicate the boundary where the slope changes due to wedge polishing....78

Figure 4.10 SEM images of the depth profile of UV-induced Pl domain in a CLN sample were PE
waveguide formation was performed afterwards. The UV-laser intensity was: a) 0.13
MW/cm?, b) 0.15 MW/cm?, ¢) 0.17 MW/cm?, d) 0.19 MW/cm? and ) 0.36 MW/cm? The

dashed lines indicate the boundary where the slope changes due to wedge polishing ...80

Figure 4.11Near-field intensity profile of an APE:CLN surface planar waveguide between two

adjacent UV-induced Pl dOMains. ..........ccoiviiiiieiiiie et 81

Figure 5.1 Near-field mode intensity profile measurement setup. (M1, M2: mirrors; FM: flipping
mirror; A: attenuator; P: polarizer; L1 and L2: objective lenses; WUT: waveguide under
test; C1: CCD Camera and C2: the COMPULEL.) .....covviiiiiiiiie e 89

Figure 5.2 Nomenclature of mode profiles used in this thesis with the z direction specifying the
crystal depth and x direction the spatial direction equivalent to across the beam. The white

dashed line indicates the crystal SUMfaCe. .........ccveiviiiiiii i 90

Figure 5.3 Near field waveguide mode profiles for channels written on the +z face at wavelength of
633nm, TM polarisation written under different writing intensities at Lmm/sec. Intensities
used: a) 0.49 MW/cm?, b) 0.63 MW/cm?, ¢) 0.70 MW/cm?, d) 0.77 MW/cm? and €) 1.12
IMIW/CIMZ, .ttt ettt ettt ettt ee sttt n e st sns 91

Figure 5.4 a) mode width and b) mode depth at A=633 nm of TM polarisation corresponding to
waveguides written under different writing intensities and writing speeds. The SM

notation indicates the single Mode WaveguUIdES. ..........ccovivieeeiiiine e ssee e sieee e 91

XV



Figure 5.5 Mode profiles for +z a-Si/CLN waveguides at wavelength of 633nm of TE polarisation,
written under different writing intensities at 1mm/sec. Intensities are: a) 0.77 MW/cm?,
b) 0.84 MW/cm? and €) 1.12 MW/CIMZ. .......c.coviriririieieretereieieiee e 92

Figure 5.6 a) mode width and b) mode depth at A=633 nm of TE polarisation corresponding to

waveguides written under different writing intensities and writing speeds. .................. 93

Figure 5.7 TM mode profiles for waveguides at wavelength of 1.52um of TM polarisation, written
under different writing intensities at 1mm/sec. Intensities are: a) 0.77 MW/cm?, b) 0.84
MW/Cm? and €) 1.12 MW/CIMZ. .....cocviviiiiicceeeeie ettt 94

Figure 5.8 a) mode width and b) depth at A=1.52 um for TM polarisation corresponding to

waveguides written under different writing intensities and writing speeds. .................. 95

Figure 5.9 Mode profiles of channel waveguides written under writing speed of 1mm/sec and laser
intensities: a) 0.49 MW/cm?, b) 0.63 MW/cm?, ¢) 0.70 MW/cm?, d) 0.77 MW/cm? and €)
1.12 MW/cm?, before (al, bi, c1, d1, el) and after (a2, b2, c2, d2, e2) removal of the Si

film. Laser writing SPeed: LMIM/SEC. .......coiiuiiiieiiiiiieiie e 96

Figure 5.10 a) Mode width and b) mode depth at A=633 nm of TM polarisation corresponding to
waveguides written under different writing intensities and writing speeds. Solid and open
data points correspond to measurements taken with and without the a-Si over-layer on

top, respectively. The SM notation indicates the single mode waveguides. .................. 96

Figure 5.11 a) Mode width and b) mode depth at =633 nm of TE polarisation corresponding to
waveguides written under different writing intensities and writing speed of 1mm/sec.
Solid and open data points correspond to measurements taken with and without the a-Si

over-layer on top, reSPECLIVEIY. .....c.voiiiii i 97

Figure 5.12 Loss versus length of a waveguide written on the +z face of a-Si/CLN sample with
different writing conditions. Measurements taken for TM polarisation of incident beam
0] I X K] 1 o USSP 98

Figure 5.13 Comparison of waveguide propagation and loss versus writing intensity for waveguides
written on +z face of a-Si/CLN under different writing speeds. Measurements taken for

TM polarisation of incident beam of A=633NM..........ccooeiiiiiiiii e, 100

Figure 5.14 Comparison of waveguide propagation and loss versus writing intensity for waveguides
written on +z face of a-Si/CLN under different writing speeds. Measurements taken for
TE polarisation @t B33NM ... ...ci ittt e e 101

XVi



Figure 5.15 Loss versus length of a waveguide written on the +z face of a-Si/CLN sample under
different writing intensity and constant writing speed of 0.016mm/sec. Mode profile of
the measured waveguide at a wavelength of 1.52 um of TE polarisation. .................. 102

Figure 5.16 Comparison of waveguide propagation loss versus writing intensity for waveguides
written on +z face of a-Si/CLN with constant writing speed of 0.016mm/sec.
Measurements taken for TM polarisation of incident beam of A=1.52 un. .................. 103

Figure 5.17 Comparison of a) mode width and b) mode depth at A=633nm of TM polarisation,
between waveguides written on +z face (solid data spots) and —z face (open data spots) of
a-Si/CLN samples, corresponding to waveguides written under different writing

intensities and writing speeds. The SM notation indicates which waveguides are single

Figure 5.18 Comparison of 1/e*> measurements of a) mode width and b) mode depth between
A=633 nm (black dots) and A=1.52 pm (red dots) of TM polarisation corresponding to
waveguides written under different writing intensities and constant writing speed of

0.01mm/sec. The SM notation indicates the single mode waveguides. .............c..c..... 105

Figure 5.19 Measurements of 1/e? values of waveguides written under different writing intensities at
0.01mm/sec on -z face of a-Si/CLN. The top graph shows the mode widths and the bottom

one the depth versus the writing intensities USed. ...........cccovveviieeiiie e 106

Figure 5.20 Microscope images of HF etched Pl domains. The irradiation conditions are: constant
scanning speed at 60mm/min and laser intensities at a) 0.63 MW/cm?, b) 0.56 MW/cm?
ANA €) 0.28 MWI/CIM. ...ttt n ettt 108

Figure 5.21 SEM images of the wedge-polished Pl domains fabricated under different laser

intensities keeping the speed constant at 0.1MM/SEC. .....ccveevvveeiieeeiiee e 108
Figure 5.22 PFM images Pl dOMAINS ........cocviiiiiiie et et aee e snre e e 109

Figure 5.23 The depth and width of Pl domains in a-Si/CLN plotted as a function of the writing laser

intensity under different Writing SPEEUS. .......ccvveiiiiiiiii e 110

Figure 5.24 Pl domain depth versus width for different writing speeds keeping constant the writing

speed at 6mm/min. The red line corresponds to linear fitting. ........c.ccccoeeiiiieiieeennen. 111

Figure 5.25 Comparison of Pl domain depth and width in a-Si/CLN under the same writing intensity
(0.42 MW/cm? and 0.7 MW/CIM?).....cucuiueeiieeeeeeeeeeeeeee e 112

XVii



Figure 5.26 In situ optical visualization of the bulk domain formation in association with the laser
written tracks. Frame (b) was taken 6 minutes after frame (a). The arrows indicate the
directions of domain GroWEN. ........cooiiiiiiii 113

Figure 5.27 SEM images of the wedge-polished Pl domains fabricated in (+z) a-Si/CLN sample
under laser intensity of 0.51MW/cm? and writing speed of 0.016mm/min. a) view from
the top, b) titled view at 60 degrees and c) magnified view of image b). .................... 114

Figure 5.28 The depth of PI domains in a-Si/CLN plotted as a function of the writing laser intensity

fabricated under constant writing speed of 0.16MM/SEC..........cccevivieiiiieiiiee e 115

Figure 5.29 SEM images of the wedge-polished spontaneous inverted domains keeping the speed
constant at 0.6mm/min and varying the writing intensity: a) 0.56 MW/cm? , b) 0.70
MW/CM?, €) 0.84 MW/CIT. ...ttt 116

Figure 5.30 The width and depth of spontaneous inverted domains in —z face a-Si/CLN plotted as a

function of the writing laser intensity under different writing speeds. ............cccceeuee. 117

Figure 5.31 Comparison of spontaneous inverted domain depth (a) and width (b) in —z face a-Si/CLN
under the same writing intensity (black dots: 1.54 MW/cm? and red dots: 0.70 MW/cm?).

Xviii



XiX



XX



R. Bolafio, “The Savage Detectives” Picador, London, p. 672, 2007

XXI



XXii



DECLARATION OF AUTHORSHIP

I, Zisis Grigorios Konstantinos declare that this thesis, entitled “Laser-induced ferroelectric and
photonic structures in Lithium Niobate crystals”, and the work presented in it are my own and has

been generated by me as the result of my own original research.
I confirm that:

1. This work was done wholly or mainly while in candidature for a research degree at this

University;

2. Where any part of this thesis has previously been submitted for a degree or any other

qualification at this University or any other institution, this has been clearly stated;
3. Where | have consulted the published work of others, this is always clearly attributed,;

4. Where | have quoted from the work of others, the source is always given. With the exception of

such quotations, this thesis is entirely my own work;
5. | have acknowledged all main sources of help;

6. Where the thesis is based on work done by myself jointly with others, | have made clear exactly

what was done by others and what | have contributed myself;

7. Parts of this work have been published as listed in Appendix:

ol



XXIV



Acknowledgements

Acknowledgements

As with any substantial body of work, contributions from many individuals have been made in a
variety of ways. First of all, | would like to thank my supervisor Dr. Sakellaris Mailis for all his
efforts in supervising, supporting and encouraging me. This thesis would never be accomplished
without his help.

Thanks the ORC colleagues: Professor Rob W. Eason and Professor James Wilkinson for their
comments and feedbacks in my 9- and 15-months viva, respectively. Dr. Collin Sones and Charlie
Y. Ying, for passing on the much useful expertise and skills during my 3 month internship. | would
also like to thank Gregorio Martinez-Jimenez and Yohann Franz for their companion in the lab and
sharing with me their thoughts and concerns. | am also very grateful to physics clean room technician

Zondy Webber and ORC technician Neil Sessions for all the support in my experiments.

Thanks also to our Bonn collaborator Dr. Elisabeth Soergel for all the PFM work and Ass. Professor
Katia Gallo and her PhD student Michele Manzo from KTH for their work on the proton exchange

waveguides.

Finally, special thanks to all my Sotonians friends for being there , to my friends back in Greece for
not being there, my family for their continuous support and Sophia for the constant encouragement

and inspiration.

XXV



XXVi



Abbreviations

AFM Atomic Force Microscope
APE Annealed Proton Exchange
a-Si Amorphous Silica

ASL Acoustic Super-Lattices
CCD Charge Coupled Device
CLN Congruent Lithium Niobate
Ccw Continuous Wave

DC Direct Current

EFP Electric Field Poling

EO Electro-Optic

FE Ferro-Electric

FWHM Full Width at Half-Maximum
HF Hydro-Fluoric

HW High Voltage

IDT Inter-Digitated Transducer
IR Infra-Red

LN Lithium Niobate

NA Numerical Aperture

NPM Non-Phase Matching

PE Proton Exchange

PFM Piezoresponse Force Microscopy
Pl Poling-Inhibition

XXVil

Abbreviations



Abbreviations

PPLN

QPM

SAW

SEM

Si

SHG

SHW

SLN

uv

WUT

Periodically Poled Lithium Niobate
Quasi Phase Matching

Surface Acoustic Wave

Scanning Electron Microscope
Silicon

Second Harmonic Generation
Second Harmonic Wave
Stoichiometric Lithium Niobate
Ultra-Violet

Waveguide Under Test

XXVili



XXIX



XXX



Chapter 1

Chapter 1: Introduction

1.1 Introduction

After the first growth of crystalline lithium niobate (LN) in 1965 [1] using the Czochralski
technique, and the reports about its synthesis [2] and its ferroelectricity [3], this material has been
the subject of extensive research for the last 30 years resulted in almost a thousand publications. Its
technological importance has resulted in tons of this crystal being grown each year. LN has a range
of attractive physical properties (electro-optic, piezo-electric, acousto-optic, photo-refractive, pyro-
electric, photo-voltaic, and optical non-linearity) [4], which led to applications in various areas of
technology. Especially in photonics, it has become the material of choice for applications in optical
communications [5], sensing [6], optical switching [5], nonlinear optical frequency generation [7]

and surface acoustic wave (SAW) filtering [8].

Regarding non-linear optical applications, such as frequency conversion, LN offers the ability
for quasi phase matching (QPM) by controlling the sign of the non-linear coefficient, *®, by periodic
inversion of the ferroelectric domains [9]. Although ferroelectric domain engineering has been
developed primarily for QPM nonlinear frequency conversion [7], other applications are starting to
arise such as the performance improvement of electro-optic [10] and acousto-optic devices [11], [12].
Surface micro-structuring by differential etching of domain engineered LN crystals is another option

in the area of integrated optics [13], [14].

1.2 Synopsis

The development of a reliable technique in order to achieve precise domain inversion that will
enhance the characteristics of the lithium niobate (LN) crystal by means of photonic functionality

was the main motivation of this research work.

The first part of this thesis, which is included in Chapters 2 to 4, presents a step towards on
the investigation of the UV laser direct writing process that has already been done by the Group of
Non-linear Optical Materials, aiming at the optimisation of the technique that will allow the
fabrication of advanced integrated photonic devices. This technique is capable to be used for domain
engineering through the poling inhibition (P1) effect, waveguide fabrication, and micro-structuring
on undoped congruent lithium niobate (CLN). The produced Pl domains have a moderate depth (a

few microns below the surface) that can be controlled, to some extent, by the laser exposure
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conditions; providing a route to bypass some of the limitations of the conversional technique that is
mainly used, which achieves domain inversion by the application of a patterned electric field, referred
to as electric-field poling (EFP). Optical waveguides can be fabricated through this one step
technique without the requirement of high temperatures, cleanroom environment or acid treatment.
Additionally, using UV laser processing on LN crystal, is possible to fabricate a structure where a
channel waveguide is made to overlap with an individual ferroelectric domain. Lastly, micro-
structuring is possible by adding a hydrofluoric acid (HF) etching step after the fabrication of the
UV-induced Pl domains.

More specifically, an examination of the photonic micro-structure fabrication capabilities was
performed by producing a range of different configurations (disks, rings, couplers, etc.). In addition,
the variations in the nonlinear and electro-optic response as a consequence of Pl domain inversion
were under inspection and the waveguide characteristics. Finally, an investigation of the UV-induced
Pl domain inversion method in proton exchanged CLN waveguides was realized. It is essential here
to note that these experiments stopped abruptly after a failure of the tube of the UV-laser on January
of 2013. Although a significant amount of work had been already done by then, some future plans,
which are described in the relative chapter (Chapter 6), weren’t able to be finalised. The second part
of this thesis, Chapter 5, arised as a result of this incident which engaged our group in discovering a
new technigue in order to avoid the restriction of using UV-lasers. A brief description of the contents

of each chapter follows.

Chapter 1 presents a review of the crystalline structure of lithium niobate and discuss some of

its physical properties relevant to the research work presented such as the linear electro-optic effect.

Chapter 2 discusses the technique of UV laser-induced poling inhibition in CLN crystals. A
brief description of the effect is given, explaining the experimental domain formation processes, the
mechanism that lies behind and the relevant domain visualisation methods. An investigation of the
ability to manipulate the width and depth of the Pl domains, is presented afterwards, by partially
overlapping the subsequent UV laser irradiated tracks and by repeated UV irradiation along the same
track, respectively. Finally, it is shown that complex domain structures, much wider than the
irradiating laser spot, can be obtained by combining individual Pl domains thus increasing

dramatically the utility of this method for the fabrication of surface microstructures.

Chapter 3 presents an enhancement of the electro-optic coefficient in LN waveguides which
are overlapping with a Pl domain. The waveguide and the overlapping Pl domain are both produced
by a single UV irradiation process and thus they are self-aligning. The effect is attributed to the stress

field, which is associated with the presence of a domain wall that contains the channel waveguide.

Chapter 4 contains a study of ferroelectric domain inversion in proton exchanged lithium
niobate crystals following irradiation with a continuous wave (c.w) UV-laser beam. Local inhibition

of poling, which is associated with UV irradiation of the +z face of the crystal has been observed

2
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under specific conditions. The state of domain inversion of the processed crystals was investigated
using differential etching in HF acid and piezoresponse force microscopy. Both investigation
methods revealed that UV irradiation of post proton exchanged crystals modifies the proton

concentration and consequently the associated waveguide.

Chapter 5 presents an alternative route to produce optical waveguides and poling inhibited
ferroelectric domain in CLN using a hybrid composite a-Si/CLN platform, which uses a visible
wavelength c.w. laser. A full description of this novel technique is given, explaining the fabrication
process and the mechanism. An investigation of the waveguiding characteristics, first, and of the

ferroelectric domains, later, as a function of the fabrication conditions is also given.

Finally, Chapter 6 contains a summary of suggestions for future work which is based on this
thesis. The Appendix lists the related published and due submission papers emanating from this

work.

1.3 Ferroelectrics

A ferroelectric crystal, as defined by Martienssen and Warlimont [15], is a crystal, which
belongs to the pyroelectric family (i.e. exhibits a spontaneous electric polarization Ps) and whose

direction of spontaneous polarization can be reversed by an electric field.

Generally, as indicated in Figure 1.1 [16], among the 32 point group crystal classes there are
21 non-centrosymmetric classes within which 20 are piezoelectric. Among the piezoelectric group,
ten (10) have a temperature dependant spontaneous electric polarization Ps which is, hence they are
pyroelectric. Ferroelectric crystals are a subgroup of the pyroelectric materials; therefore in their
ferroelectric phase possess the properties of the groups in which they belong (non-symmetric,
piezoelectric and pyroelectric). Possible nonlinear optical properties in ferroelectric crystals derive

from the absence of inversion symmetry and are odd-rank polar tensor.
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7 Crystal systems
(Triclinic, monoclinic, orthorhombic,
tetragonal, trigonal, hexagonal, cubic

32 Pomt groups (PGs)
I 1
No center of symmetry Center of symmetry
(21 PGs) (11 PGs)
I
I l 1
Piezoelectric Non-Piezoelectric
(20 PGs) (1PG)
I
I I 1
Polar or Pyroelectric Non-Pyroelectric
(10 PGs) (10 PGs)
I
I I 1
Ferroelectric Non-Ferroelectric

Figure 1.1 Grouping of crystal classes according to their piezoelectric, pyroelectric,

ferroelectric and electrostrictive properties. Reprinted from Ref. [16]

The orientation of Ps can be changed in two or more orientational states at a temperature
higher than the material’s Curie point T or by applying an external electric field above a threshold
value related to the crystal’s coercive field Ec. When T < T, the crystal is in its ferroelectric phase.
Above that temperature the crystal is in its paraelectric phase in which its electric dipoles are

unaligned and cannot exhibit spontaneous polarization.

In its ferroelectric phase the orientational states of Ps that can be switched from one to other
by an external field are crystallographic identical and only alter in the direction of the Ps vector. The
homogenous region in which all of the dipole moments in adjacent unit cells have the same
orientation is called ferroelectric domains and the plane/boundary that separates two different domain

regions, is called domain wall [17].

1.4 Lithium Niobate

Lithium Niobate is an artificial ferroelectric crystal first fabricated in Bell Laboratories in
the mid-sixties, which has numerous attractive properties (electro-optic, piezoelectric, acousto-optic,
photorefractive, pyro-electric, photovoltaic). The main parameters (stoichiometry, defects, etc.) and

properties of LN will be discussed in the following sections.
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14.1 LN crystal structure-Stoichiometry

The Czochralski technique is the most common method for the growth of large, high quality
single LN crystals in a number of different growth directions [1], [18]. LN can be grown in a wide
range of compositions. The composition that matches exactly chemical compound symbol, LiNbOs,
having a ratio of [Li]:[Nb]:[O] of 1:1:3, is referred as stoichiometric lithium niobate (SLN), but due
to the volatility of Li ions the growth of SLN is fairly challenging. The easiest and more common is
the congruent lithium niobate, which is lithium-deficient and corresponds to congruent point at which
both the solid and the liquid phase can co-exist. CLN have lithium ion concentration of less than 50
mol% Li.O (typically ~ 48,5 mol% Li.0O).

LN is a uniaxial trigonal ferroelectric crystal and belongs to the 3m in the Hermann-Mauguin
notation point crystal group [19]. In the ferroelectric phase it is also called oxygen octahedra
ferroelectric [20] as the crystal structure is being consisted by six octahedral cages which are stacked
with shared close-packed planes forming one unit cell. The oxygen atoms do not lie above one
another but are arranged in a screw-like fashion, forming a succession of distorted octahedra along
the polar z-axis (optic axis) which are filled with Li and Nb ions in the following sequence: “Li —
Nb — vacancy (V) — Li — ...” along the positive polar direction, +z direction as illustrated in Figure
1.2. The Li and Nb ions however are not situated at equal distances between the oxygen planes but

they are displaced slightly away from the octahedra centres (dashed lines) along the z-axis.

This displacement of the metallic ions is responsible for the existence of the electric dipole
moment in the LN crystal. Each neighbouring Li-Nb pair, acts as individual dipoles which can all be

aligned either ‘up’ or ‘down’ giving rise to two possible domain orientations.
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vacancy +—_rj __

Figure 1.2 (a): the crystal structure of LN unit cell reprinted from Ref. [20] and b) the
relative positions of the Li and Nb atoms in relation to the O planes represented by the

black lines. The dashed lines represent the centre plane between two oxygen planes.

At temperatures higher than the Curie temperature, T, ~ 1210°C, LN is in paraelectric state
in which the Li ions are lying either slightly above or slightly below an oxygen layer, with the average
position being planar with the oxygen and the Nb ions are located at the centre of oxygen octahedral.

This configuration results in the non-polar paraelectric phase of the crystal.

1.4.2 Defects in congruent LN

Li deficiency characteristic in CLN is responsible for a high level of intrinsic defects, usually
referred as non-stoichiometric defects and affects the physical properties of the crystal. Although
there is some disagreement in the literature about the precise nature of this defect structure, it is

commonly accepted that the anti-site defect, Nb on a lithium site, Nb;', plays an important role in

non-stoichiometric defects [21].

The influence of non-stoichiometry on physical properties can be understood within the
framework that point defects arising from such non-stoichiometry are not randomly distributed but
organized as defect clusters. These defect clusters can themselves possess a defect polarization Pp
that is different from the lattice polarization Ps. Figure 1.3 shows schematics of a possible defect
complex involving Nby and Vi as proposed in [22]. The proposed model describes how the

equilibrium states of the defect complexes composed of a niobium antisite surrounded by three Li*
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vacancies in the nearest neighbourhood, plus one independent Li* vacancy along the polar ¢ direction.
Figure 1.3a depicts a stoichiometric LiNbO3 unit cell, which acts as reference to the proposed stable
defect states in congruent LiNbO3 (Figure 1.3b,d) at room temperature.

O
© o
vy
O

by

Unit
cell

Figure 1.3 Schematics of a possible defect complex involving Nbyi and Vyi. (a) A
stoichiometric crystal with no defects. (b) A defect dipole complex in its low-energy
configuration. Upon polarization reversal, state b becomes state c, in which the dipole
in ¢ is in a frustrated state. State ¢ will relax to state d after annealing at >150-C,
which allows diffusion of Vi . The defect polarization Pp is shown in b, ¢, and d. The

oxygen planes are represented by red triangles.

In a stable defect state, the defect polarization Pp is assumed to be parallel to the lattice
polarization Ps. Upon domain reversal, domain state (Figure 1.3c) is achieved, which is termed as a
frustrated defect state and is achieved when the niobium antisite defect moves to the neighbouring
octahedron by the movement of Nby;through the close-packed oxygen plane. While Vi remains at
the same position because of lack of lithium mobility at room temperature. This frustrated state can

be relieved into the stable state of Figure 1.3d after a high-temperature anneal [23], [24].

The size of defect clusters is restricted to ~ 11,4 A (about four cation sites), while the average

spacing between defect clusters along the chains is estimated to be ~76 A [25].

1.5 Nonlinear optical properties

151 Second order nonlinear susceptibility

The absence of suitable lasing devices in the UV to near-visible region of the spectrum

restricts the photonic applications. One of the main uses of lithium niobate crystals are in second
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harmonic frequency conversion devices, which are able to generate a second harmonic wave (SHW)
that has double frequency of the fundamental/input wave.

In order to achieve this, an electromagnetic wave must be incident on a dielectric medium.
Then, electrons in the medium will be displaced from their equilibrium positions and start to oscillate
under the influence of the oscillating electric field, producing oscillating electric dipoles resulting in
a macroscopic polarization function which can be expressed as an expansion in powers of E field.

R(w)=¢, [liﬁl)Ej + Zi EjEc + 25 E,EE, +:| 11

j
P=P®+P®+pP®4 . 1-2

where o is the angular frequency of the optical field E, & is the permittivity of free space, and Ziﬁl)

is the linear susceptibility which describes the linear response of the material with refractive index n

and absorption a and 4, »® are the second- and third-order susceptibilities relatively, both
ij ij

responsible for nonlinear optical phenomena. Second-order nonlinear optical interactions can occur

only in non-centrosymmetric crystals as LN crystal is.

A tensor of nonlinear optical coefficients, d, , is typically used in place of the second-order

nonlinear susceptibility according to the relation:

1 (2)
dijk = E Xiik

The d tensor can be described by a contracted notation, where d;, is expressed using two

indices d, , with | defined as in Table 1.1, allowing the convenient rearrangement of the third-order

tensor into a 3x6 two-dimensional matrix.

ik : | 11 | 22 | 33 | 23,32 | 31,13 | 12,21

2 | 3 4 5 | 6

Table 1.1 Definition of the contracted notation

l: | 1

Taking into account the symmetry of point group 3m of LN as well, dij can be expressed in

matrix form as:
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0 0 0 0 d —d,
d,=|-d, d, 0 dg O 0 1-4
d, d, d 0 0 0

The most commonly used coefficients of the non-linear tensor are the coefficient

d,, =3 pm/V and the largest coefficient, d,, =31 pm/V .

If we substitute an electric field of the form E = E;cos(amt) + E, cos(a,t) into Eq 1-1, the
resulting polarization Pi(w) will produce terms such as (o, —®,), (@ +®,), 2w, 20,, leading to a

range of physical processes that occur as a result of the second-order polarization term. One of those
is the second harmonic generation (SHG) which occur when a non-centrosymmetric crystal is
illuminated by an intense laser beam, resulting in second harmonic wave, with double frequency of
the fundamental wave. The fundamental and second harmonic waves propagate throughout the
crystal and the second harmonic term has an intensity proportional to the fundamental intensity
squared, meaning that the second harmonic intensity increases quadratically over the interaction
length L and its wavelength dependent with the term Ak the wave vector mismatch. If 4k is non-zero,
the second harmonic intensity is modulated throughout the crystal, reducing the conversion
efficiency hence phase matching (i.e. quasi-phase matching) is needed. The phase matching
condition for SHG is:

Ak =k,, —2k =0 15

Where K, and K, are the wavevectors of the fundamental and frequency doubled waves.

152 Quasi-phase matching

Quasi-phase matching is a technique in order to correct the phase mismatch in the nonlinear
process at regular intervals without completely matching the phase velocities. This can be achieved
by using a periodic modification of the properties of the medium [9]. QPM does not rely in
birefringence, thus under the appropriate design of the device, it is able to use the largest available

2" order nonlinear coefficient, as in the case of lithium niobate.

Designing a periodic structure where the sign of the nonlinear coefficient d is inverted with
period A in the direction of the wave propagation, we can compensate for nonzero wavevector
mismatch 4k. The period A of the alternation of the crystalline axis must been set equal to twice the

coherent build-up length | of the nonlinear interaction.

Such structure can be a periodically poled material, in which the orientation of one of the

crystalline axes, often the z-axis of a ferroelectric material like lithium niobate, is inverted
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periodically as a function of position within the material. This inversion of the z-axis is responsible
for inverting the sign of the nonlinear coefficient d.

The nature of this effect is illustrated in Figure 1.4, where a comparison of relative phase-
matching efficiencies for non-phase matching (NPM), perfect phase matching (PPM) and quasi-
phase matching (QPM) is shown.

PPM QPM

power at mo
—>
<+—
—P
—
—>
<

7 NPM
== /\

ZC 2[0 310 4]0 SZC
Figure 1.4 Comparison of relative phase-matching efficiencies for non-phase matching

(NPM), perfect phase matching (PPM) and quasi-phase matching (QPM). The arrows

indicate the direction of the spontaneous polarisation.

In the NPM trace the power of w, oscillates sinusoidally with the travelled distance through

the nonlinear crystal at a period of 2l.. Power flows from the fundamental to the 2" harmonic until
they experience a relative © phase shift between them at a distance of one coherence length. After
this distance, the power flows back from the output waves to the input waves over the next lc. This
process repeats along the length of the nonlinear medium, preventing the growth of SHG waves. In

PPM trace the phase matching condition is perfectly satisfied, and consequently the power at a,
grows linearly with the propagation distance. In the QPM trace, each time the power at , of the

generated wave is about to begin to decrease as a consequence of the wavevector mismatch, a reversal
of the sign of d occurs, which allows the power to continue to grow monotonically. Because the
phases of the waves are not perfectly matched throughout the material, this technique is referred as

quasi-phase matching.

Therefore, the phase matching condition becomes:

10
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ky; =k, +k + K, 1-6
Ak =k; =k, =k =K, =0 1-7

where K, =279 | A is the grating vector and A = 2I, is the fundamental period.

1.6 Physical properties

1.6.1 Linear electro-optic effect

The electro-optic effect, also called Pockels effect, is the change in the refractive index of a
crystal when an electric field is applied. Like all second order nonlinearities, this effect is present
due to the lack of crystal symmetry and is commonly used in the fabrication of optical modulators

for applications in optical telecommunications.

In order to describe the electro-optic effect a definition of the ‘index ellipsoid” must be given
first. In optics, an index ellipsoid is a diagram of an ellipsoid that depicts the orientation and relative

magnitude of refractive indices in a crystal and is generated by the equation:

2 2 2
1 2 3

where Z1, Z,, and Z; are the principal axes, and ni, nz, and ns are the principal refractive indices. Eq.

1-8 indicates that the optical indicatrix in the absence of an electric field is an ellipsoid.

For optically uniaxial crystals like LN with ny=n,=n, (also called ordinary index) and ns=n.

(also called extraordinary index) the indicatrix can be written as:

L@zt 19
ng n;

When an electric field is applied, a corresponding change in the refractive index occurs. In
order the above equation remain applicable new values of X, y, z need to be found. These new values
X', y’, z" are related to the old X, y, z values by a third rank tensor with 27 elements. Symmetry
conditions can then be used to reduce this tensor having just four independent elements. In the

reduced subscript notation the tensor for lithium niobate can be expressed as

11
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O r22 r13

O r-22 rlS

0 0 ry
f = 1-10
ik 0 r, O

r, 0 O

r, 0 O

Therefore, the linear EO effect in LN can be described by only four independent coefficients,
I3, 1, s, @Nd 1. The measured values of these coefficients depend on the mechanical constraints

imposed on the crystal (if the crystal is unclamped the stress in the crystal is zero, if the crystal is
clamped the strain in the crystal is zero) [4], on the temperature of the crystal and the wavelength of
light [26]. The electro-optic coefficients of LiNbOs are: raz = 32.6 pm/V, rz = 10 pm/V, r» = 6.8
pm/V at low frequency and rs3 = 30.8 pm/V, ra; = 8.6 pm/V, r2; = 3.4 pm/V at high electric frequency
[27].

The general relationship that describes the electro-optical effect can be written as An ~ rE,
where r is the effective coefficient of the electro-optic tensor that links the specific refractive indices

in the x, y, and z directions with the directions of the applied electric field.

When the applied electric field is along the z direction for example, from the indicatrix

notation the actual value of An can be deduced as:

0~z

AN, (€)=~ T

AN, (E.) =~ Ean’E,

1.6.2 Pyroelectric effect

The pyroelectric effect in LN is a well-known phenomenon that generates dynamic changes
in spontaneous polarisation as a function of temperature [28]. For small temperature change 8T, the

relation between temperature change and polarization change is linear:

SP=poT =123 1-12

where the change of the spontaneous polarisation is P, and P; is a pyroelectric tensor. This effect

is a result of the motion of the Li and the Nb atoms relative to the oxygen octahedra for the LN case.
Because these atoms movement is along the direction parallel to the z-axis only, the pyroelectric

tensor is of the form:

12
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0
pi = O 1-13
Ps

The pyroelectric coefficient P, for LN is p, =—4x10°CK™m™ [29].

1.6.3 Piezoelectric effect

Piezoelectricity refers to the linear connection between the electric polarisation and
mechanical stress (direct piezoelectric effect) or between mechanical strain and applied electric field

(converse piezoelectric effect).

The direct piezoelectric effect is described by the relationship between the induced polarisation and

the stress and is expressed as:

P =d;0 1-14

where dijk is a third-rank piezoelectric tensor (not to be confused with the second order susceptibility
coefficient) and o is the second-rank stress tensor. Due to thermodynamic arguments it becomes
that the stress tensor is symmetric (o, = 0y;), which leads the piezoelectric tensor with eighteen
elements. Since LN has a 3m point symmetry, the piezoelectric stress tensor can be further reduced

to having only four independent coefficients, namely d,,d,,,d,; and d,, [26]. Measured values of

these quantities are presented in Table 1.2 as gathered by Weiss [4]

dis dhis dis dis Ref.
6.95 2.08 -0.085 0.6 [30]
6.8 2.1 0.1 0.6 [31]
7.4 2.1 -0.087 16 [32]

Table 1.2 Piezoelectric strain coefficients [x10™! C/N]

The converse piezoelectric effect, describes the mechanical deformation (strain €) which is
produced due an applying electric field (E). It can be shown through a thermodynamic argument that

the coefficients connecting the induced strain and the applied E-field are identical to those connecting

13
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the induced polarisation and the applied stress in the direct piezoelectric effect [33] and therefore can
be expressed in tensor form as:

& = dijk E, 1-15

Applications in which LN is used taking advantage of its piezoelectric properties are mostly
in acoustics and more specifically in creation of either bulk or surface acoustic waves (SAW) in
interdigitated transducers (IDTs) [34], bulk wave resonators [35] and more recently in acoustic
superlattices (ASLs) [12], [36]. A variety of methods for domain imaging, especially scanning probe
microscopy techniques (i.e. piezoresponse force microscopy (PFM)), rely on the converse

piezoelectric effect [37].

1.7 Domain Engineering

Ferroelectric domain inversion is the process of reversing the direction of the spontaneous
polarization of a ferroelectric material, thus inverting the sign of the »? nonlinear co-efficient. As
illustrated in Figure 1.5, in order to change the direction of the electric dipole moment, lithium and
niobium ions must undergo a transition within the oxygen lattice which is accompanied by a) a small
displacement of the Nb from an asymmetric position along the optical axis (z-axis) within the same
octahedron and (b) a corresponding motion of the Li from one octahedron to the adjacent vacant
octahedron. This kind of transition requires a very large force, which can be created by the application
of an electric field across the z-axis. The direction of motion of these cations defines the positive end
of the spontaneous polarisation, Ps. Given that there are only two permitted directions along z (+ 2),

only two possible domain orientations can exist, £ Ps.
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Figure 1.5 The unit cell of LiNbOs for +Ps and —Ps domains. Reprinted by Ref. [20]

The electric field which is required to invert the half of the dipoles is called coercive field
and the process of reversing the direction of the spontaneous polarization of a ferroelectric material

is called domain inversion or poling [20].

Domain inversion occurs not only for the z-axis but for the y-axis as well. Observing the
dashed arrows along the z-axis of Figure 1.6, which illustrates a layer of crystal lattice of (a) virgin
and (b) domain-inverted LN, it is shown the reversal along the original +z direction: from the virgin
state of {Nb, V, Li, Nb, V, Li, ...} to the domain inverted state of {Nb, Li, V, Nb, Li, V, ...}. Moreover,
the reversal of the cation order in the +y direction is being revealed too. The dashed arrows along
the +y direction indicate that the order of cations and vacancies filling the oxygen octahedral
interstices changing from virgin state of {Nb, Li, V, Nb, Li, V, ...} to domain inverted state of {Nb,
V, Li, Nb, V, Li, ...}. Therefore, domain reversal from +Ps to —Ps can be considered as a twofold

rotation operation of the unit cell about one of the x-axes (rotation of 180" about x-axes).
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Figure 1.6 A layer of crystal lattice of (a) virgin and (b) domain-inverted LN replotted
from Ref. [38]. The order of cation ions and vacancies is reversed along both y and z

direction as indicated by the dashed arrows.

1.8 Electric-field poling

Electric-field poling has become the most commonly used and reliable method for domain
engineering, particularly in the LN crystals. It enables the spatially preferential domain inversion

through patterned electrodes usually defined by photolithography.

In this thesis work, EFP is used without the photolithography step since the domains are
predefined by a UV illumination as will be explained in detail in following section. Figure 1.7
illustrates the EFP setup used in the experiments. The LN sample is mounted with two silicon O-
rings between two transparent fused silica plates and contacted via water electrodes to apply an
electric field along the z-axis. Using a white light source, a CCD camera and a pair of linear polarizers
the domain inversion process can be observed in real time because of the strain induced different

refractive indices between the antiparallel +z and —z domains due to the external electric field [39].
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Figure 1.7 Electric field poling setup. The white light is of low intensity and used only
for visualisation of the poling process via the crossed polarisers and CCD camera. (P1,
P2 indicates the polarisers; HV the high voltage; W the water; S the LN sample; FS
the fused silica and O the O-ring.)

1.9 Domain visualisation

In order to control the written domain structures, it is clear that the visualization of
ferroelectric domains is essential. Depending on the particular requirements like image size, lateral
resolution, dimensionality of imaging, and temporal resolution, a range of different detection
mechanisms has been developed. Some of these methods have been reviewed in [37], [40]. Domain
visualisation using one technique cannot promise secure results about the observed domain structure.
Therefore, several visualisation methods must be used to verify the domain-nature of the written
structure. The visualisation methods that were used in our experiments consist of 1) optical methods,

2) wet etching, 3) piezoresponse force microscopy, and 4) scanning electron microscopy (SEM).

191 Optical Techniques

Simple optical microscopy techniques are incapable of distinguishing domains of opposite

orientations in ideal crystals since the later ones alter the sign of the second order susceptibility

coefficient )((2) in Eq. 1-1 but not }((l) ,which remains unaffected and as a result no refractive index

difference exists between these domains. However, in reality the inversion of the domain symmetry
forces a stress-induced birefringence at the domain walls due to the photoelastic effect making
possible the visualisation using crossed polarizers in an optical microscope [41], although this

contrast can be eliminated by subsequent annealing [42].
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A variety of optical methods for visualization of the ferroelectric domains or domain
boundaries have proposed in literature taking advantage of being non-contact, non-invasive and most
of them allowing a real-time observation of the domain-formation process. The diffraction-limited
lateral resolution which is of about 1um is a serious weakness although attempts to overcome this
limitation have been suggested with, for instance, scanning confocal microscopy and scanning near-
field microscopy. These techniques use different methods such as homogeneous illumination of the
sample with light of wavelengths ranging from X-rays to the near infrared, second-harmonic
generation employment or simple imaging of the topography that is altered by the presence of

antiparallel domains.

1.9.2 Wet etching

The most common technique, although destructive, for high-resolution (<0.1um)
visualization of domain structures is chemical etching. The method is based on the different etch
rates for the positive and negative ends of ferroelectric dipoles, thus it’s also called differential
etching. This preferential etching of the -z face may be due to weaker bond strengths in both the LiOs
and NbOs octahedra [43] and wider oxygen triangle [44] on the —z side. The benefit of this technique
is that it replaces the problem of the imaging of the domain structures with imaging topographical
features. Subsequent etching, direct observation with an optical microscope, scanning electron
microscopy, atomic force microscopy (AFM) or other surface-profiling methods can be applied. A

schematic of the selective etching process is shown in Figure 1.8.

T virgin

PLE L T ][] e

RESRRR AR TR R N s

| S —— -——— [ - ck—— -

Figure 1.8 Schematic of a cross-section of LN crystal upon HF etching along ¢
direction. The arrows indicate the direction of the polarization states: 1 for +Ps and |

for —Ps domains.

The y faces also exhibit a similar etch characteristic, with the -y face etching much faster

than the +y face in HF acid [45]. The x-face, on the other hand, doesn’t etch since in x-face domain
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inversion doesn’t occur. Comparisons of room-temperature etch rates in pure HF for the y- and z-
faces is shown in Table 1.3.

Etch rate (nm/hr)

AXis - face + face Ref.
z 0.8 nil [46]
y 0.08-0.11 0.04-0.05 [38]

Table 1.3 Etching rates of LN in 48% HF acid at room temperature.

Sones et al. [46] suggested that the etching mechanism is initiated by surface protonation. It
explains some of the qualitative observations that 1) the negative face is etched faster due to easier
absorption of the positively charged proton, and 2) the etch rate increases with increasing

concentration of acidic protons.

Although etching was developed for revealing of ferroelectric domain patterns, it has also
become a significant tool for micro-structuring ferroelectric materials. Single tips for scanning probe

applications [13], ridge waveguides [47] and free-standing cantilevers have been fabricated [14].
wedge polishing

In order to investigate the depth of the resulting PI domains, wedge polishing of the crystal
surface has been used in this study. The polished wedge is performed using a Logitech polishing
machine (PM2A) and a chemo-mechanical colloidal silica polishing suspension (with a pH 10.5, and
particle size of 0.03pum) at an angle of approximately 5° which results in stretching of the depth
profile by a factor of 1/tan(5°) = 11.43. We then briefly etched the sample in HF to enable subsequent
scanning electron microscopy SEM imaging. Figure 1.9 shows a schematic of the wedge polishing

geometry.

Figure 1.9 Schematic of the wedge polishing geometry.
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193 Scanning electron microscopy

Imaging ferroelectric domains with SEM is challenging because all ferroelectrics are by
nature dielectric materials that are highly insulating [48]. However, 180° domain patterns in LN and
other ferroelectric materials have been observed in the secondary electron emission mode [49] by
operating the SEM with low acceleration voltage. The possible explanation for the domain contrast
is not yet clear. Most of them that have been proposed are based on: electrostatic interaction, converse
piezoelectric effect and pyroelectric effect. In this thesis work, SEM for ferroelectric domain

visualisation was used only after HF etching.

194 Piezoresponse force microscopy

Piezoresponse force microscopy provides a way for ferroelectric domain visualization. The
PFM device is a modified force microscope that monitors the piezoresponse of the surface by
applying an electric field to the surface through a conductive tip which subsequently measures the
surface expansion due to the inverse piezoelectric effect. A schematic of the PFM set-up is shown in
Figure 1.10.

Wiy sample
~
~
~
laser beam S )
detector e e piezo
/ & X
VactVde
— topograph
A function
generator

\

l} > feedback

v lock-in
amplifier

—» PFM — domains

Figure 1.10 PFM measurement set-up reprinted from [37]. An alternating voltage with
an optional offset is applied to the conducting tip. The back side of the sample is
grounded. A contact-mode feedback is used. The domain signal is read out with a
lock-in amplifier operating at the frequency of the alternating voltage that is applied to
the tip. (C = Cantilever.)

The anisotropy of the crystal changes when the electric field is applied to the crystal because
of the converse piezoelectric effect inducing strain which is measured by the tip deflection. The

relationship between the strain and the applied electric field in piezoelectric materials is described
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by the third-rank tensor as shown in section 1.6.3. In the case of the 180° walls in LN, the external
field is applied along the z-axis. When the conducting tip is electrically contacted, a modulated

alternating voltage V. COS(@t) with an optional offset voltage V. is applied:

V,

ip = Vae TV COS(at) 1-16

where V. is the voltage applied on the tip, V.. is the amplitude of the AC voltage applied on the

tip

tip, w is the angular frequency of the modulation voltage with and t is the time.

The advantages of PFM are 1) high resolution of nanometres, and 2) in most cases it’s a non-
destructive technique. However, it has limited depth resolution of ~1.7 um and therefore cannot
differentiate between surface and bulk domain structures. All the PFM measurements which are
presented in this thesis work were performed by our collaborator Dr. Elisabeth Soergel and her group

at the University of Bonn in Germany.
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Chapter 2. UV laser-induced poling-inhibition in CLN

2.1 Introduction

UV laser-induced poling inhibition provides a new approach for domain engineering in lithium
niobate. Continuous wave laser irradiation at 305-244nm wavelength on the +z face of undoped and
MgO-doped congruent lithium niobate single crystals has been observed to inhibit ferroelectric
domain inversion directly beneath the illuminated regions during a subsequent EFP step. The effect,
which is referred to as poling-inhibition, was first investigated by Sones et al.[1]. The PI domain
inversion has been investigated by differential HF etching [1] and piezoresponse force microscopy
[2]. The spatially selective irradiation of the +z face of the crystal produces a multi-domain region,
where the previously irradiated areas of the surface maintain their original +z polarity within a poled
-z domain background. The effect has been examined in detail by previous works showing that the
depth of the pole-inhibited domains is of ~ a few um and depends upon the UV exposure conditions
[3]. The proposed model for Pl domain formation is based on the migration of lithium ions due to (i)
diffusion in the temperature gradients [4] that are formed as a consequence of the strong UV laser
absorption within a thin layer of the crystal and (ii) a drift in the pyro-electric field [5] which is again
a consequence of the heating of the crystal during the UV irradiation process. This mechanism, which
will be discussed in detail in a following section, is also responsible for a local increase of the

extraordinary refractive index (n.) that leads to the formation of optical waveguides in LN [6], [7].

The width of the PI domains corresponds roughly to the laser beam width and is not restricted
by the crystal symmetry allowing the fabrication of arbitrarily shaped domains. Additionally,
differential etching of domain-engineered crystals allows for surface micro-structuring [8], [9]. Wet
etching of these poling- inhibited domain structures in HF acid produces surface-relief structures
such as ridges, which can support optical guided-wave propagation because of the inscribed

refractive index change [10].

A brief introduction of the UV laser-induced poling inhibition in LN crystals will be given
that will form the basis for investigation of the ability to manipulate the width and depth of the PI
domains, which forms the subject of this chapter. It will be shown here that the Pl domain size
restrictions that are imposed by the laser beam can be overcome by overlapping irradiated tracks that
hence produce larger domains. Finally, it will be shown that it is possible to influence the depth of
the Pl domains by repeated irradiation of the same area of the crystal that pushes the lithium
distribution deeper into the crystal. Periodic domain structures of limited depth have been shown to
be suitable for the generation of surface acoustic waves [11]. Such structures have been fabricated

here using the Pl domain method.
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2.2 Fabrication and characterization of UV laser-induced Pl domains

Fabrication: The first step of the fabrication of PI domains is the direct UV laser writing. UV
laser writing at 244 nm [6], [7], which is a wavelength where LN exhibits strong absorption, on the
+z face of the crystal was performed using the setup shown in Figure 2.1. Sets of parallel lines were
drawn on the +z faces of the crystals along the crystallographic y-direction using a wide range of
conditions (writing speed and power).

Figure 2.1 Schematic of the laser writing set-up. The sample is mounted on a two axis
computer-controlled stage. M1, M2, M3 indicates the mirrors, BS the beam splitter, L

the focusing lens and CCD the camera.

The second step includes electric field poling in order to uniformly pole the crystals apart from
the UV pre-illuminated regions, where poling has been inhibited. Applying an external electric field,
using the EFP setup described in Ref. [12], results in a set of parallel stripes of +z polar surface
embedded in a uniform —z polar surface background [10]. A slow forward poling is conducted at the
lowest possible poling voltage ensuring that the domain inversion process is slow, in terms of domain
wall velocity [13]. The term slow poling is being further discussed at section 2.4. In addition, a

thorough description of the UV laser-induced Pl method can be found in Ref. [10].

Characterization: In order to measure the depth of the resulting Pl domains, scanning electron
microscopy is used on “wedge polished” samples which have been etched for ~1min to reveal the
presence of inverted ferroelectric domains due to differential etching between opposite polar surfaces
[14]. Wedge polishing of the crystal surface is used to magnify the depth of the resulting domains by
projecting them on the slightly inclined polished plane, which still maintains the domain sensitive
differential etching property in HF acid. In that way, the measurements of the domains are taken with

better accuracy. Figure 2.2 shows a schematic of the wedge polishing geometry (top) and an SEM
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image of the stretched (due to wedge polishing) depth profile of a UV laser-induced Pl domain made
visible by brief HF acid etching (bottom).

- stretched depth profile
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Figure 2.2 top: schematic of the wedge polishing geometry. Bottom: SEM image of
the stretched depth profile of a PI domain [15].

The process for obtaining Pl domains requires tight focussing of the UV laser beam in order
to achieve sufficiently high temperatures that are required for the lithium to diffuse away and modify
the refractive index and hence the coercive field. As a consequence the width of the Pl domains is a
function of the irradiating spot size, which defines the resolution to fabricate arbitrary domain/surface
structures. The size (depth and the width) of the Pl domains depends also on the UV laser exposure
conditions: laser intensity and scan time of the irradiating beam, which are controlled by the scanning
speed. It has been shown that the depth of individual isolated domain tracks varies between 2.5um
and 5pum depending upon irradiation conditions [16]. Domain depth can be controlled as well with

multi-pass exposures, as will be shown in section 2.5.2.

2.3 Pl mechanism

The mechanism, which has been proposed for the explanation of poling-inhibition, is the
following. The strong absorption of UV radiation within a small volume close to the surface of the
crystal heats the crystal locally. The temperature, which on the surface is as high as the melting point
~1250°C, is reduced rapidly in depth, producing a large temperature gradient [4]. Under this
temperature distribution Li ions i) diffuse under the influence of the diffusivity gradient [1], and ii)
drift under the influence of the pyroelectric effect. The migration of Li ions during the heating process
results in two Li deficient regions, one located close to the surface and the second at some distance
below the surface. Due to the fact that Li deficiency is related with a higher coercive field in LN [17]
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(a higher coercive field corresponds to a lower Li ion concentration), the Li deficient region inhibits
the domain wall propagation during poling.

2.4 Kinetics of Domain Inversion

The amplitude of the applied electric field must ensure that domain inversion occurs slowly,
which is desirable since the kinetics of the domain wall motion are seen to influence greatly the shape
and quality of the resultant structures. We will denote this type of domain formation by slow poling.
The necessity for a slow domain growth process comes directly from the fact that if the domain wall
grows so fast that the domain wall energy is sufficient to overcome the energy barrier built by the
frozen charges, the inhibited domain may not be solid or even survive. The widths of domains formed
with slow poling are wider as compared to those formed with fast poling [5].Moreover, complex
domain structures with two separated domains on the surface and in depth along the c-axis has been
observed, owing to the fast poling process with higher domain wall energy to reveal the detail Li

concentration distributions.

2.5 Ferroelectric domain building blocks for photonic and nonlinear

optical microstructures in LiNbOs

The experimental work which is presented in this section investigates the ability to manipulate
the size and depth of poling-inhibited domains, which are produced by UV laser irradiation on the
+z face of lithium niobate crystals followed by electric field poling. It is shown that complex domain
structures, much wider than the irradiating laser spot, can be obtained by partially overlapping the
subsequent UV laser irradiated tracks. The result of this stitching process is one uniform domain
without any remaining trace of its constituent components thus increasing dramatically the utility of
this method for the fabrication of surface microstructures as well as periodic and aperiodic domain
lattices for nonlinear optical and surface acoustic wave applications. Finally, the impact of multi
exposure on the domain characteristics is also investigated indicating that some control over the

domain depth can be attained.

25.1 Impact of domain proximity

During the first step of Pl domain fabrication the +z face of the crystal was irradiated with a
c.w. UV laser beam (A=244nm) focussed to a spot size ranging between 1.5-3 um. Laser irradiated
tracks were written on the +z face of 500 um thick congruent LN crystal samples(Crystal

Technology, USA) by scanning them in front of the focussed laser beam using a set of computer-
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controlled two axes translation stage (Aerotech ABL1500) which feature nanometre resolution, at a
constant writing speed of 0.1mm/s. The laser intensities used in these experiments were within the
range of 0.10-0.20 MW/cm? However, the intensity range between 0.13 MW/cm? and
0.16 MW/cm?, which is close but below the threshold for surface damage produces Pl domains of
the best quality (solid and deep).

The second step requires the application of a uniform electric field along the z-direction of the
crystal. The amplitude of the applied electric field was kept around ~19.5kV/mm + 100V/mm which

ensured that the domain inversion process was slow, in terms of domain wall velocity[18].

The depth of the resulting Pl domains can be measured using scanning electron microscopy
on wedge polished samples which had been etched for ~1 min to reveal the presence of inverted
ferroelectric domains due to differential etching between opposite polar surfaces[14]. Wedge
polishing of the UV laser irradiated and poling-inhibited crystal surface was used to magnify the
depth of the resulting domains by projecting them on the slightly inclined polished plane, which still
maintains the domain sensitive differential etching property in HF acid. A shallow wedge angle of
~5° was achieved by using a special polishing jig fitted to a Logitech PM2A polishing apparatus. The
stretch factor for the depth as a result of this procedure is 1/sin(5°) =11.47. The polishing compound
used was a chemical-mechanical colloidal silica polishing suspension (with a pH 10.5, and particle

size of 0.03um).

In order to investigate the impact of the proximity between two adjacent Pl domains on their
depth, ten pairs of UV-exposed track were prepared with different centre-to-centre separations
ranging from 1 pm to 10 um. This UV laser irradiation arrangement was repeated for different laser

intensities.

Figure 2.3 shows a set of SEM images of the stretched depth profiles for selected PI domain
track pairs with centre to centre separations: 1 um, 3 um, 5 pum, 7 umand 9 um which were fabricated
using identical UV writing conditions (laser intensity of 0.16 MW/cm? and writing speed of
0.1mm/s). These images suggest that there is no obvious dependence of the domain proximity on the

domain depth. Similar results were observed for all UV-writing conditions.
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Figure 2.3 SEM images of wedge-polished/HF etched domain pairs fabricated by a
UV laser beam under the same writing conditions. The centre-to-centre distances
between the adjacent domains are: a) 1 um, b) 3 um, ¢) 5 um, d) 7 um, €) 9 um. The
dashed lines indicate the edge where the slope changes due to wedge polishing and

above each stretched depth profile a schematic of the cross section of each adjacent Pl

domain is illustrated.

The measurements of the domain depths as a function of the domain proximity for different
laser intensities are summarized in Figure 2.4. Again the results suggest that there is no indication of
a specific trend. The depth fluctuations are attributed to the stochastic nature of domain growth.

These results indicate the possibility of combining individual Pl domains to produce larger complex

domain structures.
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Figure 2.4 Depth of PI domain pairs as a function of the separation between UV laser

exposed tracks for different irradiating laser intensities.

2.5.2 The impact of repeated exposures on the domain depth

The depth of the PI domains, as a result of a single pass laser irradiation has been investigated
as a function of the irradiation conditions (laser intensity and scanning speed of the beam) in previous
publications [5], [12]. Here the impact of multi-pass irradiation will be investigated in order to
explore the possibility of controlling the domain depth using laser intensities that are well below the
UV laser damage threshold. The number of superimposed laser tracks ranged from 1 to 4. The multi-

pass exposures were repeated using different laser intensities.

Figure 2.5 shows SEM images of a set of wedge-polished cross sections of Pl domains
generated by superimposed UV laser irradiated tracks ranging from a single track (a) to 4
superimposed irradiated tracks (d). The individual UV laser exposures were performed at UV laser
intensity of 0.16 MW/cm?. These images show that the domain depth increases with repeated
exposures, which is an encouraging result suggesting some degree of domain depth control without

risk of damaging the crystal surface.
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Figure 2.5 SEM images of wedge-polished and HF etched domains fabricated by
repeated laser irradiated tracks along the same area. From left to right the numbers of
superimposed laser tracks are: a) 1, b) 2, ¢) 3 and d) 4. The horizontal dashed lines

indicate the position where the slope changes due to wedge polishing

A summary of the multi-pass poling inhibition results for different laser intensities is shown
in the plot of Figure 2.6. These measurements show that deeper domains can be formed as a result
of superimposed UV laser irradiated tracks. The domain depth increased up to 42% in the case of
four passes (the maximum number of passes used in our experiments) at an intensity of
0.16 MW/cm?. As the PI process is attributed to the migration of lithium under the influence of the
temperature gradient and pyro-electric field that is being produced by the strong absorption of UV
laser radiation it is expected that subsequent exposures push the lithium ions a hint further. An
indication of the cumulative effect of subsequent exposures is given by the widening of the Pl domain
tracks that corresponds to multi pass exposures observed in Figure 2.5. However, the extension of
the temperature gradients that are induced by the UV laser absorption is limited and it is expected
that the domain depth increase will eventually saturate after a number of superimposed irradiations.
The saturation depth is a function of the irradiating laser intensity, meaning that for lower intensities
it would be shallower. This behaviour can be observed in the graph of Figure 2.6 where the depth
increase that corresponds to the lowest intensity (0.10 MW/cm?) shows signs of saturation after just

4 passes.
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Figure 2.6 Depth versus number of superimposed laser tracks for UV-induced Pl
domains fabricated by a focused UV laser beam under different irradiating laser

intensities.

2.5.3 Surface micro-structuring

Etching the PI domains for longer periods of time in HF acid produces surface superstructures
with higher aspect ratio. The etching rate of LN, in 48% HF acid at room temperature, is ~1 pm/hr
[14]. This etch rate determines the etching time, which is required to achieve the desired height of
the structure. In section 2.5.1 it was shown that combining sequential offset UV laser irradiation can
produce continuous larger Pl domains without obvious impact on the domain depth. This
combinational aspect of the PI process will be used in this section to demonstrate the ability to
fabricate complex surface structures on the z-face of LN crystals, which consist of spatial
arrangements of individual UV tracks. The x-y linear positioning system that was used in these
experiments allowed very precise control of the laser irradiation enabling the fabrication of ring and

disc structures by combining individual UV tracks. The resulting structures are shown in Figure 2.7.
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Figure 2.7 SEM images of HF-etched P1 domain ring combinations that form ring

shapes with variable width (images a-c) and disc structures with varying diameter
(images d-f). Rings on images (a-c) consist of combinations of 1, 2 and 4 adjacent PI
domains, respectively. Discs on images (d-f) consist of combinations of 7, 12 and 17
adjacent Pl domains, respectively.

Each one of the rings and discs, which are shown in Figure 2.7, consists of a different number
of concentric ring-shaped domains. The width of each constituent ring is fixed (~ 2.2 um), and is a
function of the width of the irradiating UV laser beam. The range of laser intensities, which have
been used to fabricate these structures, was: 0.16-0.17MW/cm?. This characteristic width represents
the elementary building block for the fabrication of the composite structures and is the narrowest
structure possible under these fabrication conditions. The width of the composite structure, in this
case the ring or disc will be a multiple of the elementary width. The rings that are shown in Figure
2.7 consist of combinations of one (a), two (b) and four (c) adjacent PI domains while the discs
consist of combinations of seven (d), twelve (e) and seventeen (f) adjacent domains. The overall

width of the discs of Figure 2.7d-f is ~30 um, 50 um and 70 pum respectively.

Pl domains can be fabricated in close proximity the precision of which is determined by the
accuracy of the positioning system that is used to perform the laser irradiation step. The resultant
micro-structures are always very well defined because they are a result of the etching of an inverted
domain with well-defined domain boundary. Examples of the capability of this method to fabricate

structures with potential photonic functionality are shown as well.

A range of different surface structures with potential photonic functionality is presented in the
SEM images which are shown in Figure 2.8. Figure 2.8a shows a set of ridge Mach-Zehnder
interferometer structures and Figure 2.8b shows a set of ridge coupler structures. From top left to
bottom right, the distance between the two arms of the Mach-Zehnder interferometer ranges from
10 umto 200 um. The S-bends design that consist the Mach-Zehnder configuration used were cosine
S-bends, based on theoretical works [19], [20], that show that this design exhibit the lowest loss in
contrast with other. Although the S-band configuration is a controversial discussion, the choice for
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this work was made without taking part on it since the first priority was to show the feasibility of the
technique and the optimization was a second thought that would trouble us afterwards.

100pm’
i

Figure 2.8 SEM images of: a) Mach-Zehnder ridge structures fabricated using

0.15 MW/cm? of UV laser intensity and developed from HF etching of Pl domains
where the distance between the two interferometer arms from top left to bottom right
of the image is: 10 um, 20 um, 50 pm, 100 um and 200 um. b) Coupler structures
fabricated under the same writing conditions where the minimum distance between the
two arms from top left to bottom right of the image is: 2 um, 3 um, 4 um, 5 um and

6 pm.

To avoid the occurrence of effects related to translation stage backlash all UV writing relevant
to these superstructures was performed in a unidirectional fashion as illustrated in Figure 2.9 where
the irradiation sequence for a Mach-Zehnder structure is outlined. The writing started at x=0, tracing
the cosine bend to the arm 1, then tracing the cosine bend to the output. At the end of the output
channel, the beam was blocked and the stages returned to the beginning of the splitter section at point
A. The mirror section (section 2) of the structure was then exposed and the writing process stopped

at the merged point of the output channels.

output

Figure 2.9 Schematic of the Mach-Zehnder structure. The red arrows dictate the
direction of the first part of the interferometer, consisting the input, arm 1 and output.
The black arrows indicate the second part, consisting of the movement of the stages
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back to point A and the writing of arm 2 up to point B where it connects with the first

section.

Therefore, the fabrication procedure for the Y-junctions, where the two ridge sections that
form the branches of the Mach-Zehnder merge into a single ridge, requires overlapping of
subsequently irradiated UV laser tracks because the laser writing is performed in a sequential manner.
The high magnification SEM image of a Y-junction, which is shown in Figure 2.10 indicate that
there is no visible impact of this particular manner of domain writing in the final structure, as the

junction is smooth and continuous.

Figure 2.10 SEM image of Y-junction structure developed from HF etching of curved

Pl domains. The distance between the two interferometer arms is: 20 pum.

Figure 2.11 shows high magnification details of the ridge coupler structures which were shown
in Figure 2.8b. The length of the coupling section in these structures is 100 um. The centre-to-centre
separation in the same section of the ridge couplers is: (@) 3 um, (b) 4 um and(c) 5um thus

consequently changing the gap between the two ridges as shown in Figure 2.11.

2 LM NS XA o ‘ .2 S N = \.‘;;::‘S :‘ AR ST S
Figure 2.11 SEM images of ridge coupler structures developed from HF etching of PlI
domains. The distance between the two ridges in the coupler section is: a) 3 um, b)

4 umand c) 5 um.
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Lastly, in Figure 2.12a, the distance between the ring and channel structures is 2 pm resulting
in overlap. This overlap is significantly reduced when the distance between them is 4 pm as shown

in Figure 2.12b.

Figure 2.12 SEM images of ring-shaped superstructure near a straight ridge section

fabricated using 0.14 MW/cm? of UV laser intensity. The distance between the centres
of the ring and straight ridge sections is: a) 2 um, b) 4 um.

The rough surface background that surrounds the ridges is a consequence of the etching of the
planar —z polar surface of the crystal and is characteristic of etching in high concentration HF acid.
The rough background is not expected to produce any scattering loss to a waveguide mode that is
confined to the top of the ridge; however it can have a negative effect in the fabrication of auxiliary
structures such as electrodes etc. Significant reduction of the —z face roughness can be achieved in
special mixtures of HF-HNOs and ethanol[21]. Further smoothening of any residual roughness can
be achieved by surface tension reshaping which can be achieved by annealing the crystal at
temperatures close to the melting point[22]. Thermal treatment can produce ultra-smooth surfaces

with low scattering loss, while maintaining the crystalline properties of the LN.

2.6 Acoustic Superlattice transducers for SAW generation by poling
inhibition

Acousto-optic effects in piezoelectric optical crystals has led to the development of devices
such as optical modulators/switches deflectors, frequency shifters, to name a few, which are routinely
used for applications in optical telecommunications [23] and biomedical sensing [24]. The acoustic
wave that is responsible for the AO interaction is usually generated by an AC field applied via
interdigitated transducers deposited on piezoelectric substrates. In this way it is possible to generate

surface acoustic waves which if overlapped with optical waveguides they can modify the way that
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light propagates in them. However, the metallic electrodes constituting the IDTs that covers the
optical waveguide produces an increase in optical losses [25]. Recently, a new approach for SAW
excitation has been reported, using periodically poled lithium niobate (PPLN) in combination with
coplanar RF electrodes, the so-called acoustic superlattice (ASL) [26] which allows the propagation
of the optical wave through an electrode-free path. As UV-laser induced poling inhibition offers an
alternative approach for domain engineering in LN, here we will apply this technique in order to
generate SAWSs through the use of a piezoelectric acoustic superlattice.

2.6.1 Background

ASL structures are based on ferroelectric crystals with periodically inverted domains where
by the use of uniform electrodes, instead of periodic electrodes, as in IDTs, acoustic waves can be
generated by the modulated piezoelectric response of the material as a result of the periodic
ferroelectric domain orientation. Because of the domain inversion, all odd rank tensors like the
piezoelectric tensors switch sign, while all even tensors like refractive index remain unaltered.
Therefore, by applying a uniform electric field, a periodic strain arises as a result of the periodic
change of piezoelectric coefficient generating an elastic wave. As demonstrated in [27] the SAW
frequency is inversely proportional to the period of the domain-inverted gratings which presents an

advantage in comparison with IDTs. This is because in ASLs the wavelength of the elastic

perturbation is given by the period A of the domain grating (4; =A), whereas in IDTs is A, =2A .

The expression of the acoustic frequency f; is:
fo=vel A 2.1

where, Vyis the SAW velocity. That means that for the same grating period, the operating frequency

of the ASL is twice the frequency that can be achieved by IDT. Typical velocities of acoustic waves
range from 3000m/s to 6000m/s for ferroelectric crystals as LN [28]. A schematic illustration of the
ASL transducer which was proposed in [27] is shown in Figure 2.13. In the schematic A is the period
of the lattice, Le=NA is the total length, W, and Wk the left and right electrode width and W the

width of the gap between the two electrodes.
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Coplanar electrodes

Figure 2.13 a) Schematic of the basic structure of ASL based transducer in PPLN with
coplanar electrodes configuration. b) Side-view (yz-plane). Reprinted from Ref. [27].

The fabrication procedure of ASL structure is achieved using the standard lithography process
followed by EFP on a 500um thick z-cut LN substrate. Lattice periods that have been tested are
between 15um and 25um, but the overall length is 10mm for all cases. Subsequently, a pair of
aluminium coplanar electrodes with thickness of h=0.2um is deposited on the x direction upon the
ASL using lithography as well. The gap width W¢ between the electrodes is 100pm and the electrode
width Wi, Wr 100pum. Several overall lengths have been investigated (4-10mm) also. For such a
configuration with a period A=15 pm and total length of Le=10 mm on a 500 pm thick LN substrate,
the expected resonance frequency is about 253 MHz for a SAW velocity of 3795 m/s [29].

The bulk nature of the ferroelectric linear lattice is not however a strict requirement because
the coplanar character of the electrodes means that the electric field rapidly decays in strength with
depth. Here the use of surface domain gratings is proposed to substitute the bulk domains that have
been used in the ICFO demonstrators. The surface domains that can be manufactured using UV laser
induced PI have a depth of a few microns below the surface of the crystal which should be sufficient

for the generation of SAWSs. The modified device is illustrated in Figure 2.14.
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Coplanar electrodes

UV-induced
PI domains with
P= l

Figure 2.14 Schematic of the basic structure of an ASL transducer using a Pl domain

grating in lithium niobate with coplanar electrodes.

Pl domains offer additional flexibility regarding the departure from crystallographic
limitations that apply to the formation of bulk domains using E-field poling and produces finer

domain periods that will shift the performance of these devices to even higher frequencies.

2.6.2 Experimental procedure

The ferroelectric domain gratings were fabricated using the Pl experimental procedure as
shown in section 2.2. The spot size of the irradiated laser beam was ~2 um and the laser intensities
were ranging from 0.10 MW/cm? to 0.16 MW/cm?. Two different domain grating periods, 10 um
and 20 um, were produced with domain length of 200 um. Figure 2.15 shows optical microscopy
images of fabricated UV-induced PI gratings with period of 10 um with UV different laser
intensities: a) 0.10 MW/cm?, b) 0.12 MW/cm?, ¢) 0.14 MW/cm? and d) 0.16 MW/cm?. In the end of
the process, all the samples were briefly etched in a HF solution concentration for 30 sec in order to
reveal the inverted domains. Revealing the domains was performed for making easier the alignment

in the lithography process for electrode fabrication.
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Figure 2.15 Microscope images of fabricated UV-induced PI gratings of period of
10pum with different UV laser powers: a) 0.10MW/cm?, b) 0.12MW/cm?, c)
0.14MW/cm?and d) 0.16MW/cm?. a) and b) are solid domain with no laser damaged

surface. c) and d) are solid domains with laser-damaged surface.

The feasibility of direct SAW excitation on PI domain based ASL transducers devices is a work still
on progress and will be assessed by RF excitation measurements using a network analyser to detect
the RF reflection parameters as a function of the excitation frequency. These measurements will be
performed by the group at ICFO - The Institute of Photonic Sciences in Barcelona, which is being

collaborating with us.

2.7 Conclusions

The ability to fabricate large composite domain structures in LN crystals that consist of a
spatial arrangement of individual Pl domains has been demonstrated. The individual Pl domains are
thus used as elementary building blocks to compose larger arbitrary continuous domain structures.
The individual PI domains correspond to spatially selective UV irradiation of the +z face of the
crystal, which is performed in a sequential manner along tracks with width defined by the UV laser
beam spot size. It was shown that the proximity between adjacent UV irradiated tracks does not affect
the depth of the corresponding individual or composite Pl domains. However, repeated UV
irradiation along the same track was shown to result in some moderate depth increase. More
specifically, the domain depth can be increased up to 42% in the case of four passes while using laser
intensity of 0.16 MW/cm? This significant change of the depth thus can provide a better degree of
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control of individual domain depth. Irrespective of their depth the Pl composite domains can be used
as an etch stop layer when the crystal is subjected to HF acid etching. The utility of this method for
the fabrication of structures with potential photonic functionality was demonstrated by using
combinations of individual Pl domain tracks to produce, after HF differential etching, superstructures

such as rings, discs, as well as ridge Mach-Zehnder and coupler structures.
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Chapter 3

Chapter 3. Local enhancement of the electro-optic
coefficient in poling inhibited CLN channel

waveguides.

3.1 Introduction

Lithium niobate crystal is widely used in the photonics industry due to its large 2" order optical
nonlinearity and wide transparent window. Its significant electro-optic response also enables the
fabrication of low-voltage operation, high speed integrated optical modulators that are routinely used
in optical telecommunication and integrated optics. Channel waveguides are the basic elements of
integrated optical circuits which are commonly fabricated by Ti-diffusion or proton exchange in LN
[1]. Recently, a UV laser method for direct writing of optical channel waveguides has been reported
[2], which is suitable for rapid prototyping of photonic devices. The UV laser written channel
waveguide characteristics as a function of the fabrication conditions and their electro-optic (EO)

performance can be found in [3] and [4] respectively.

Since its inception, the UV directly written waveguide procedure has held considerable
promise because of its single-step nature, which is well suited for the fabrication complex micro-
optical devices where photolithography for waveguide fabrication becomes challenging [5]. The
formation of UV-written waveguides is attributed to the high optical absorption of CLN at ultraviolet
wavelengths, which produce steep temperature gradients in the vicinity of the laser irradiated portion
of the crystal’s surface [6]. Side-diffusion of lithium then takes place under the influence of the
temperature gradients, which produces local fluctuations of the concentration of lithium ions that
change the value of the extra-ordinary index of refraction locally [7]. This temperature gradient
driven diffusion process has been modelled in [6]. Lasers which are operating at wavelengths within
the absorption bandwidth of lithium niobate can be used for this purpose; however, it was found that
irradiation at wavelengths shorter than 270 nm preserve the important electro-optic response of the

processed crystal while longer wavelengths result in degradation of the electro-optic response [3].

The UV irradiation, which is responsible for the waveguide formation, has further
consequences on the ferroelectric state of the crystal. It was found that UV laser irradiation leads to
direct poling, domain inversion without the application of an external electric field E+, on the —z and
on other non-polar surfaces [8] and can also cause poling inhibition on the +z polar face of the crystal
[9]. The latter method produces isolated domain structures that maintain the original domain

orientation after uniform poling of the sample, which correspond to the UV irradiated patterns.
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Both directly poled and pole inhibited domains have limited depth (typically a few microns)
hence these domain engineering tools are suitable for nonlinear optical interactions in waveguides
rather than bulk structures as the waveguide propagating modes overlap significantly with individual
ferroelectric domains. The poling inhibition effect is schematically illustrated in Figure 3.1 where
the step-by-step formation of the photonic structure is shown. In this chapter a ~ 36.7 % enhancement
of the electro-optic response is demonstrated when light propagates through a UV written channel
waveguide with an overlapping Pl domain fabricated in a congruent LN single crystal.

UV-laser irradiation Lithium distribution Refractive index Electric field poling Poling inhibited domain

B _/\/;ﬁ/\/_ ?

w - B R 4 7
?Ps PJ ?Ps \J Pj ?ps Pj ?P,\ ' Pj *Ps \‘_,’—'

a) b) c) d) + e)
Figure 3.1 Schematic of the cross section of a) the LN crystal during the UV-

Pi

irradiation process on its +z face where the red region indicates the UV-induced
temperature increased volume, b) the lithium ions distribution upon the irradiated
region, c) the resulted UV-written waveguide on a single domain substrate where the
blue line indicates the refractive index distribution, ¢) the EFP step and d) the formed

PI domain which overlaps with the waveguide.

3.2  Waveguide/domain fabrication process

The single crystal substrates, which were used in the experiments were diced out of a 0.5 mm
thick z-cut CLN wafers from Crystal Technology, Inc. (US). Direct laser writing on LN was
performed using the setup described in section 2.2, using a Coherent Innova Sabre 300C frequency-
doubled (FreD) argon ion laser that delivered continuous wave (CW) output at 244 nm wavelengths.
The +z face of the LN crystal sample was irradiated by the UV laser beam, which was focussed down
to a spot size of ~ 4.2 um. The focussed laser beam was scanned across the sample surface using a
computer-controlled 2D translation stage, along the crystallographic y-axis at different laser powers.
The scanning speed used was constant at 0.1 mm/sec. The power of the UV laser was within the
range of 30-50 mW that depending on the chosen spot size corresponds to a range of intensities
between 0.10 MW/cm? and 0.18 MW/cm?. The selected range of intensities produced waveguides
that were largely free from surface damage. However, some limited surface damage was observed in

waveguides that were written at the higher end of the intensity range.

Following UV laser irradiation the crystal is subjected to domain inversion by the application
of a uniform electric field along the z direction. More specifically, a slow forward poling was

conducted at the lowest possible poling voltage. The poling voltage was ramped at a rate of 5Vsec™
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until domain nucleation was observed and then was kept at that level until the poling process was
completed. The final value of the applied electric field that was used for domain inversion was
~19.5kV/mm £ 0.1 kvV/mm.

Finally, the irradiated and poled samples were end-face polished to enable coupling of light.
Good end-face quality is required to enable efficient optical coupling and therefore, accurate
measurement of the electro-optic coefficient. The end-face polishing was achieved using a Logitech
polishing machine (PM2A) and a chemo-mechanical colloidal silica polishing suspension (with a pH
10.5, and particle size of 0.03 um), until no defects were visible under inspection with an optical
microscope. In order to perform EO measurements on the domain engineered channel waveguide
sample it is necessary to apply an electric field along the z-axis of the crystal. For the purpose of
these low frequency EO experiments we deposited metallic electrodes with by sputtering a pair of
thin (~20 nm) gold films onto the two opposite z-faces of the waveguide substrate, which completed
the fabrication process. The length of these electrodes was 5 mm. A schematic of the sample, ready

for an EO measurement can be seen in Figure 3.2.

Figure 3.2 Schematic of the Pl domains overlapping with the UV-written waveguides
(cyan regions) in a LN crystal where gold electrodes have been deposited on the z

faces (yellow area). The arrows indicate the polarity

3.3 Superposition of a waveguide channel with an inverted domain

As discussed in Chapter 2, the result of the application of the uniform electric field after the
UV laser irradiation is uniform domain inversion of the crystal apart from a shallow volume
immediately below the UV irradiated track. The size of this isolated domain that maintains the initial
polarity of the crystal is comparable to the size of the ne distribution that constitutes the waveguide.
Actually both effects have the same origin and are relating to a local change in the stoichiometry
(variation of the lithium concentration) caused by the local laser heating. In general, the quality and

size of Pl domains is a function of the irradiation conditions, namely the intensity and dwell time of
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the beam which is controlled by the spot size/power and scanning speed respectively. However, in
our case it is only dependant on the writing power used since the writing speed was constant. Within
the range of laser intensities (0.10-0.20 MW/cm?) which have been used for the fabrication of PI
domains the lower intensity extreme (0.10-0.12 MW/cm?) produced P1 domains regions, which are
discontinuous consisting of densely packed nano-domains while the higher intensity extreme (0.16-
0.18 MW/cm?) typically resulted in severe surface damage, which is undesirable for the fabrication
of photonic devices as it can cause significant scattering loss. The impact of the irradiating laser
intensity on the Pl domain size is much more significant as compared with the impact of the dwell
time [10]. The maximum depth of the Pl domains fabricated with beam spot size of ~ 3 um was

slightly over 4 um, however a surface damage free, solid PI domain has a depth of ~ 2.5 um.

An increase of the ordinary refractive index in a newly poled region as a consequence of EFP
has been reported before, measured by digital holography [11] and scanning near-field optical
microscopy [12]. This increase has been attributed to an internal field, which originates from the
presence of frustrated defect clusters in the newly inverted domain region. In the case of PI
domain/waveguide structures such a background refractive index increase would reduce the
refractive index difference between the core and cladding thus resulting in weaker guiding. It has
been however observed that Pl waveguide structures show an overall increase in the extraordinary
refractive index contrast between core and cladding [13]. As the PI waveguides are surrounded by a
domain walls we believe that the surrounding domain wall is responsible for this effect. Interestingly

an increase of the ordinary refractive index in the vicinity of a domain wall has been reported in [12].

A comparison of the maximum extraordinary refractive index contrast for waveguides written

using different UV laser intensities before and after the EFP is shown in Figure 3.3.
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Figure 3.3 Plot of Peak Ane as a function of waveguide writing intensity before and after.
Reprinted from [13].

52



Chapter 3

It is important to mention at this point that the irradiation conditions for the writing of the
channel waveguides and for the formation of the Pl domains are within the same range [14], which
is expected as both of them have the same physical origin.

3.4 Experimental arrangement for EO measurements

The electro-optic response of the resulting domain engineered channel waveguides was
measured using a free space Mach-Zehnder interferometer a schematic of which is shown in Figure
3.4. The domain engineered waveguides which are investigated here are single mode at A=633 nm
hence a He-Ne laser was used as the light source in the setup. The laser beam is divided into the two
arms of the interferometer using a cube beam-splitter. The signal arm of the interferometer contains
the waveguide sample under investigation. A 10x microscope objective (with a numerical aperture
(NA) of 0.25) lens was used to couple light into the waveguide channels and another 40x microscope
objective lens (NA=0.65) was used to collect and re-collimate the output from the waveguide. Optical
attenuators (variable neutral density filters) were used to balance the optical power transmitted
through the individual arms of the interferometer in order to improve the visibility of interference
fringes. The re-collimated signal beam was mixed with the beam coming from the reference arm of
the interferometer using a second cube beam splitter. The polarization of the He-Ne laser was
adjusted to access the extraordinary index of the crystal samples. The interference fringe pattern was
then expanded using a third microscope objective lens (20%) and the phase variations between the
signal and the reference were monitored by detecting the power variations of light transmitted
through a pinhole with diameter of ~ 25 um using a Si photodiode. The detection arrangement is
shown in the schematic of the setup that is presented in Figure 3.4. The phase variation is of course
electro-optically induced by applying a voltage between the two electrodes of the waveguide sample.
An optical chopper (frequency: ~ 170 Hz) in conjunction with a lock-in-amplifier was used to
improve the signal-to-noise ratio of the detection system. Finally, the interferometer setup was
vibration isolated and covered to prevent phase noise originating from mechanical vibrations and air
currents respectively. LabVIEW code was used to control the application of voltage and to collect
the data.
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Al chopper
I\V ‘ [] He-Ne Laser |
10x v 40 M3
BSI\ E——
, WuT

Figure 3.4 Experimental setup for the measurement of electro-optic coefficient of the
PI lithium niobate waveguides: Al, A2 correspond to optical attenuators; M1, M2, M3
are mirrors; BS1, BS2 are cube beam splitters; WUT the “waveguide under test”; V

the applied voltage; P the pinhole; D the detector and LIA the lock-in amplifier.

Once the sample was mounted into the signal branch of the interferometer, a waveguide was
located and then the coupling of the beam was optimized. The waveguide coupling arrangement was
visually inspected using a stereo-microscope. The experiment was repeated for a number of

waveguides written with different writing conditions.

The EO coefficient of the domain engineered channel waveguides was calculated by using the
phase variation data and these values were compared to the EO coefficient obtained from a Ti-
diffused LN channel waveguide using the same experimental setup. The electro-optic response of
the Ti-diffused waveguides is known to be the same as that of the bulk crystal [15], therefore the Ti-
diffused waveguide was used not only as a reference sample but also in order to test the integrity of
the experimental setup. A voltage ramp, which was applied between the electrodes deposited on the
waveguides, was varied slowly (5 Volts/sec) ranged from -600 V to +600 V (at room temperature)
corresponding to a uniformly applied electric field ranging from -1.2 to +1.2 VV/um along the z-axis
of the LN crystal. Within this range of applied electric fields more than a full fringe variation could
be detected, corresponding to a 2z phase shift, and was recorded. The half-wave voltage 1, (i.e. the
voltage required to produce an electro-optic phase shift of 180°) was extracted from the
measurements after the experimental data were processed. The electro-optically induced refractive
index change in the particular geometry for the application of the electric field (along the z-axis) is

given by:

An,(E;) = % r33ne3 E, 3-1
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where n, is the extraordinary refractive index and rs3 the relevant element of the electro-optic tensor.
The electro-optic phase shift that was measured by monitoring the movement of the interference
fringes in the output of the interferometer as a function of the voltage applied to the sample and the
effective EO coefficient (r33) of the domain engineered waveguides was then calculated using the
expression [16], [17]:

Ad
niLV

e /4

3-2

I =

where L is the length of the channel waveguide, which is covered by the electrode, and d is the
thickness of the waveguide substrate which is 500 um. Eq. 3-1 assumes 100% overlap of the applied
electric field with the waveguide propagation mode, which is a valid approximation in the present
configuration [18]. No phase drift due to optical “photorefractive damage” was observed over the

duration of the measurements.

3.5 Results and discussion

Typical variations of the measured detector output with applied voltage are presented in Figure
3.5, where a sinusoidal function is fitted to the data points. These data values were collected by
ramping the voltage, applied to the z-face electrodes of the sample from 0 to -600 V and from 0 to
+600 V. The waveguide used in this occasion was written under laser intensity of 0.18 MW/cm? and

writing speed of 0.1 mm/sec.

Si-detector signal
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Figure 3.5 Variation of normalised detector output with the a) negative and b) positive
applied voltage of a waveguide that overlaps with a Pl domain, written under writing
intensity of 0.18 MW/cm? and speed of 0.1 mm/sec.

In this figure, we can observe that there is a considerable difference between the phase shifts
of the Mach-Zehnder transmittance for positive and negative applied voltages. In fact the positive
voltage ramp (0 to +600 V) corresponds to a smaller phase change as compared to the negative ramp
(0 to -600 V), which means that the negative voltage ramp produces a larger EO response. The
corresponding values for the 1 and rs; for three individual measurements for each voltage direction

of the same waveguide and their average value are shown in Table 3.1.

Applied Voltage Vr V. error r3s Average rs3
> 0.14493 2.68xe™ 37.62456
o
o
e 0.14261 2.45xe™ 38.23665 37.05269
2 0.14351 2.62xg% 37.99685
> 0.11764 1.24xe% 46.35267
o
o
© 0.11859 1.45xe% 45.98135 46.08834
4\ -04
o 0.11872 1.68xe 45,931

Table 3.1 Calculated values of the V;, V; error and rs; for six different measurements of a
waveguide that overlaps with a PI domain, written under writing intensity of 0.18 MW/cm?
and speed of 0.1 mm/sec. The obtained values are grouped depending on the direction of the

applied voltage and the average rs3 has been calculated for each case.

The above procedure was repeated for all the waveguides that were available for
different writing intensities and their calculated average values of rs3, for negative and positive
voltage ramps, are shown in the two graphs in Figure 3.6, a) and b) respectively. These graphs
confirm the observation of Table 3.1, suggesting that the average value of r33 is higher for the negative
voltage ramp than for the positive and it’s valid for all measurements done. Furthermore in all
waveguides tested in this sample, the value of rs; that was measured with a negative ramp is
systematically higher than the value measured in a Ti-diffused reference channel waveguide, which
was found to be 33.7 pm/V. The EO response for the positive direction of the voltage ramp is higher
only for the waveguide written under the highest writing intensity. It is essential here to not that the

average rss measurement obtained on the Ti-diffused channel waveguide appeared to be consistent

56



Chapter 3

regardless the direction of the applied voltage and it is in agreement with the literature values for
unclamped crystal condition at wavelength of 633 nm [19].
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Figure 3.6 Intensity of the UV laser versus the measured rs; for: a) negative and b)

positive voltage ramp. The red lines are guide to the eye.

The asymmetry in the EO response that has been observed in the measurements of the EO
coefficient as a function of the voltage ramp direction provides a clue regarding the origin of the
enhancement that was observed. In order to explain this asymmetry it’s needed to be remembered
that i) there is a domain structure that is superimposed to the channel waveguide and ii) the UV
written waveguides are single mode at A=633 nm and close to cut-off. Consequently, by applying a
positive voltage ramp the dielectric contrast between the central domain and the surrounding crystal
volume decreases because the refractive index of the Pl domain decreases while the refractive index
of the rest of the crystal increases thus resulting in worse confinement. The effect is further
exaggerated by the fact that the UV written channel waveguides are weakly guiding, close to cut-off,
structures which means that the mode size should change significantly by small changes in the
refractive index distribution. This kind of asymmetric behaviour has been observed in previous work,
where a spectral analysis of UV-written waveguides (without being superimposed with a PI domain)
under applied voltages was performed [20]. It was found that the mode depth is expanding for
positive applied electric field direction and shrinking for negative, causing a relative asymmetry on
the measured maximum refractive index change. The different responses of the waveguides with
applied voltage suggest a difference in the relative values of electro-optic coefficient (rss) of the UV-

written waveguides as compared to those for the bulk substrate. Changes in the mode size will of
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course impact the overlap between the optical mode and the Pl domain and ferroelectric structures
of this type have been used as cut-off modulators [21].

In total three different samples (named Z5, Z6 and Z7) were fabricated in this experiment using
the same writing conditions, containing P1 channel waveguides, and the rss was calculated following
the experimental procedure as described before, this time only for negative directed voltages, based
on the previous observations. The higher values of the effective electro-optic coefficient were
observed in waveguides that were fabricated using higher laser intensities, which in principle
corresponds to higher refractive index changes (tighter optical confinement) and deeper PI domains.
In these waveguides the optical mode is restricted largely within the volume that corresponds to the
Pl domain that runs along the waveguide channel. Waveguides fabricated at lower UV-laser
intensities exhibited lower enhancement of the electro-optic coefficient since it is expected that the
overlap between the propagating mode and the Pl domain is smaller because the peak refractive index
change is smaller [4] and the corresponding Pl domains are shallower consisting mostly of an
arrangement of nano-domains [10]. The obtained rs; values for each sample and writing condition

are shown in Table 3.2.

Intensity rs3 (pm/V)
Sample Z5 Sample Z6 Sample Z7
0.12 41.32521 -- --
0.14 42.02212 42.84724 --
0.16 42.4035 42.50444 43.81557
0.18 46.08834 -- 42.0318

Table 3.2 Values of average rs; measurements of waveguides on different samples that
overlaps with a Pl domain, written under different writing intensities and speed of 0.1

mm/sec.

These observations, meaning the dependence of the effective electro-optic coefficient rs3 with
the writing intensity are illustrated in Figure 3.7. The mode depth of four single-mode waveguides,
written under different writing intensities, was measured through near-field intensity profiles for TM
polarisation at A=633 nm, without any external application of a voltage. In the same graph, on Figure
3.7a), the depth of the Pl domains written under the same conditions is shown in order to demonstrate
that the overlap between the waveguide mode and the Pl domains is increasing for higher intensities.

In Figure 3.7b, the corresponding rss for each waveguide is shown. The PI depth profiles
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measurements were taken from previous works, using SEM images of a wedge-polished sample as
described in Chapter 1 and Chapter 2.
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Figure 3.7 a) Comparison between 1/e* measurements of mode depths (for A=633nm
and TM polarisation) and Pl domain depth as measured in [22] versus the writing

intensity and b) the rs; measured for each waveguide.

3.6 Proposed mechanism

According to the illustration of a Pl domain formation mechanism that is presented in Figure
3.1 it is expected that the Pl domain should overlap with the distribution of refractive index change
that is produced by the lithium migration that occurred during the UV laser irradiation step.
Consequently the propagating waveguide mode should overlap, to some extent, with the PI domain.
The degree of overlap will depend upon the size of the waveguide mode, controlled by the range and
magnitude of the refractive index change, and the dimensions and quality of the Pl domain. These
parameters are controlled by the UV-laser irradiation conditions [2], [22]. Furthermore, as the centre
of the refractive index profile coincides with the laser irradiated track there will always be a portion
of the propagation mode contained within the domain wall that surrounds the Pl domain. In the
previous section we have resented strong evidence that suggests that the enhancement of rs; is

connected to the overlap between the waveguide mode and the Pl domain.

Here we will argue that this enhancement is related to stress, which occurs at the boundary

between opposite domains. As there is a Pl domain that runs along the length of the UV waveguide
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there will be a domain wall containing the optical mode. This wall is an up/down domain boundary
either side of the channel and a tail-to-tail domain boundary below the channel (see Figure 3.1).
Evidence of stress on the domain boundary and its impact on the photonic properties of the crystal
can be found in several reports in the literature. One study in particular, ref. [12] shows numerical
modelling of the refractive index reconstruction across a up/down ferroelectric domain boundary.
These numerical results shows a sharp variation of the ordinary refractive index centred at the domain
boundary.

Some of the data which are presented in [12] are reproduced here for clarity. The refractive
index profile across the domain boundary was calculated from NSOM transmission data and the
results are shown in Figure 3.8. From this measurement it occurs that there is a refractive index
change that is associated with the newly poled area, which corresponds to the shaded area in the
graph. This refractive index change is associated with the internal field in congruent crystals and
reduces with time (or after thermal annealing) [23], [24]. In addition to this large-scale refractive
index change a smaller range but large amplitude refractive index change is also shown in the plot.
This short-range refractive index change profile has a width of ~2.5 pm and changes sign either side

of the domain wall and is centred at the domain boundary, which is indicated by the arrow in the

plot.
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Figure 3.8 Refractive index profile (red line) and the intensity of light (grey line)
emerging after propagation through a domain wall in a 500um thick crystal. The
shaded zone indicates the domain inverted region. The vertical arrow indicates the

position of the domain boundary. Reprinted from Reference [12]
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Ref [13] shows that a x10 increase of the peak value of the ordinary refractive index is
observed in UV written channel waveguides that are subjected to PI. This systematic increase in the
peak refractive index is illustrated in Figure 3.3 for waveguides, which were written with different
laser intensities. A similar refractive index discontinuity was observed in the domain boundaries that
were used as TIR switches/deflectors [25] . Interestingly the refractive index discontinuity, which
was reported in [25] persisted thermal annealing. There is sufficient evidence in the literature
suggesting that the photonic response in the vicinity of a domain wall is different as compared to the
bulk crystal, due to strain that is associated with the domain wall and the crystal non-stoichiometry.
We suggest here that this strain that manifests itself through the changes in the refractive index and
which extends to several microns away from the domain wall, is also responsible for the increase in

the nonlinear/electro-optic response that we observed in our composite structure.

The effects that are described in refs [13], [25] must have the same origin and are related to
stress on the domain boundary between the newly poled domain and the virgin crystal. By combining
the reports in the literature it is possible to interpret the observation of reference [12] as the result of
the fact that a PI domain is essentially an unpoled region, which is embedded in a domain inverted
volume. According to the literature the refractive index will increase in the virgin (unpoled) volume
within a range of ~2.5 pm from each domain wall while the domain inverted volume of the crystal
close to the domain wall will have a lower refractive index. In other words the refractive index of the
pre-existing waveguide core will increase while the refractive index of the cladding will decrease

making the optical confinement stronger as has been observed in [12].

3.7 Conclusions

The electro-optic effect of UV-written waveguides that overlap with UV-induced poling
inhibited domains has been investigated. The waveguide and the overlapping Pl domain are both
produced by a single UV irradiation process using 244 nm CW laser irradiation and are thus self-
aligning. A 36.7 % enhancement of the inherent electro-optic coefficient has been observed. The
effect is attributed to the stress field, which is associated with the presence of a domain wall that
contains the channel waveguide. Evidence of stress in the vicinity of a domain wall can be found in
the literature. Measurement of the EO coefficient enhancement as a function of the UV writing
intensity confirms the hypothesis that the overlap between the optical waveguide mode and the Pl

domain is a crucial factor for the observed EO coefficient enhancement.

An asymmetry of the values of the electro-optic coefficient was also found depending on the
direction of the applied voltage ramp (positive/negative). This was attributed to the push pull effect
of the applied voltage on the core/cladding refractive index. For positive voltage ramps the dielectric

contrast between core and cladding of the Pl UV written waveguide reduces resulting in poor
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confinement and hence poor overlap between optical mode and Pl domain which leads to lower
values of the EO coefficient.

These results have technological value as the observed enhancement of the EO coefficient can
lead to the fabrication of a lower-voltage operation integrated optical modulators or to shorter

devices.
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Chapter 4. UV laser-induced poling inhibition in proton
exchanged LN crystals

4.1 Introduction

Ferroelectric domain engineering [1] in congruent lithium niobate is used for a variety of
applications such as wavelength conversion by quasi-phase-matching [2], acousto-optic devices [3]
and surface/bulk micro-structuring [4]. It can be achieved by the process of EFP, where an external
electric field, exceeding the crystal’s coercive field E, is applied along the polar direction [5].
However, the large aspect ratio, which is required for fine domain period periodically poled LN
(PPLN), leads to spreading of the newly formed domain out from the electrodes, which are used for

the spatially selective domain switching, making fabrication of fine domains (< 2 um) challenging.

Pl induced by UV laser irradiation [6][7] in congruent and Mg-doped CLN can overcame
EFP’s limitations by reducing the aspect ratio of the inverted domains allowing for the fabrication of
finer domain structures. This method is capable of producing domains with a moderate that can be
controlled, to some extent, by the UV laser exposure conditions [8]. In this method UV laser
irradiation of the +z polar surface of the crystal result in a local increase of the coercive field [7] by
causing migration of lithium ions due to i) diffusion in the temperature gradients [9] and ii) drift in
the pyro-electric field [10]. Consequently a uniform electric field applied along the z direction poles
the crystal uniformly apart from the volume, which is affected by the UV laser irradiation, which
remains poling inhibited. The limited depth of the PI domains suggests that such structures will find
applications in optical waveguide systems therefore it is important to establish whether poling

inhibition is applicable with established waveguide fabrication methods.

A combination of the UV-induced Pl method with the traditional waveguide fabrication
technology of proton-exchange could result in a new way for production of nonlinear, electro-optic
and acousto-optic devices in lithium niobate. The feasibility of producing Pl domains in PE
waveguides will therefore be the subject of this chapter. Firstly, an introduction to the proton
exchange waveguide formation will be given, followed by a summary of the recent studies on domain
engineering in PE/CLN substrates. Afterwards, the experimental procedures and results will be

presented.
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4.2 Proton Exchange waveguide fabrication

Proton exchange technique is a common method for used for the fabrication of low-loss optical
waveguides in LN crystals [11]. It is a simple and effective method for the fabrication of waveguides
with a much higher photorefractive damage threshold [12] and much lower process temperatures
with respect to the Ti in-diffusion method. However, this method induces changes only on the
extraordinary refractive index therefore the waveguides that are produced with this method only
guide light that is polarised along the z-axis of the crystal. The process consists the substitution of

Li* ions with H protons at the surface of the crystal when it is exposed to an acid bath at elevated

temperatures. The PE process yields different crystallographic phases of H XI—il_XNbOg, depending

on the value of x. In total there are seven different single crystal phases [13]: a, k1, ¥2, B1, B2, B3,
and B4 (in the order of proton concentration increase in the phase). Structure and phase composition
of the PE waveguides has a significant influence on their optical characteristics. The implementation
of protons causes a change of the lattice parameters of the CLN unit cell relative to the concentration
of protons and has as consequence the increase of the refractive index of the crystal [14][15].
However, PE waveguides were found to have reduced electro-optic coefficients after formation of
the waveguide because of the violent nature of the chemical process that takes place [12], [16], [17].
The reduction of the optical nonlinearity and of the spontaneous polarisation can be restored by
subsequently annealing, forming a final graded-index APE waveguide (APE=Annealed Proton-
Exchange) [18] for surface waveguides suitable for photonic applications, and APE followed by a
reverse proton exchange [19], for buried waveguides. However, even after annealing some residual

damage remains in a submicron surface layer.

4.3 Domain engineering in PE:CLN waveguides

Ferroelectric domain engineering in proton exchange waveguides on CLN is an essential
method in order to adjust its optical properties, for example to achieve (QPM) [20]. Periodic poling
has been successfully obtained in such substrates by performing the poling step before the waveguide
fabrication [21], [22]. However this technique requires a suitable, softer, proton-exchange recipe, in
order to avoid the detriment of the PPLN structure when modifying the refractive-index profile [23],
[24]. Another difficulty is raised by the fact that in certain kinds of proton exchange processes used

to create waveguides, the nonlinearity of the crystal is reduced or even eliminated [25].

Another approach for domain engineering in PE:CLN is to perform the poling process after
the waveguide formation. It has been reported that the PE layer can actually inhibit the poling on
CLN under specific conditions, making possible a PE pattering for PPLN formation without poling

current control [17], [26]. Inhibition of poling occurs in PE waveguides that have been fabricated
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without the annealing step afterwards, due to the smaller conductivity of the PE layer in contrast with
the virgin crystal and hence it’s acting as an isolating film in the surface layer when EFP is performed.
The phase of the PE waveguide that has been attributed to this effect is the one with the highest Li*—
H* substitution ratio (x~70%, B —phase), and is characterized by vanishing nonlinear and electro-
optic coefficients [27]. Nevertheless, poling of PE waveguides in CLN have been successfully
achieved when using APE waveguides, with slight adjustments (compared to standard CLN) of the
electric poling conditions. [28]-[31].

Domain engineering in proton exchange waveguides in CLN has been found to be challenging.
The results depend on the chosen fabrication sequence (poling and PE waveguide formation), the
selection of the characteristics of the proton-exchange waveguide (o or § phase, PE or APE) and the
poling current control (slow or fast). This work aims to investigate whether the process of UV laser-
induced poling inhibition can be applied successfully is PE lithium niobate in the same way as it has
been applied to CLN and Mg-doped CLN crystals. More specifically the PI process will be applied
to APE planar waveguide substrates on CLN and Mg-doped samples. The impact of Pl process on
the PE itself will also be investigated especially since the UV irradiation step influences the lithium
ions concentration in the crystal layer where PE occurs. SEM and PFM measurements are used for
the characterisation of the Pl domain formation in PE waveguides. The influence of the UV
irradiation on the PE waveguide formation is also of interest and will be part of the investigation.
Finally, the result of PE process on substrates that have undergone Pl domain treatment prior to PE

will be presented.

4.4 Investigation of UV-induced poling inhibition in congruent and
Mg-doped PE:CLN waveguides

4.4.1 Experimental Procedures

The crystals investigated were 0.5 mm thick, z-cut, optical-grade, undoped CLN (Crystal
Technology, Inc., US) and 5 mol% Mg-doped CLN (Yamaju ceramics). A set of proton-exchanged
waveguides was prepared on these substrates at the Royal Institute of Technology of Stockholm,
Sweden using the APE technique. More specifically, the APE planar waveguides were produced on
the + z faces of the samples by immersing CLN substrates in pure benzoic acid at 158 °C for 15 hours

resulting in the replacement of lithium ions by protons from the molten benzoic acid (B-phase
HXLil_XNbO3) up to a depth of ~ 1 um or less, increasing the refractive index. The thermal annealing

was performed in air temperature of 325 °C for 26 hours, forming a final graded-index APE
waveguide with estimated depth of ~1.7um [32], suitable for photonic applications. However, even

after annealing some residual damage remains in a submicron surface layer.
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Afterwards, the specimens were exposed to UV laser radiation by scanning the samples in
front of the focussed laser beam producing linear irradiated tracks. A c.w. UV laser beam from a
frequency doubled argon ion laser (244 nm) was used in these experiments, focused down to a spot
size of ~2.5 um on the +z face of the crystal. The linear tracks were aligned along the crystallographic
y-direction using a set of computer controlled two axes translation stage (Aerotech ABL1500), which
allows nm resolution. The scanning speed was kept constant at the value of 0.1 mm/sec. The laser
powers, which were used in our experiments, were within the range of 15-37 mW which correspond
to values of intensities of 0.13-0.36 MW/cm?,

Following UV laser irradiation the crystal is subjected to domain inversion by the application
of a uniform electric field along the z direction. Past experience suggests that good quality,
continuous Pl domains in CLN can be obtained by maintaining a slow domain wall velocity during
the EFP step. The domain wall velocity can be controlled by the amplitude of the applied voltage
[33]. In our experiments the amplitude of the applied voltage was ramped up slowly (5 Volts/sec) up
to a value around of ~19.5 kV £ 100VV/mm on the PE:CLN samples and about ~ 4kV/mm = 100V/mm
on PE Mg-doped CLN, where domain nucleation started to occur. The transparent holder which is
used in our poling apparatus enables the real time monitoring of nucleation events and domain wall
movements by taking advantage of the stress induced birefringence that occurs at the domain wall.
The values of the applied voltage used for the PI process in our PE samples were similar to the ones
used for Pl in CLN crystals without a PE layer for both congruent LN [6] and Mg-doped LN crystals,
where EFP is known to be slower [34], [35], and the poling process performed without any

complications.

The depth profile of any Pl domain that were formed during the process has been investigated
in detail using scanning electron microscopy of the HF etched y-face cross section of the crystal
which is perpendicular to the direction of the laser irradiated tracks. However, in order to maximize
the resolution of the relatively shallow domain structures the Pl sample was wedge-polished at an
angle of ~5° with respect to the surface as described in previous chapters. The polished wedge has
a substantial z-face component, which provides very high contrast due to significant differential
etching as compared to y-face etching [36]. Finally, the large surface area, which corresponds to the
wedge, and the absence of a sharp surface discontinuity, is suitable for investigation with

piezoresponse force microscopy [37].

Identical samples to the ones used for the depth profiles, used for optical waveguide
characterization. Therefore, they were edge-polished until no defects were visible under inspection
with an optical microscope reassuring good end-face quality that is required for efficient coupling to

the optical waveguides.

70



Chapter 4

4.4.2 Pl in PE:CLN waveguides

Depth profiles: Etching with HF acid produces normally a visible contrast between areas with
different polarity due to differential etching between opposite z-faces is affected by the acid. By
investigating the surface topography along the wedge polished plane, which corresponds largely to
a z-face, we expect that any height difference is associated to inhibited domain structures. The surface
topography of a UV-exposed and etched wedge polished PE sample is shown in the SEM images of
Figure 4.1. Images a, b, ¢, and d correspond to UV laser tracks irradiated with intensities of 0.13
MW/cm?, 0.15 MW/cm?, 0.17 MW/cm?, 0.19 MW/cm? respectively at a laser spot size of ~ 2.5 um.
The wedge polished surface lies on the left of each image as indicated by the arrow while the vertical
dash line indicates the change of slope.

Figure 4.1 SEM images of wedge-polished and HF etched tracks fabricated by UV-

laser irradiation followed by EFP. The laser intensities used are: (a) 0.13 MW/cm?, b)
0.15 MW/cm?, ¢) 0.17 MW/cm? and d) 0.19 MW/cm? The dashed lines indicate the

boundary where the slope changes due to wedge polishing.

Before going into the details of the impact of the PI process it is necessary to discuss the
differences in the etching quality between the PE waveguide surface and the virgin crystal. Normally,
the etching of the virgin crystal is relatively smooth (at least for a few minutes etching). Careful
observation of the SEM images of Figure 4.1 reveals that there is a clearly defined zone of increased
surface roughness that extends from the point of the sample where the slope changes, due to wedge
polishing, to a length of 19.4 um that corresponds to a depth of ~1.7 um where it stops abruptly.
Interestingly, the area that exhibits a roughness that occur as a result of HF etching correspond to a
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depth that is well within the proton rich volume of the crystal which is close to the surface. According
to the fabrication conditions of this particular sample the 1/e depth distribution of protons is expected
to be around 3 um. So it is reasonable to conclude that this roughness is associated with high
concentration of protons.

Assuming that the observed roughness is associated with the proton concentration we can
conclude that an obvious impact of the laser irradiation is the modification of the proton
concentration. This conclusion comes from the observation that the etch roughness is reduced
immediately below the UV irradiated tracks as it can be seen in Figure 4.1. This effect is becoming
more obvious as the laser intensities increasing, from Figure 4.1a to Figure 4.1d. As the intensity
becomes higher the effect becomes very pronounced, as seen in Figure 4.2. Images a, b, ¢, and d
correspond to UV laser tracks irradiated with at intensities of 0.25 MW/cm?, 0.27 MW/cm?, 0.30
MW/cn?, 0.31 MW/cm? respectively.

hed depth-profile

i 10pm i
Figure 4.2 SEM images of wedge-polished and HF etched tracks fabricated UV-laser
irradiation followed by EFP. The laser intensities used are: (a) 0.25 MW/cm?, b) 0.27
MW/cm? ¢) 0.30 MW/cm? and d) 0.31 MW/cm? The dashed lines indicate the

boundary where the slope changes due to wedge polishing

The SEM images presented in Figure 4.2 show some laser-induced surface damage, which can
be seen along the laser irradiated tracks on the original z-surface which is to the right of the vertical
dash line. The depth profile of the volume that is immediately below the UV laser irradiated tracks

consists of grainy etch resistant features, which is a characteristic of isolated nano-domains, which

72



Chapter 4

have formed within the heat affected zone [10] that extends deeper into the crystal with increasing
irradiating laser intensity. These features are characteristic of Pl domain formation, however, at these
irradiation conditions these domains as not solid as in the case of CLN crystals. Furthermore, from
these images, we can also conclude that the concentration of protons immediately bellow the laser
tracks has been reduced. Also, the proton distribution has changed around the deeper end of the
proton rich zone and around the edges of the laser track. More specifically it seems that proton
concentration have increased deeper into the crystal i.e. at positions A and B. It seems therefore that
the temperature distribution, which is the result of UV laser irradiation, has pushed protons away
outside that heated volume to the side and deeper into the crystal. Furthermore, in the lower intensity
range (Figure 4.2b), the etch resistant Pl feature appear below the 1.7 um deep, proton rich zone.
This trend is also observed at higher intensities (Figure 4.2c,d), however within this range of laser
intensities some Pl features appear closer to the surface. The conclusions that can be drawn from
these observations are; a) UV laser irradiation affects the proton concentration hence interferes with

the integrity of the PE waveguide and b) poling inhibition is discouraged in the proton rich layer.

Evidently, the UV laser irradiation conditions, which were used successfully for the production
of Pl domains with congruent crystals while minimizing the surface damage caused by the UV laser
beam have proven largely ineffective in the case of PE crystals. By further increasing the irradiating
laser intensity to 0.36 MW/cm? the etch profile of the wedge polished section changes dramatically.
In this high intensity irradiation case a solid etch resistant feature has formed, shown in the SEM
image, which is presented in Figure 4.3a, that is reminiscent of Pl domains observed in CLN crystals.
The ferroelectric identity of the revealed etch-resistant feature was interrogated using piezoresponse
force microscopy (PFM). The result of the PFM scan is shown in Figure 4.3b, which reveals that the
piezoresponse contrast of the etch resistant feature is characteristic of a ferroelectric domain with
opposite polarity with respect to the background crystal. Further examination of the PFM and SEM
images indicate that at this intensity level there is significant surface damage and the formation of a
possibly non-ferroelectric zone that corresponds to peak of the temperature distribution, which is

established by the absorbed UV laser radiation.

The formation of Pl domains in congruent crystals has been attributed to the redistribution of
lithium ions under the influence of the UV laser induced temperature gradients [6][7][10]. In the
case of the PE crystal a similar mechanism is considered, which however relies in the redistribution
of protons as well as lithium ions under the same driving force of temperature-gradient driven

diffusion.
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Figure 4.3 SEM image (a) and PFM scan (b) of the depth profile of an UV-induced Pl
domain in PE sample. The UV-laser intensity used was 0.36 MW/cm?. The dashed

lines indicate the boundary where the slope changes due to wedge polishing

Measurements of the Pl domain profile as revealed by wedge polishing yielded a plot of the
depth and width of the domains as a function of the laser intensity, as shown in Figure 4.4. From the
SEM images the UV irradiated tracks can be grouped into 3 different types as a function of their
surface and depth quality as shown in Figure 4.1, Figure 4.2 and Figure 4.3: (Figure 4.1a-d and Figure
4.2a) — PE modification, (Figure 4.2b-d) — scattered nano-domains, and (Figure 4.3a) — solid

domains with a laser-damaged surface.
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Figure 4.4 The depth (a) and width (b) of UV-laser tracks in a PE undoped CLN (as
measured from the SEM images of wedge polished samples) plotted as a function of
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the laser intensity. The red symbols correspond to various surface and depth qualities
and the red dashed line corresponds to the depth of the high proton exchange layer.

In general, it seems that there is not a window of exposure conditions that can provide solid
domains with no surface damage in our samples while at the lower limit of laser intensity there in no
observation of Pl domain formation. However, our results suggest that that the formation of the PI
solid domains is dependant of the PE waveguide characteristics. Samples with thinner PE layer or
weak PE could possibly require reduced laser intensities in order to achieve the redistribution of
protons and therefore no surface damage.

Evidence of proton concentration changes due to UV-laser irradiation has been provided by
the etched depth profiles of the UV-laser irradiated PE crystals. Moreover, redistribution of protons
implies a variation of the PE waveguide profile. Waveguide transmission experiments were therefore
conducted to verify this hypothesis. A CLN sample was uniformly proton exchanged on its +z face
to form a planar waveguide supporting TM modes [14][38]. The UV laser tracks were exposed on
the +z-face and along the y-direction to reproduce the conditions that were used for the PI
experiments. Finally, both y-faces of the crystal sample were edge polished in order to couple light
into the PE optical waveguide. A He-Ne beam, with the appropriate polarization to excite TM modes,
was focussed by a microscope objective onto the polished edge of the PE waveguide. The near field
intensity profile of the propagating mode was imaged on a CCD camera by a second microscope
objective. The schematic, which is shown in Figure 4.5 illustrates the experimental arrangement that
was used for the waveguide propagation experiment. By translating the sample it was possible to
investigate any changes on the propagating planar waveguide mode that were caused by the Pl

process in the vicinity of the UV irradiated tracks.

Figure 4.5 Schematic of the waveguide coupling experiment. A 633nm He-Ne laser
beam is coupled into the PE waveguide and coupled out through two objectives. The
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waveguide coupling point is able to move anywhere between the UV-laser irradiated
tracks.

Using this experimental arrangement the following observations were made depending on the
light coupling position; when the coupling point to the sample (waveguide) lies anywhere between
two adjacent laser tracks, which are separated by ~100 um, a planar waveguide mode profile is
observed at the output facet. The near field intensity pattern of the waveguide mode in this case is
shown in Figure 4.6a where it can be also observed that the mode exhibits some structure of the

lateral intensity profile, which is evidence of lateral confinement.

Figure 4.6 Near-field intensity profiles of two UV-induced Pl domains on the PE:CLN

surface planar waveguide, fabricated by a UV-laser beam focused to a spot size of ~
2.5um at intensity of 0.36 MW/cm? Incident coupling point of the He-Ne beam is
located a) between the two adjacent irradiated tracks and b) right of the centre of the

track.

When the coupling point is located right at the edge of the laser track the output appears to be
that of a single mode channel waveguide (Figure 4.6b) while no waveguide propagation was

observed when the coupling point is aligned with the laser track.

These waveguide propagation results suggest that the original planar waveguide has been
modified by the laser-irradiation. The absence of propagation when the coupling point overlaps with
the end of the laser track can be justified by a local reduction of the refractive index due to the
displacement of protons combined with an increase of scattering loss due to laser-induced surface
damage. The protons that were displaced due to diffusion caused by the temperature gradients, which
are formed due to the strong laser absorption, will produce a proton rich channel adjacent to the track
hence producing a linear section with increased refractive index right next to the laser track which
justifies the channel waveguide formation that was observed. Finally, light that propagates in the

100 pm wide section of the original planar waveguide which lies between two tracks will experience
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lateral confinement due to the refractive index modulation that is associated with the redistribution
of protons. This lateral confinement justifies the lateral mode structure that was observed in our

experiments.

Investigation on the near-field intensity profiles of the rest UV-induced Pl domains on the
PE:CLN planar waveguide, which were written under lower intensities and shown no formation of a
solid Pl domain was performed as well. The results obtained are similar as for the highest laser
intensity used and discussed earlier. For instance, in Figure 4.7 a channel which was written under
the lowest intensity used of 0.13 MW/cm? is shown for incident coupling point of the He-Ne beam
located a) as close as possible to the surface and b) deeper in the crystal. This track corresponds to
the SEM image of Figure 4.1la. For reminder purposes, these irradiated conditions caused
modification on the proton concentration, mainly on the surface (~ 1-2 um), with no hint of the PI
effect.

Figure 4.7 Near-field intensity profiles of a UV- irradiated track on the PE:CLN

surface planar waveguide. The UV laser intensity used was 0.13 MW/cm?. The
coupling point of the He-Ne beam is located: a) as close as possible to the surface and

b) deeper in the crystal.

At Figure 4.7a, where the incident beam is positioned at the surface of the sample, a single-
mode channel waveguide appears, while a Figure 4.7b where the incident beam is deeper, the PE
planar waveguide can be seen. From Figure 4.7b, the position of the track is well defined through the
diffracted pattern and it’s clearly right next of the increased refractive index enhanced intensity
profile, hence observing the same effect for both lateral and vertical scopes under different writing

conditions.

4.4.3 Mg-doped PE:CLN waveguides

Pl domain formation was successfully achieved in Mg-doped PE:CLN waveguides as can be
seen in Figure 4.8. Similar to the Pl domain fabrication in the undoped crystal, the best conditions
found to be the ones with the highest laser intensity (0.36 MW/cm?). Analogous etch roughness up
to a depth of ~1.9 pum.
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Figure 4.8 SEM image of the depth profile of a UV-induced PI domain in Mg-doped
PE. The UV-laser intensity used was 0.36 MW/cm? The dashed lines indicate the
boundary where the slope changes due to wedge polishing.

In further comparison with the Pl domain in undoped PE:CLN samples of Figure 4.4a, the
scattered nano-domains appeared to be more dense in Mg-doped case, and surrounding the solid Pl
domain. Another interesting observation is that the PI domain becomes wider below the rich proton
layer (~1.4pm), meaning that the electrostatic barrier which is formed as a result of laser irradiation
is stronger in the low proton concentration. This effect have not been observed in PI domains formed
in undoped PE:CLN waveguides, where the Pl width found to be well confined along the depth of
the sample. Nevertheless, the measured overall depth of the PI domains on the Mg-doped PE:CLN
found to be similar with the PI depth measured in undoped PE:CLN, which is ~ 4.5um. This is an
encouraging result as previous work on non PE samples shown that Mg-doped CLN crystals

produced shallower domains than in CLN for the same UV laser irradiation conditions [10].

Inspection of the effect while using lower laser intensities in the Mg-doped PE:CLN samples
was also performed, showing no formation of a solid Pl domain, but instead of scattered nano-
domains as shown in Figure 4.9, where the track corresponds for laser intensity of 0.25 MW/cm?.

Again, these results are in agreement with the undoped samples.

Figure 4.9 SEM image of the depth profile of scattered nano-domains of an UV laser

track in Mg-doped PE sample followed by EFP. The laser intensity used was 0.25
MW/cm?. The dashed lines indicate the boundary where the slope changes due to

wedge polishing.
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4.5 Investigation of PE after UV-induced Pl domains in CLN

This second approach included the formation of the Pl domains before the waveguide
fabrication. The objective of this work was to investigate whether the development of the PE
waveguide is being affected by the pre-irradiation of the sample and the presence of the P domains
and also if the PE process affects the integrity Pl domains. The PE waveguide was designed to be
near the cut-off (at 633 nm). In this way slight variations of the proton concentration would have a
significant impact on the propagating mode.

451 Experimental Procedures

The crystals investigated were 0.5 mm thick, z-cut, undoped CLN (Crystal Technology, Inc.,
US). UV irradiation was performed on the +z face of the crystals, along the crystallographic y-
direction with a spot size of ~2.5 um. The writing speed was kept constant at 0.1 mm/sec and the
laser intensity was within the range of 0.13- 0.36 MW/cm?After the UV illumination step, the
crystals were uniformly poled by EFP with the applied voltage ramped at a rate of 5 Volts/sec to a
value of ~19.5 kV. Slow domain wall speed during the EFP step was ensured. The last processing

step was the PE waveguide formation.

PE was performed afterwards on all samples in benzoic acid to obtain a PE layer of thickness
~300nm and then they were annealed at 330°C. The final planar APE effective refractive index at
633nm found to be ner=2.2313.

One of the processed samples was wedge-polished at an angle of ~5° with respect to the
surface and was briefly etched in HF acid to reveal a magnified view of the domain depth profile in
order to check the quality of the Pl domains after the PE waveguide formation. The rest of the

samples were edge-polished for waveguide transmission experiments.

45.2 Results and discussion

The UV-induced Pl domains after the PE process can be seen in the SEM images of Figure
4.10. These images show the wedge polished and briefly etched (1 min) areas of the substrate that
corresponds to the UV exposed tracks. The vertical dashed line indicates the point where the slope
changes and the arrow indicated the direction of the depth profile section. These four figures illustrate
the results, which correspond to UV-laser irradiation conditions of writing speed of 0.1mm/sec and
laser intensity of a) 0.13 MW/cm?, b) 0.15 MW/cm?, ¢) 0.17 MW/cm?, d) 0.19 MW/cm? and €) 0.36
MW/cm?. Difference in the etching quality between the PE waveguide region and the virgin non PE
crystal was observed as in Section 4.4.2, but mostly on the surface of the crystal since the PE
waveguide was very shallow. Therefore, the PE process doesn’t appear to have an impact on the PI

domain, persisting their initial characteristics.
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Figure 4.10 SEM images of the depth profile of UV-induced Pl domain ina CLN
sample were PE waveguide formation was performed afterwards. The UV-laser
intensity was: a) 0.13 MW/cm?, b) 0.15 MW/cm?, ¢) 0.17 MW/cm?, d) 0.19 MW/cm?
and e) 0.36 MW/cm?. The dashed lines indicate the boundary where the slope changes
due to wedge polishing

Using the optical setup, which was described in n previous sections, near-field intensity
profiles of the APE:LiNbO; surface planar waveguide were taken. The waveguide transmission was
influenced by the distance between the coupling position and the location of a UV-laser irradiated
track in this case as well. When the coupling position lies anywhere between two adjacent laser
tracks, which are separated by 100 um, the lateral profile shows a multimode behaviour as shown in
Figure 4.10.
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Figure 4.11Near-field intensity profile of an APE:CLN surface planar waveguide

between two adjacent UV-induced Pl domains.

No propagation was observed when the coupling point is located on the laser track indicating
that the UV-laser irradiation cause a local decrease of the refractive index in the PE layer. Bearing
in mind that the planar waveguide was designed to be right at the cut-off point for propagation at

2=633 nm the effect can be attributed to lower concentration of protons in the UV irradiated areas.

4.6 Conclusions

In summary, a study of ferroelectric domain inversion in proton exchanged congruent and Mg-
doped lithium niobate crystals using irradiation of a continuous wave UV-laser (A=244 nm) was
presented. Two different approaches were investigated depending on the sequence of the fabrication
steps. The first one implies firstly the PE waveguide formation and subsequently the UV irradiation
and the poling step. It was found that UV-irradiation under specific conditions of post proton
exchanged crystals modifies the proton concentration and consequently the associated waveguide.
The results were confirmed using differential etching in HF acid and PFM. More specifically, the
experiments indicate that Pl does not occur in the proton rich layer of the waveguide for low laser
intensities, however using high UV-laser intensities the local proton concentration reduces
sufficiently to allow for the formation of PI domains. The UV laser induced redistribution of protons
consequently modifies the refractive index profile of the original waveguide providing lateral

confinement for the propagating light.

The second investigated approach consists the fabrication of UV-induced poling inhibited
domains firstly, and the PE waveguide process step afterwards. The results revealed that the PE
waveguide formation is altered in the PI regions which causes transformation in its refractive index

profile. Nevertheless, the PE process doesn’t have an impact on the PI domains.
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Chapter 5: Direct writing of channel waveguides and PI
domains in LN using an amorphous silicon

absorption layer.

5.1 Introduction

Waveguide fabrication [1], domain engineering [2] and micro-structuring [3], [4] on CLN
crystal using the UV direct-writing technique has been proved to be simple, inexpensive and flexible
to implement method as shown in the previous chapters of this work. In this part of the thesis, an
alternative way to obtain similar outcomes was performed, with the aim of relaxing the requirement
for the use of UV lasers. This can be achieved by the use of an over-layer that will serve as an
absorber for the laser radiation. The heat that is generated in the absorber can then be coupled to the
crystal underneath to create the temperature gradients that are required for all the above-mentioned

jprocesses.

The use of a Cr absorbing layer have been reported in [5], [6] to produce directly poled
domains using UV and visible lasers. Although the domain inversion was successful it was found
there that under laser irradiation and subsequent heating the Cr layer reduced the underlying crystal,
which rendered the crystal useless for photonic applications. It was found however, that the Cr layer

protected the crystal from laser damage allowing the formation of uniform solid domains.

Here we will investigate the use of amorphous Si (a-Si) as an absorbing layer. We will show
that the use of a-Si enables the formation of optical waveguides and ferroelectric domain structures
without changing significantly the oxygen content of the underlying crystal volume, which is
advantageous for photonic applications. The expectation is that the absorption of the laser light by
the a-Si film will cause it to heat up subsequently transferring the heat to the substrate. Due to the
poor heat conductivity of CLN steep temperature gradients will form as in the case of direct UV light
absorption by the crystal. The temperature gradients is the key ingredient that leads to lithium
diffusion and to the modification of the coercive field and refractive index that has been reported
before [7], [8].

Interestingly laser irradiation can also induce the crystallization of the original a-Si layer. This
laser method has been applied to a-Si filled silica capillaries and was shown to produce record large
crystallites and extreme modifications to the band structure of Si [9]. By applying this method to the
planar geometry we expect that it will be possible to replicate the results obtained in the capillaries

and thus create a hybrid platform for photonics consisting of two very important technological
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materials, Si [10] and CLN [11]. However, this work mainly focuses on the thermal effects produced
in CLN by the laser absorption from the a-Si layer. The crystallization of Si is beyond the scope of
this research.

This chapter is divided in two parts. In the first one, a full investigation of the fabricated
waveguides on CLN substrate is described. Waveguides were fabricated using a variety of exposure
conditions and were subsequently characterised via propagation loss and mode sizes. In the second
part, the results on domain engineering in CLN substrate through this technique are presented. The
effect of inhibition of domain inversion is being shown first and the spontaneous domain inversion

effect is following.

5.2  Sample preparation and direct laser writing

The crystals substrates used in these experiments were z-cut, undoped CLN (Crystal
Technology, Inc., US) with a thickness of 500 pm and the final composite samples (a-Si/CLN) were
produced by deposition of a-Si using plasma enhanced chemical vapour deposition (PE-CVD) [12]
onto the polar z-faces of the substrates. The thickness of the deposited a-Si film was of order 200-

250 nm and was uniform across the surface of the sample.

Direct laser writing on the a-Si coated CLN was realized using a Coherent Innova Sabre 25/7
argon ion laser that delivered continuous wave (CW) output at 488 nm wavelength. The laser beam
was focused onto the crystal surface to a spot size of ~3.5 um using a 36 x microscope objective lens
(NA=0.52). Linear laser tracks were written on both z-faces of the crystal (different samples used for
each z-face) by scanning the sample via a computer-controlled 2D translation stage, along the
crystallographic y-axis in front of the focussed static laser beam. The laser intensities used in these
experiments were in the range of 0.2-1.6 MW/cm? and the writing speeds used were between 0.01-
Imm/sec. A polymer pellicle beam splitter (BS) was used to divert a portion of the back-reflected

light towards a CCD camera that enabled imaging of the sample surface prior to laser writing. .

5.3 Optical channel waveguide formation

After laser irradiation the samples were edge polished, following the procedure that was
described in previous chapters, in order to investigate the possible formation of waveguide channels
below the laser irradiated tracks. It was found that optical channel waveguides were successfully
produced on both +z and —z faces of the crystal the characteristics of which will be presented in the

following sections. Interestingly, waveguide propagation in both TM and TE modes was observed.

88



Chapter 5

This result is different from the case of UV laser exposure, indicating that the effect is more complex
in nature than anticipated. After the initial assessment of the waveguide channels the over-layer was
removed using potassium hydroxide (KOH) and the investigation was repeated for comparison.

54 Mode profile measurements

The mode profile of the waveguides was measured using a standard free space near-field
measurement setup shown in Figure 5.1. Two He-Ne lasers operating at 632.8nm and 1.52um
wavelengths respectively, were used to couple light into the polished end-face of the channel
waveguide-carrying sample by means of a microscope objective. The choice of microscope
objectives (to maximize the coupling efficiency) depended upon the NA of the waveguides under
investigation but the most common were 6.3x (NA=0.20) and 10x (NA=0.25). The laser wavelength
could be chosen using a flipping mirror mount as indicated in the schematic. The sample was
mounted on a precision 4-axis translation stage in order to achieve the best possible coupling
conditions. As both He-Ne lasers were linearly polarized a half wave plate was used to selectively
excite TM and TE modes in the waveguides. The light transmitted through the waveguides was
collected from the opposite end-face by a second microscope objective lens (40x, NA=0.65) that
imaged the output face onto a CCD camera thus providing an image of the near field intensity profile

of the mode propagating in the waveguide under investigation.

MI [ He-Ne Laser A=1.52 pm

He-Ne Laser A=632.8 nm

C2

Figure 5.1 Near-field mode intensity profile measurement setup. (M1, M2: mirrors;
FM: flipping mirror; A: attenuator; P: polarizer; L1 and L2: objective lenses; WUT:

waveguide under test; C1: CCD Camera and C2: the computer.)
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Once the image of the mode was recorded the normalised intensity profiles along horizontal
(x-axis) and vertical directions (z-axis) were generated using beam-profiling software. A glass
graticule (10 um feature size) was used to calibrate the size of the mode profile captured by the CCD.
The depth and with of the waveguide modes were then measured. The waveguides were typically
written along the y-direction of the crystal, therefore the lateral direction is along “x” and of course

the depth is always along “z” as illustrated in FIG. 7

<«— surface

Figure 5.2 Nomenclature of mode profiles used in this thesis with the z direction specifying the
crystal depth and x direction the spatial direction equivalent to across the beam. The

white dashed line indicates the crystal surface.

54.1 Channel waveguides on the +z face of a-Si/CLN

TM modes at A=633 nm

Near field TM mode intensity profiles for waveguide channels written on the +z of a-Si/CLN
are shown in Figure 5.3. These channels were written using increasing writing intensity and a
constant writing speed of 1 mm/sec. As the intensity of the laser increases, the profiles become wider,
deeper and the propagation becomes multimode. At an intensity of 0.49 MW/cm? single mode
propagation is observed (Figure 5.3a). The higher order mode propagation that is observed at higher
writing intensities suggests that the central region of the waveguide, close to the surface, has suffered
damage because the propagating mode seems to avoid that particular volume. As a result of this
surface damage the optical mode shifts further into the bulk. For laser intensities lower than
0.49 MW/cm? the induced refractive index is too small to support a propagating mode and lossy

diffuse mode profiles are observed (not shown here).
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Figure 5.3 Near field waveguide mode profiles for channels written on the +z face at

wavelength of 633nm, TM polarisation written under different writing intensities at
1mmy/sec. Intensities used: a) 0.49 MW/cm?, b) 0.63 MW/cm?, ¢) 0.70 MW/cm?, d)
0.77 MW/cm? and €) 1.12 MW/cm?,

The 1/€? intensity mode widths and depths for all writing conditions were measured and the
results are shown in Figure 5.4. The SM notation indicates the single mode waveguides. The mode
widths (Figure 5.4a) and the mode depths (Figure 5.4b) increase with increasing intensity as the

propagation changes from single to multimode.
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Figure 5.4 a) mode width and b) mode depth at A=633 nm of TM polarisation
corresponding to waveguides written under different writing intensities and writing

speeds. The SM notation indicates the single mode waveguides.
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Another observation from this graph is that the writing velocity has a much smaller effect on
the optical characteristics of the written waveguides compared to the writing intensity.

TE modes at A=633 nm

In previous reports of laser writing of waveguides in lithium niobate using UV laser
irradiation only TM modes could be excited [13], which corresponds to a change in the extra-ordinary
refractive index (ne). In this case however, we could also observe waveguide propagation in the TE

polarisation which indicates an increase of the ordinary refractive index (no) at A=633 nm.

Figure 5.5 shows the near-field intensity profiles of three waveguides written under the
following conditions: writing speed of Imm/sec, spot size of ~3.5 um and laser intensities of a) 0.77
MW/cn?, b) 0.84 MW/cm? and ¢) 1.12 MW/cm? Note that all the waveguides modes correspond to
the fundamental order. At lower intensities, below 0.77 MW/cm? no waveguide propagation was
observed. These observations regarding the propagation mode and the intensity range where TE
waveguides were observed suggests that the n, refractive index change is smaller as compared to the

ne change.

Figure 5.5 Mode profiles for +z a-Si/CLN waveguides at wavelength of 633nm of TE

polarisation, written under different writing intensities at Imm/sec. Intensities are: a)
0.77 MW/cm?, b) 0.84 MW/cm? and ¢) 1.12 MW/cm?,

Measurements of the near-field intensity profiles, plots of the mode width and depth versus
the writing intensities was obtained as shown in Figure 5.6, representing that the mode size of the

waveguides is not changing significantly as the laser intensity increases.
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Figure 5.6 a) mode width and b) mode depth at A=633 nm of TE polarisation
corresponding to waveguides written under different writing intensities and writing

speeds.

Unlike the ordinary index n, the extraordinary index ne strongly depends on the
stoichiometry of the crystal. Specifically, n. increases as Li,O is removed from the crystal but n, is
practically unaffected [14]. Therefore, the observation of TE mode propagation cannot be attributed
to the changes in the concentration of lithium that has been held responsible for the formation of the
UV written waveguides that were observed in [1], because lithium concentration only affects the n
refractive index value. It is possible that there are other contributions to the observed waveguide
formation associated perhaps with stress on the Si/CLN interface and also some diffusion of Si into
CLN. A further discussion will be given on the section of the proposed explanation for the formation

of the waveguides due to visible irradiation on a-Si/CLN samples in section 5.5.
TM modes at 2=1.52 um

The investigation of waveguide transmission at telecommunication wavelengths is presented
here. The beam from a He-Ne operating in the IR wavelength A=1.52 um was coupled to the laser
written waveguides, using the experimental apparatus described in Figure 5.1. Typical near-field

intensity profiles of the propagating modes, captured by an IR camera are shown in Figure 5.7.
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Figure 5.7 TM mode profiles for waveguides at wavelength of 1.52um of TM

polarisation, written under different writing intensities at Imm/sec. Intensities
are: a) 0.77 MW/cm?, b) 0.84 MW/cm? and c) 1.12 MW/cm?,

The corresponding mode size measurements as a function of the writing intensity for
different writing speeds yield the plots which are shown in Figure 5.8. At A=1.52um only propagation
in the fundamental mode was observed. Interestingly previous results obtained using UV-laser
irradiation did not show propagation at telecommunication wavelengths. It is rather difficult however
to directly compare the current experimental results that correspond to indirect irradiation (through
the Si layer) with previous results obtained with UV irradiation. This is mainly due to the fact that
the spot sizes in this case are larger as compared with the UV case which could account for the
propagation in the IR. Another observation is that the IR propagation modes are located close to the
surface. The corresponding modes in the visible spectrum where located deeper in the crystal. This
behaviour of the modes was attributed to the possibility of surface damage that increased the
scattering loss close to the surface. The close-to-the-surface location of the IR modes could be an
indication that Si has diffused into the substrate during the laser irradiation. Si in CLN would induce

loss in the visible, due to absorption but not in the IR.
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Figure 5.8 a) mode width and b) depth at A=1.52 um for TM polarisation
corresponding to waveguides written under different writing intensities and writing

speeds.

Removing the a-Si over-layer

During the laser irradiation process the a-Si over-layer reaches very high temperatures, as
high as the melting point of the material. After cooling the crystalized Si film and the CLN substrate
will contract, not necessarily at the same rate. It is expected therefore that some amount of stress will
be present at the Si/CLN interface after the laser processing. This stress could contribute to the
observed refractive index change. To assess the influence of the over-layer on the propagating mode,
the a-Si thin film was removed using KOH and mode profile measurements were repeated. For
comparison the near field intensity profiles for the a-Si coated waveguides are shown in Figure 5.9
together with the near field profiles at A=633nm after the removal of the a-Si over-layer for TM
polarisation. A general observation regarding the propagating modes after the removal of the Si over-
layer is that the confinement is now worse. Note that the fundamental mode (Figure 5.9a2) after the
removal of Si has become larger as compared to the mode before Si removal (Figure 5.9al). The
modes that correspond to higher writing intensities have changed accordingly. According to the mode
dimension calculations for all the waveguides, which are presented in Figure 5.10, there is no

suggestion of a specific trend after the removal of Si.

95



Chapter 5

Figure 5.9 Mode profiles of channel waveguides written under writing speed of
1mmV/sec and laser intensities: a) 0.49 MW/cm?, b) 0.63 MW/cm?, ¢) 0.70 MW/cm?, d)
0.77 MW/cm? and e) 1.12 MW/cm?, before (al, bi, c1, di, e1) and after (a2, b2, c2,

d2, e2) removal of the Si film. Laser writing speed: 1mm/sec.

In Figure 5.10, where the size of the modes is taken at the 1/e® position of the outer lobes for
all the writing conditions used, the solid data points correspond to a-Si over-layer and the open data

points correspond to measurements after the removal of the a-Si film.
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Figure 5.10 a) Mode width and b) mode depth at A=633 nm of TM polarisation
corresponding to waveguides written under different writing intensities and writing
speeds. Solid and open data points correspond to measurements taken with and
without the a-Si over-layer on top, respectively. The SM notation indicates the single

mode waveguides.
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Mode profiles for TE polarisation at A=633 nm were obtained and a plot was Yyield,
comparing the mode sizes of the waveguides before and after the removal of the a-Si film as a
function of the writing intensity, as can be seen in Figure 5.11, for constant writing speed of 1mm/sec.
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Figure 5.11 a) Mode width and b) mode depth at =633 nm of TE polarisation
corresponding to waveguides written under different writing intensities and writing
speed of Imm/sec. Solid and open data points correspond to measurements taken with

and without the a-Si over-layer on top, respectively.

5.4.2 Propagation Loss

In order to investigate the optical propagation loss of the laser written waveguides another
sample was fabricated using a smaller laser spot radius this time (~1.8um). A set of channel
waveguides was fabricated consisting of channels corresponding to different laser intensities and
writing speeds. The sample was exposed on the +z face and scanned across its y- crystallographic
direction at laser intensities ranging from 0.47 MW/cm? to 0.7 MW/cm? with a writing speed ranging
from 0.016mm/sec to 0.16mm/sec. The propagation loss of the waveguides was measured using the
cutback method for TM and TE propagating modes at 633 nm wavelength and for TM propagating

modes, which are the only propagating modes at 1.52 um wavelength.

Using the experimental set-up shown in Figure 5.1, a power meter was placed in the position
of the CCD camera and an iris diaphragm was used to preferentially collect the light corresponding

to the propagating mode by blocking the uncoupled light. The transmitted laser power was measured
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for each waveguide channel. The sample was then shortened by lapping removing ~1-1.5mm from
the output edge and the transmission measurement was repeated. This process was repeated five
times allowing the measurement of the transmission over a change of propagation length that is
approximately ~5.1 mm.

The propagation loss per unit length were derived from the slope of the linear fitting on the
average intensities of the five different length and the y-intercept of the linear fitting provides an
indication of the coupling loss.

TM polarisation of incident beam: A=633nm.

Figure 5.12 illustrates the total loss in comparison with the waveguide length value for TM
polarisation at A=633 nm.
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Figure 5.12 Loss versus length of a waveguide written on the +z face of a-Si/CLN
sample with different writing conditions. Measurements taken for TM polarisation of

incident beam of A=633nm.

The lowest propagation loss found to be 5.04 + 0.37 dB/cm and corresponds to waveguide
written under writing intensity of 0.56 MW/cm? and writing speed of 0.016 mm/sec. Table 5.1

summarises the calculated propagation loss of the explored exposure conditions.
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Writing Speed

Writing intensity

Propagation Loss

(mm/sec) (MW/crm?) (dB/cm) Error
0.016 0.46 5.98051 0.31015
0.016 0.56 5.66937 0.47791
0.016 0.56 5.04812 0.37986
0.083 0.49 5.87768 0.94926
0.083 0.55 6.11783 0.91394
0.16 0.53 5.46395 0.77013
0.16 0.53 6.56518 0.65436
0.16 0.55 9.12279 0.48004

Table 5.1 Measured TM modes at A=633 nm

Overall, the measured loss was found to be between 5.0 and 6.5 dB/cm throughout the writing

conditions used here. Exception of this trend can be seen for a waveguide written with laser intensity
of 0.55 MW/cm? and speed of 0.16 mm/sec, which was found to be 9.12 + 0.48 dB/cm, which could

be attributed to fabrication error of this particular waveguide. The propagation loss as a function of

the laser power and scanning speed is shown in Figure 5.13. The lowest propagation loss was

observed for a combination of higher intensity and slow speed. Perhaps the relatively high

propagation loss in this set of waveguides is due to the smaller spot size that was used for the

fabrication of these channels as the smaller physical dimensions could account for more lossy

structures. This could explain why the lower propagation loss has been observed for high intensity

fast writing, which is expected to produce a higher refractive index change. Another source of

propagation loss could be associated with the Si film which will absorb light at A=633 nm.
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Figure 5.13 Comparison of waveguide propagation and loss versus writing intensity

for waveguides written on +z face of a-Si/CLN under different writing speeds.

Measurements taken for TM polarisation of incident beam of A=633nm.

TE polarisation of incident beam: 2=633nm.

Using a TE polarisation of incident beam of A=633 nm measurements of the propagation loss

were also taken and the calculated values are shown in Table 5.2. The lowest obtained value of

propagation loss found to be 4.53 + 0.88 dB/cm and the higher 6.39 + 0.44 dB/cm.

Writing Speed Writing inteznsity Propagation Loss Error
(mm/sec) (MW/cm?) (dB/cm)
0.016 0.6 5.85528 0.34624
0.016 0.6 5.74157 1.0893
0.083 0.56 6.30798 0.76447
0.083 0.56 6.06456 0.8454
0.083 0.55 4.53955 0.88193
0.083 0.53 6.77208 1.1647
0.083 0.53 5.18612 0.51009
0.083 0.53 6.39974 0.44617
0.083 0.49 5.03791 1.44002
0.083 0.49 6.05228 1.09986
0.16 0.53 3.81626 0.90793

Table 5.2 Measured TE modes at A=633 nm
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In general, the calculated propagation loss for polarization of TE, was found to be varying
between 5.0 and 6.7 dB/cm throughout the writing conditions used, which are similar as for the TM
polarization.
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Figure 5.14 Comparison of waveguide propagation and loss versus writing intensity
for waveguides written on +z face of a-Si/CLN under different writing speeds.

Measurements taken for TE polarisation at 633nm

TM polarisation: 2=1.52um.

Same results were taken for incident beam of wavelength of TM polarisation at A=1.52 pm
as well, though only for waveguides written at writing speed of 0.016 mm/sec. The rest of the
fabricated waveguides found to be lossy which make their calculation challenging. Figure 5.15
illustrates these measurements and Table 5.3 the obtained values of the propagation loss. The lowest
propagation loss were calculated at 3.69 + 0.12 dB/cm on a waveguide written under writing intensity
of 0.49 MW/cm?,
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Figure 5.15 Loss versus length of a waveguide written on the +z face of a-Si/CLN
sample under different writing intensity and constant writing speed of 0.016mm/sec.

Mode profile of the measured waveguide at a wavelength of 1.52 um of TE

polarisation.
Writing Speed Writing intepsity Propagation Loss Error
(mm/sec) (MW/cm?) (dB/cm)
0.016 0.6 6.88301 0.77796
0.016 0.56 5.69135 0.3249
0.016 0.56 6.90242 0.7132
0.016 0.53 6.30616 0.56536
0.016 0.53 7.04408 0.36831
0.016 0.49 4.04019 0.44082
0.016 0.49 3.69149 0.12613

Table 5.3 Measured TM modes at A=1.52 um

A plot of propagation loss in comparison with the writing intensity was also yield, shown in

Figure 5.16 where the lowest laser intensity used appears to exhibit the lowest total loss.
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Figure 5.16 Comparison of waveguide propagation loss versus writing intensity for
waveguides written on +z face of a-Si/CLN with constant writing speed of
0.016mm/sec. Measurements taken for TM polarisation of incident beam of A=1.52

un.

The lowest loss is observed at 1.52 um, which suggests that absorption in Si could be a
source of loss at visible wavelengths.

5.4.3 Channel waveguides on the -z face of a-Si/CLN
TM modes at 2=633 nm

Near field intensity profiles of waveguides fabricated on —z face of a-Si/CLN displayed a
difference in the mode sizes of waveguides written on +z face under same writing conditions as seen
in Figure 5.17. The spot size was ~3.5 um for both samples.
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Figure 5.17 Comparison of a) mode width and b) mode depth at A=633nm of TM
polarisation, between waveguides written on +z face (solid data spots) and —z face
(open data spots) of a-Si/CLN samples, corresponding to waveguides written under
different writing intensities and writing speeds. The SM notation indicates which

waveguides are single mode.

In general, lower laser intensities were required to obtain same size waveguide when
irradiating on —z face than on +z face a-Si/CLN. For instance, a single-mode waveguide on —z face
demands ~ 0.3 MW/cm? lower intensity for writing speed of 0.01 mm/sec. The reason for this effect

is not clearly understood at the moment.

TE modes at A=633 nm

Investigation on the mode profiles of waveguides written on the —z face sample for incident
beam of A=633nm and TE polarisation revealed difficulty on exciting this kind of modes. As seen on
the TM analysis, the depth and width of the modes on waveguides written on —z face found to be
smaller than on the +z face, indicating a smaller refractive index change. Additionally, the
extraordinary refractive index change, which, is responsible for TE modes proved to be smaller than
the ordinary refractive index change, therefore the accumulation of these two observations might be

responsible for the poor optical confinement for TE polarisation on —z face samples.
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TM modes at 2=1.52 um

Near field intensity profile analysis for infrared wavelength was made on —z face a-Si/CLN
samples as well. Figure 5.18 compares the measured 1/e? mode size values of the same waveguides
between visible and infrared wavelength of incident beam. Under these writing conditions, all the IR
propagation modes appeared to be single-mode, but only the waveguide that corresponded to the
highest written intensity of 0.56 MW/cm? had strong confinement. In general, all the IR modes were
located to the surface, however due to the lossy confinement of the waveguide fabricated with
intensity lower than 0.56 MW/cm?, their mode depth was measured higher in contrast with the visible
modes of the same waveguides.
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Figure 5.18 Comparison of 1/e> measurements of a) mode width and b) mode depth
between A=633 nm (black dots) and A=1.52 pum (red dots) of TM polarisation
corresponding to waveguides written under different writing intensities and constant

writing speed of 0.01lmm/sec. The SM notation indicates the single mode waveguides.

Removing the a-Si over-layer

The effect of the optical confinement increase afterwards the KOH etching step was also
observed in the —z face a-Si/CLN samples, though in a small extent. Figure 5.19 displays the 1/e?
values measured from the near-field intensities profiles of waveguides written under constant writing

speed of 0.01mm/sec on —z face of a-Si/CLN film, before and after the film removal.
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Figure 5.19 Measurements of 1/e? values of waveguides written under different
writing intensities at 0.01mm/sec on -z face of a-Si/CLN. The top graph shows the

mode widths and the bottom one the depth versus the writing intensities used.

55  Proposed mechanism for the waveguide formation

The mechanism for the waveguide formation on the a-Si/CLN crystal during the visible laser
annealing should be similar mechanism as in the UV-written waveguides on CLN. More precisely,
the high absorption of the a-Si layer induces the temperature on the CLN substrate forming a great
temperature gradient forcing the Li ions to migrate by diffusion but also under the influence of the
pyroelectric field, which is formed as the heated volume cools down. This thermal mechanism is also
responsible for the UV-induced poling-inhibition, which was also observed here as well. The poling-

inhibition process is described in the next section.

Moreover, a-Si/CLN waveguides exhibit transmission not only of TM modes (which is the
case for UV-written waveguides on CLN), but in TE modes as well, showing an increase in both the
extraordinary and ordinary refractive indices. This indicates that there might be other effects apart
from Li ion diffusion that takes place and are responsible for the ordinary refractive index change. It
is suggested that it is attributed to an interfacial stress on CLN induced by the crystallized layer of
Si.
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5.6 Poling inhibition on a-Si/CLN crystals

5.6.1 Introduction

A route to overcome the limitations of UV-laser induced domain engineering (limited depth,
surface damage) to produce domain structures which are suitable for photonic applications, could be
to irradiate a light absorbing thin film deposited on the polar faces of CLN crystals. In this section
we will present experimental work, which investigates the formation of Pl domains using visible
(A=488 nm) c.w laser irradiation on a CLN crystal coated with an a-Si film. Irradiation of an a-Si
thin film covered CLN crystal surface with visible laser radiation have been shown in the previous
section to reproduce waveguiding results that were previously obtained with UV laser irradiation. As
the physical origin of the optical waveguide writing and PI (or spontaneous) domain formation
originates from laser induced temperature gradients in the crystal we expect that it will be possible
to reproduce the UV laser induced poling effects also in the a-Si/CLN system but this time by using

visible laser irradiation.

5.6.2 Experimental procedures

The samples that were used for the ferroelectric domain inversion experiments were
fabricated using the same methods and writing conditions as described in the waveguide writing
section 5.2. The laser irradiation conditions (laser intensity and writing speed) were also within the
same range that were used for the channel waveguide experiments; intensities: 0.2-1.6 MW/cm?,

writing speeds: 0.01-1mm/sec. A laser beam radius of ~3.5 um was used.

5.6.3 Laser-induced poling inhibition in a-Si/CLN using a visible irradiation

PI domains characteristics: depth, width and surface quality: In order to perform the poling step,
which is necessary for the Pl domain inversion the a-Si film was removed, using KOH, to expose the
+z face of the crystal. The crystal was then uniformly EFP poled using the process that was described
in section 5.4.1, ensuring smooth and slow domain wall velocity. The voltage was ramped up until
nucleation was observed and then was kept at a constant level throughout the remaining poling

process 9.6 kV.

The investigation of the Pl domain characteristics was performed again by wedge polishing
at ~ 5° and brief etching in HF acid (48%) for 3 min at room temperature, producing an etched depth
of ~30 nm on the —z face. The etched surface topography provided sufficient contrast to allow
investigation of the Pl domains using optical microscopy. The revealed Pl domains on the +z face of

a-Si/CLN samples can be seen in Figure 5.20.
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Figure 5.20 Microscope images of HF etched Pl domains. The irradiation conditions

are: constant scanning speed at 60mm/min and laser intensities at a) 0.63 MW/cn?, b)
0.56 MW/cm? and ¢) 0.28 MW/cm?,

Combining the wedge polishing and the HF etching the stretched depth profile is revealed.
The surface topography of the etched wedge can be seen clearly in the SEM images [15] shown in

Figure 5.21. These SEM images were used to measure the domain size as a function of the fabrication
conditions.

Figure 5.21 SEM images of the wedge-polished Pl domains fabricated under different
laser intensities keeping the speed constant at 0.1mm/sec.

Additional evidence for the quality of the Pl domains that were formed as a result of the
irradiation of the a-Si film on the +z face of the crystal was provided by investigation of the surface
using PFM. The PFM scans confirm the domain inversion but also reveals that under certain

conditions the heat coupled from the Si film to the crystal can cause significant damage of the surface
which leads to a local reduction of the ferroelectricity as shown in Figure 5.22.
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Figure 5.22 PFM images Pl domains

The SEM images presented in Figure 5.21, which correspond to writing speed of 0.1 mm/sec
exhibit some surface damage for laser intensities above 0.7 MW/cm?, which can be seen along the
laser irradiated tracks on the top side of the horizontal dash line that corresponds to the original +z
face of the sample. Surface damage was also seen in previous UV experiments in which case was the
result of direct absorption form the crystal [16]. At the lower limit of laser intensities the resulting Pl
domains consist of scattered nano-domains. The profiles of the visible laser irradiated tracks shows
also grainy etch resistant features, which is a characteristic of isolated nano-domains, which have
formed within the heat affected zone that extends deeper into the crystal with increasing irradiating
laser intensity. From the SEM observations, it reveals that there is a defined zone of roughness on

the surface of the samples that corresponds to remains of the a-Si thin film after the KOH etching.

The size (depth and width) of the Pl domains fabricated under different writing conditions,
measured from the SEM images of the stretched depth profiles of the Pl domains, as a function of

the writing laser intensity is shown in Figure 5.23.
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Figure 5.23 The depth and width of PI domains in a-Si/CLN plotted as a function of

the writing laser intensity under different writing speeds.

The deepest solid Pl domain without any surface damage that was obtained has a depth of
3.8 um. This depth measurement in contrast with the deeper solid PI domain fabricated by UV-laser
irradiation of 244nm wavelength on a plain CLN crystal (2.5um) [16], [4], displays an increase of
depth up to 34% which is an encouraging result, suggesting some degree of domain depth control
without risking damaging the crystal surface. In addition, different writing speeds which differ by
one order of magnitude minor effect appears to have on Pl domain size, which in some cases the

values are within the limit of the error bar.

The largest width value of Pl domains was measured to be ~11 um for Pl solid domain
without any surface damage which is almost double the size of the spot size used. This observation
suggests that the heat diffuses well beyond the irradiated area possibly due to the different heat
conductivity of the film. The depth and width data were also plotted as depth vs width. The plot is
shown in Figure 5.24. As indicated by the linear fits, the data generally follows a linear relationship
showing that domain depth and width is larger with higher writing intensity, which is similar

behaviour as in the experiments of UV-laser induced PI.
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constant the writing speed at 6mm/min. The red line corresponds to linear fitting.

In order to investigate the dependence of the Pl domain size on the writing speed, plots of

the Pl domain dimensions as a function of the writing speed were produced and shown in Figure

5.25. The writing laser intensities here are 1,=0.42 MW/cm? and 1,=0.7 MW/cm? where the first one

corresponds to solid domains without damage and the latter for a Pl with surface damage, for all

writing speeds.

Changing the writing speed effectively, modifies the exposure time of the surface, which

adjusts the duration for each point of the exposed track is subjected to extreme, close to melting

point, temperatures. These measurements suggest that the range of the electrostatic barrier that

produces the Pl domains [16], [17] is pushed further away from the heating source confirming the

results that were obtained using UV light.
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Figure 5.25 Comparison of PI domain depth and width in a-Si/CLN under the same
writing intensity (0.42 MW/cm? and 0.7 MW/cm?).

Poling inhibition in a-Si/CLN without removing the Si film: In the Pl experiments that were
shown in the previous section the Si film was removed prior to the EFP step using KOH etching.
However, there is scope for using the laser processed a-Si film, which under certain conditions can
be crystalized by the laser irradiation, therefore in this section we will investigate the ability to

produce Pl domains without the removal of the Si film.

A new sample was fabricated with the aim of obtaining PI domains without removing the a-
Si film. The laser focussing this time was tighter (with spot size of ~2.2um). The laser intensities
used here were between 0.35 MW/cm? and 1.06 MW/cm? and the writing speed was varied from
0.016-0.16mm/sec. Following laser irradiation the sample was subjected to EFP by applying an
electric field as in section 5.6.3. The poling process was in-situ visualised using a white light source
by stress-induced birefringence at the domain walls [18] collimated through the crystal. An image of

the domain wall formation/propagation can be seen in Figure 5.26.
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Figure 5.26 In situ optical visualization of the bulk domain formation in association
with the laser written tracks. Frame (b) was taken 6 minutes after frame (a). The

arrows indicate the directions of domain growth.

No qualitative difference between the EFP in the presence of the Si film and the EFP without
was observed. However, this is not a systematic study of the poling process as it was beyond the
scope of these experiments. Domain nucleation started at random points commonly along the
irradiated regions and the motion of the domain wall was observed to be preferentially along to the
laser tracks especially in the beginning of the process. Later, the domains expanded in the area

between adjacent tracks and merged thus completing the EFP step.

Visualisation of the resulting Pl domains inversion was achieved by wedge polishing, followed
by brief HF etching. The SEM images of the wedge polished section shown in Figure 5.27 correspond
to laser intensity of 0.51 MW/cm? and writing speed of 0.1 mm/min showing the formation of deep
and solid Pl domains, demonstrating that the PI fabrication process is not affected by the presence of
the a-Si film.
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Figure 5.27 SEM images of the wedge-polished Pl domains fabricated in (+2) a-

Si/CLN sample under laser intensity of 0.51MW/cm? and writing speed of
0.016mm/min. a) view from the top, b) titled view at 60 degrees and ¢) magnified

view of image b).

The SEM images of the wedge polished sections which are shown in Figure 5.27 reveal an
assembly of nanometre size features which are located immediately bellow the Si film up to a depth
of ~ 0.7 um the origin of which is not clear at the moment. However, a similar effect was observed
in EFP experiments that were attempted in proton-exchanged samples. Proton exchange damages the
top crystal layer reducing or even eliminating the ferroelectricity locally. We believe that the Si layer
plays the same role in the EFP process as the damaged layer in proton exchanged waveguides. As
for the quality of the poling in the non-irradiated areas, it is found to be imperfect, showing an
assembly of nanometre size features indicating local resistance of poling due to the a-Si film. This
appearance of nano-domains extend up to ~1 um of depth. Another observation of Figure 5.27c) is

that through this technique it is possible to visualize the irradiated region on the a-Si film.

Since that irradiated area corresponds to crystalline Si, the observed contrast between the
crystalline and amorphous Si could be attributed to the different electric properties of these two faces
and their relevant interaction with the electrons beam of the SEM. Measurement of the width of that
region don’t match with the spot size of ~2.5 um, while the width of the underlying PI domain found
to be closer to that value. Additionally, an upward movement of the a-Si film relatively to the CLN
crystal in the regions on either side of the irradiated area can be seen, which is possible caused by
the HF acid. However, interestingly this movement doesn’t occur on the irradiated area, where the
a-Si film appears to be in contact with the CLN substrate and only a deformation of the film close to

the boundaries of that area is shown to occur.

After taking measurements of the SEM images of the stretched depth profiles of the Pl

domains on a-Si/CLN sample, the domains depth was calculated. Figure 5.28 displays the
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dependence of PI domain depth on the laser writing intensity for constant writing speed of 1 mm/sec.
Comparing these measurements with Pl domains obtained after prior removal of the Si film indicated
that there is no significant difference between the two processes.

— 3 * T f I * T = T = T * 1 & 1 &= I 7
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Intensity (MW/cm?)

Figure 5.28 The depth of Pl domains in a-Si/CLN plotted as a function of the writing

laser intensity fabricated under constant writing speed of 0.16mm/sec.

Optical characterisation: In order to investigate the impact of the Pl domain on the pre-existing
waveguide, an optical characterisation at 633 nm wavelength was performed using the optical set-up
shown in Figure 5.1. Because the sample was wedge-polished for the PI domain size measurements,

end-face polishing was executed, following the polishing procedure described in 5.4.

The mode profiles taken appeared an unusual behaviour comparing with the pre-existing
waveguide modes, i.e. before the uniform poling step. All the waveguides exhibited a single-mode
profile, irrespectively of the written conditions. Waveguides written under the lowest intensity were
placed close to the surface, however, for high laser intensities the waveguides found to be located
deep in the crystal, of maximum estimated depth of ~ 10um. The resultant effect is not clearly
understood at the moment and differs significantly from the UV-written waveguides which can

overlap with the UV-induced Pl domain as shown in Chapter 3.

5.6.4 Directly-written domains induced by visible laser

Directly-written domain characteristics: depth, width and surface quality: Visible laser
induced inverted domains were examined following the same experimental procedures as for Pl
domains. The sample that used for the optical characterisation in section 5.4.3, was wedge-polished
at ~ 5° and was immersed in HF acid (48%) for 3min at room temperature, revealing the opposite
domains due to differential etching. SEM images of the stretched depth profiles of the domains were

taken as shown in Figure 5.29. For reminder purposes, the writing conditions of that sample were:
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~3.5 um of spot size, laser beam intensities ranging from 0.2 MW/cm? to 1.6 MW/cm? and writing
speeds of 0.01-1mm/sec.

Figure 5.29 SEM images of the wedge-polished spontaneous inverted domains

keeping the speed constant at 0.6mm/min and varying the writing intensity: a) 0.56
MW/cm? , b) 0.70 MW/cm?, ¢) 0.84 MW/cm?.,

A solid domain without any surface damage can be obtain for intensity of 0.56 MW/cm? as
can be seen in Figure 5.29a but for higher intensities surface damage was observed. Under the same
writing conditions on the +z face of a-Si/CLN, same effects had been observed, however, on —z face
the damage appears to be more intense and the whole process to be more violent. The solid inverted
domain appears to be smaller also in comparison with the Pl domain on +z face under the same

writing conditions.

Measurements of depth and width of the inverted domains were taken from the SEM images
of the stretched depth profiles yielding plots versus the writing intensity for all the writing speeds as
shown in Figure 5.30. In this graph, domains above laser intensity of 0.7 MW/cm? suffer from surface

damage, which becomes excessive for intensities above 0.84MW/cm?,
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Figure 5.30 The width and depth of spontaneous inverted domains in -z face a-
Si/CLN plotted as a function of the writing laser intensity under different writing
speeds.

The relation between the domain sizes and the writing intensity is similar as in the Pl domain
case and appears linear. The role of the laser intensity is more important than the exposure time,

which can be adjusted by the scanning speed as illustrated in Figure 5.31.
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Figure 5.31 Comparison of spontaneous inverted domain depth (a) and width (b) in -z
face a-Si/CLN under the same writing intensity (black dots: 1.54 MW/cm? and red
dots: 0.70 MW/cm?).

Optical characterisation of the fabricated waveguides on —z face a-Si/CLN is being described
in section 5.4.3 where the spontaneous inverted domains didn’t appear to affect the waveguide

propagation.

5.6.5 Proposed mechanism for domain formation

In general, for both cases of visible laser induced Pl and direct domain inversion, the
mechanism appears to be similar as the one proposed for the explanation of the same effect due to
UV irradiation. The strong absorption of the Si film in the visible wavelengths combined with the
poor heat conductivity of CLN leads to a substantial increase of the temperature locally. The steep
temperature gradients which are formed in the CLN substrate as a result of the heat of the a-Si film
causes Li ions side diffusion. This change of the stoichiometry causes a local increase of the

amplitude of the electric field which is required for domain inversion.

The dependence of the domain sizes mostly to the writing intensity and not to the writing
speed indicates that the occurrence of direct poling depends strongly on the peak temperature which
is achieved during laser irradiation and not on the duration that the crystal stays at an raised

temperature. It has been proposed that the same effect for UV-laser induced domain inversion
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originates from a synergy of electric fields, formed by displaced charge carriers and the pyro-electric
field, which adds up to produce a net poling field during the cooling stage of the rapid heating-cooling
cycle as a result of the laser irradiation. The similar results for a-Si/CLN while it’s irradiated by
visible laser beam indicates that this proposed mechanism was right and that it is mostly a thermal
effect that takes place.

5.7 Conclusions

A study of the channel waveguide formation and ferroelectric domain fabrication induced by
the direct visible laser irradiation on a-Si/CLN samples has been performed. More specifically we
observed the formation of directly inverted domains on the —z face of the crystal and Pl domain
formation on the +z face. Optical channel waveguides were observed on both faces. These results
indicate that it is possible to obtain the same effects that were previously observed using UV laser

irradiation.

Single and multimode waveguide structures were fabricated and a dependence of the mode
size on the irradiation conditions was found and presented here. Subsequent removal of the a-Si film
after irradiation lead to a change of the propagating mode profile indicating a reduction of the spatial
range and/or the refractive index change that was responsible for the waveguide formation. This is
an indication that perhaps stress on the annealed a-Si/CLN interface could contribute to the observed
refractive index change. Channel waveguides fabricated on +z face of a-Si/CLN samples were found
to exhibit transmission of both TM and TE modes, at 633nm wavelength of incident laser beam,
indicating that there is a significant increase of both the ordinary and extraordinary refractive indices,
while waveguides fabricated on -z face of a-Si/CLN samples found to exhibit transmission TM

modes only. TM mode propagation was observed on both faces at 1.52um wavelength.

Waveguides written on +z face of a-Si/CLN composite show a minimum propagation loss of
3.69 dB/cm for infrared wavelength at 1.52nm, 5.04 dB/cm at visible wavelength of 633nm of TM

polarisation and 4.53 dB/cm for TE polarisation of 633nm.

The PI domain formation on the +z face was observed allowing the fabrication of domains,
which are deeper than their UV, irradiated counterparts and also exhibiting a lower level of laser
induced surface damage. Spontaneous domain inversion (for —z face samples) was also observed.
The domain size results as a function of irradiation conditions indicate that writing intensity is the

most important parameter as compared to writing speed.

The formation of channel waveguides and the ability for domain engineering using an a-Si
film as absorber not only allows the use of a conventional laser source for the processing of lithium
niobate crystals but also confirms the previous hypothesis that all the effects that are associated with

UV writing in lithium niobate have a thermal origin.
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Chapter 6: Future Work

A number of approaches have been presented in this thesis for the processing of lithium niobate
crystals in terms of domain engineering, waveguide fabrication and surface micro-structuring which
hold potential for the realisation of photonic devices. Nevertheless, supplementary work will be
required in order to further understand and control several aspects of these methods for practical
applications. Some suggestions for further work are given here.

UV laser-induced poling-inhibition in CLN

Future plans involve the surface tension reshaping for smoothening of ridge photonic
structures and the development a titanium or gallium diffusion process for increasing the refractive
index of the top ridge section. Particularly for gallium diffusion in lithium niobate has been reported
to produce a 3.3x107 [1] refractive index change and has the advantage of being a relatively low
temperature process. In addition, the Pl domain based ASL transducers devices will be characterized
and analysed. Because of the restriction of the spot size of the UV-laser beam, the widths of the PI
domains are not equal with their adjacent domains (i.e. the inverted domains) causing problem to the
periodicity. This can be solved by combining individual Pl domains to produce larger complex
domain structures as discussed on the relative chapter, or by simply decreasing the period A which
will allow the increase of the operation frequency according to Eq. 2-1. Fabrication of an integrated
AO filters using a Pl based ASL structure associated with a single-mode Ti in-diffused or PE optical

waveguide should be attempted as well.
Local enhancement of the electro-optic coefficient in poling inhibited CLN channel waveguides

The proposed method has the potential to reduce the complexity of fabrication of electro-optic
devices and would be extremely well-suited for the implementation of the dense compact photonic
circuits for future optoelectronic technologies. One of the future tasks is to investigate the possible
enhancement of the nonlinear performance of devices that consist of PI domains. More specifically,
a PPLN sample consisted by UV-induced Pl domains should be fabricated and the SHG efficiency
should be measured. A possible observation of an enhancement of the second-order nonlinear
coefficient would provide a sufficient clarification on the proposed mechanism for the enhancement

of the effective electo-optic coefficient as discussed on section 3.6.
UV laser-induced poling inhibition in proton exchanged LN crystals

The UV laser induced redistribution of protons consequently modifies the refractive index
profile of the original waveguide providing lateral confinement for the propagating light hence it
could be used for post fabrication trimming of the characteristics of planar or channel PE waveguides

in congruent and Mg-doped lithium niobate.
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Direct writing of channel waveguides and PI domains in LN using an amorphous silicon absorption

layer

Further investigation of the proposed mechanism is needed. More precisely, through Micro-
Raman spectroscopy it would be possible to measure the mechanical stress with micrometric spatial
resolution [2]. Distributions of mechanical stress in a-Si:CLN waveguides can be measured on the
waveguide facets. Also, an improvement of the existing model [3] that explains the formation of
waveguides by laser induced thermal diffusion of lithium ions should be performed, recalculating
the laser induced temperature distribution on the CLN substrate by taking into account the presence

of the a-Si film and a possible silicon diffusion in CLN.

Optimisation of the writing conditions for best crystallisation of the a-Si film upon the
irradiated regions and subsequently the waveguide formation on CLN substrate is also required and
already being under investigation by the group. The influence of the thickness of the a-Si film should
be also taken into account for both effects. Lastly, domain engineering on a-Si:CLN samples requires
additional study. PFM images could provide more information about the nano-domains that occur
when poling is performed without firstly remove the a-Si film. SAW and SHG devices should be
easy to achieved, showing the capabilities of this technique and subsequently check their

performance and what is the impact due to the presence of the nano-domains
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