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By etigineering tlie gcoinclry 01' a tiorlliliear optical crystal. the cffecti\,c c t ~ f i c ~ e ~ i c y  of  all nonlinear optical oscillations 
can bc ~ncrcasctl dramnt~c;tlly. Specifically, sphere and i l~sk  shaped crystal resonators have bcen used to detnoi~strate 
norllincar optical oscillations at sub-mili\vatt input power \vhen c\v ligllt propagates it1 a M'liisper~ng Ciallery U o d e  
(WGM) of  such a 1.esonalit cavity. In ter~ms of  hot11 de i ice  production and experimentat~on in quallhrm optics. sotile 
nonlinear optical eftkcts \\.it11 n a t ~ ~ r a l l y  higll efficiency can occult tlie desirecl nonlinear scattel-itig process. The 
cfficicncy of  sccond ordcr nonlinvar optical ef-fccts in firroclcctric crystals can be increased hy cnglnccrlng a poling 
structllre to t l ~ c  crystal resollator. Itr this paper. I n-111 discirss a nc\i. nicthod [or gcnerati~ig pol i~ig structures 111 

ferroclectnc crystal resonators called c.c~liigt-c~/)Iiic. poiiilg. I'lic details of  thc p o l ~ n g  appa~.atus. experimental results. and 
spcculat~on on fi1t1u.c app l~cut~ons  \\.ill he d ~ s c i ~ s s c d .  

Kcynortls: fSI'I.N. Nonlinear Optics. IL'(ihl. ~nicrosphtr-e 

C:onstri~cti~ig pcriotlically poled LiKbO3 (PPLN) stnlctures is o f  great lliiportancc in nonlinear optics and quantu~n  
optics. Optical parametric oscillators 11-31, Hrafig rctlectors 141, seconrl harmon~c  generators [5.6]. photonic bandgap 
devices 171. and tlic scncration o f  squeezed light 181 have all been demonsu.atctl \vith PP1.N. 

, 1 he plocess 01' poling LiKbO; causes a localized reversal In tlie direct~on of tlie p e i - ~ l ~ a ~ l e ~ i t  elect~.ic polari7,atiotl of tlie 
crystal. I ' e c l ~ n i q ~ ~ c s  ~ n \ o l v i n g  \vet etcli~tig and piioto11tliogl.aptilc pt-etbrmed ~ n a s k s  10-1 I ]  11ai.e bcen uscil for poling 
purposes. Thcsc mctho(ls. \j.liile readily applrcahle to m~~l t~p l ica t i \ . c  rcprotlucing o f  s ~ m p l c  dotnain patterns, such as 
linear gratings. ; ~ r c  not convenient tor the real litlie getieratton and \ . i s~ ia l~za t lo~i  of p ; ~ t t e r ~ ~ s  o f  arbitrary sliapes, a s  
reqi~ired tn some fi~ndamental appjications [13]. hccause the teciln~que t-equ11.e~ the fabrication oS the photolithoyraphic 
tiiask each tinii' as  tliil d o ~ l l a i ~ l  rHnp changes. 

A teclitlique to pole t l i~n LlNhO: crystals ~vllile ~ l i o ~ ~ i t o r l n g  the growth of domain \\,ails I I I  .\itrl has been devclopcci and is 
d i s c ~ ~ s s c d   ti t h ~ s  papel-. \ \ . i ~ l i  specilic application to WC;U [-exmators. althougll the tccliniil~!c IS gcncral and can he 
a p p l ~ c d  to 180-desrce f*t[~~.oclectric.s of' any gco11ict1-y. ['hi.; tcchniclue is callert c.ciliig/..i.i~~~liic. ~ ~ o l i t i g .  for i.athcr than 
charg~ng  a prei'ol-incd Inask. a micro~i  s~i.cd tieetlle that drags charge across tlie s l ~ r t i c e  of the crystal causes d o i x a ~ n  
~~eve l~sa l  ~n real tlme. I'lrc shape of the resulting rc\-crscil domain is tllcrl gi\.cn by tllc trajectory ot ' the tip o f t h e  ~~eet l l t . .  
with any h l ~ ~ ~ k s  i n t ~ ~ o d ~ ~ c e t l  by. s\\ , i tchi~ig tllc \,nltagc otf'as ticsircri. 

Tlicrc. arc s t ,~nc ad\.antagcs of  calligrapllic poling \\hen compared to traditro~lal approaches. 'l'his method is flcsihlc and 
allo\vs generating all arb~trary complcs do~na in  pattern on a crystal n-~thout the fabrication o f  at1 espensi1.e illask. 'l'he 
poling process can be obsilr\.ed optically and manipulated in real time. 'l'his method docs not recluirc cstrcmc 
cnvironrnent conditioils and dontai~l  re\.ersal in samples of thickness less than 200 ~nicrotls occurs f-ast e n o ~ ~ g h  to rnakc 
calligraphic poling pract~cal .  The cntlrc prnccss takcs place on a tabletop. a t  roo111 tel.riperati~re and at atniospheric 
pressure. Furrhe~.. all poling pattcrns arc revet-siblc. that IS .  the p o l ~ n g  stl-11ctlu.e on a particular crystal car1 be erased atid 
a nt.\\. (>tie I I ISCI  ihed \\.itlrout sigtlificnnt alteratloll o f t h c  pol~tlg apparatus. 'This aspect is \el!. impo~tan t  for indcpcndent 



research labs. 5i11ce i t  allo\\s sc)~nc fi-ecdom to test poling structures b e f i r e  using a prcformcd mask to mass produce 
them. 

We dc~nonstratc complcs dolllain structures wlth t\\'o types o r  poling patterns: smoottl c i~r\ .es  and hexagons. lie 
smoo111 ctlrves are Fabricated \vheli a ~ l ~ i c r o l i  thick needle electrode muves across the top surt'ace c~.ystal l i t~e \\afi's. \vh~le  
the hexagons arc zcneratcd \\.-hen the tip of the elcctroilc is statlonary fiu sotllc anlount ol- t ~ m e .  Narrolv doniluns less 
than 2 pni across arc f3hr1c:ltcd either as  ~ t r i ~ i g h t .  stilootll l i~lcs  or as CIII.\ .CS ;ICI.OSS the s~tlglc-cloma~n crystal. Sclcct~on 
o f  tlectrode ~i l ;~ter i i~l .  railius. anil iliclinatiori are irnl~orta~it factors. and are 311 cliscussed later. 

Changes to the poling process due to a l ~ g n n ~ c n t  of the needle electrode \!.it11 the crystat x and y vscs havc not been 
obser\.ed. Do~iiains in tlic shape of hexagons (as d c t c r n ~ ~ n e d  by the crystal s t~.uct t~re o f  LiNbO:) are readily obtained. 
I)re\~io~ls demonstrations of  hexagon poli~lg have lnvol\~ed creating a preibrmed mask with hexagons, then carefully 
aligning the stel~cil 's l~e\-agon vcrticcs to the s- and y- iiiructions of  thc crystal before applying \roltape. Wltli 
calligraphic polling. hcsagon rormalio~i IS auronlatic. I l e x a g o ~ ~  poling IS mtc~est lng bccailsc it allo\vs for the crcatlon of 
t\vo dimcnslonal photo~lic nud micronra\~c hatldgap dcv~ccs .  

With more tlc\-elol>nlc~lt, ohscl.\,ing the gro~vtli  p;~rarnctcrs of hcxago~lnlly sllapcd tlnmnin stri1ctu1-es could he 11seil to 
nondcslt-ucti\.cIy study crystal pilrlty. Fol. cxanlplc. \\.c have clhscrvcd sym~nctr ic  hexagon genel-ation in stoichlometric 
~ilaterial and asynln~etric hexagon gcncration in cong~-ucnt material. 

We ~ e r i t i e d  ~111r technique for congruent crystals that arc less than 200 11111 thick and stoichiomctric crystals less tlian 
250 11111 thick. \Z-e found that inhomogeneities in crystal co~liposition play a decidedly large role in the poling process. 
Both the domain gro\\.th rate and the lnitlitllum poling voltage depetid on location on  the crystal surface where tlie tip 
electrode is applicil. 111 gc~icral.  rcat-time control ol' bias voltage anc! tune ol'interaction (dcscl-ibcd in d c t a ~ l  hcio\v) call 
be used to cnsul-c 121-ccis~on gcl~cratioti of a dcslrcd polins pattern. 

2.1 The appal-atus 

I'lie calllg~aphic pc>liny n~acllinc consists oi'a sharp eifged tungsten electrode (needle) that brushcs across thc stlrt.acc o f  
the crystal. Thc cr!,stal is In tun1 m o ~ u ~ ~ t e d  on a tlat polisl~cd electrode. Rct\teen the crystal and the flat electrode (the 
substratc) is a Inlcron thlrl layer ot' contlr~cting liq~lid to ensure ui~ilhrln c o l x l ~ ~ c t a l ~ c e  tbl- all points on the crystal. 
L)epe~lili~lg 011 co~lt ' igurat~o~l ,  c ~ t h c r  the substrate or the needle I S  att:~cllcd to some computer co~lt l~-~l lcd 
translatiotl rotatlon stages t o  change tlie posltlnn ol'one \\1t11 1 ~ 5 p c c l  to tlie o111c1. Ry alql iv~ng a illas voltage bctlvecn 
the needle and the substrate. domaill stsi~ctilrcs are i1ran.n cl~rectly onto tlie cryhtal in a irscr 01 colnpi~ter- defined patlcl-11. 
A cartoon oFt11c callig~aphic poling ~i lacl l i~ie  is sl~r,\v~i in [;is. 1 .  A picti~rc ot'tllc ~ ~ \ . I o c '  ~ a l l ~ g r a p h i c  pol i~lg ~ i i i l c t i i ~ ~ ~  \\.e 
use is 511on.n in kig. 2. 

The needle clcctrodes \ \e  use are 111e sanw cornponetit as tlie probcs used i t )  atonllc force microscopy. We foutid that 
needle electrodes lliatle of  a solid shank of tungsten arc better suited for calligraphic poling tlian bent clcctrodes with 
'cat-\vhiskcr' t~l l lgste~l  tips. cut copper xvire. or the edge of  a razor. K h c n  the radius of  the tip ot ' the needle is smaller 
than Ii;~lf a n~icron.  the lifespall of  the tip is sllortcr than the tltnc 11 takes to colnplctc a typ~ca l  poling pattern. S ~ m ~ l a r l y .  
needles 11iadt. of  copper ith gradually become dull and poss~hly  hctltl af-tcr only a fc\v poling cyclcs. Since tlic pen 1s 
in phys~cal  col~tact  \ \ . ~ t l i  the rlppel iuri3ce of the crystal. excessive prcssii1.e appilcd niay cause eitilcr the cryst;il or the 
pen to hl-eak. 1 s111g a I-arnl- n111 llsuall!. cause a cluck to firrun in thc c r ~ ~ i t a l .  n - h ~ l c  the \\-h~sl\c~--lilic t ~ p  \\-111 ccl-ta~nl>- 



bend and break under even modest strain. Using the crimped end of a piece of copper wire is an attractive choice for 
engineering narrow domain structures. However, the lack of rigidity in copper wires allows for hysterisis it1 motion and 
uncontrollable slipping when this sort of pen is moved. 

Metal Electrodes 

Fig. I :  Diaeratn of the calligraphic poling machine. The needlc is free to move across the surface of the crystal 
Whcn voltagc is applied, domain reversal takes place locally under thc position of the tip of the needle. The 

arrows represent the direction of the polarization for local rcgions on the crystal. 

Fig. 2: Picture of our calligraphic poling tnachine. The substrate used here is 1.26 cm diameter piece of brass 
that has been hand ~olished.  



C h o o s ~ n g  the appropl.late s o l ~ d  tullgsteti probe is critical. It was found tlxrt pcn electl-ode5 o f  1 Ilrn r a d ~ u s  work best. 
TJarger radius pen electl.odes automatically exclude straigIitfor\vard cnslllcc1-lllg of  sniall do lna~ns .  Sti~aller radius pen 
clcctrodcs i n i t i a l l ~ ~  allo\\  for smallcr d o ~ n a ~ n  str~rcn~res.  IIo\vever. after sollle time. the stscss ofrtragging the pen across 
tlie surface of  the crystal n.111 cause the pel1 electrode lo  bend. C11argc btlild UP \\ .ill  ea11se do111;lili flipp111g to occur 
aIong the position or  the bend in the electrode instead o f a t  tilo tip nf tlie elcctrntle, or bo t t~ .  
The lo\f.cr surfi~cc ot'tlic crystal is pl;~ccil illto colltact \!.it11 a polislleil 1131 electrode (the substrate). .A thi11 layer of 
cnnducttng licluiil. ii)~. cxnmplc salt jvatcr. is placcd bct\veeii the s u b s t i ~ ~ t c  and the crystal to ensure ~ ~ n i f o r ~ i i  electricai 
contact bct\i.cc~i ttic t\\.o ~~cas ly- t l a t  srl~.taccs. Filr-tliermorc. a thm layel ol' salt \vatcr scrvcs as a strong b i~ l i l i~ ig  agent 
bet\vccn tlic crystal a~i t l  tllc s~tbstratc. 'I'l~c salt \\.atel. keeps ~ l l e  cl-)~stal liom rno\.lnS arolund wt~i le  tlie pol i~lg process 
takes place. 

T~5.o diffuent  niaterials \\.ere successfully ~ ~ s e d  as tlie substrate. The thin plate o f a  nlctallic mirror n a s  itlitially ctlosen 
becausc of its ~*.xceIlcnt surface quality. Hou.eirer. strcss. strain, and the occasional spark call cause cracks to li)rnl on 
the thiti nletal surface \vliicli may insulate different parts o f  the substrate suuface. Uec;~use o f  t h ~ s  rcc~rrring iss l~e.  a solid 
plece of brass \\ it11 one ~rolisiled surfice was used as  the substrate  tis stead of t l ie  inctall~c mirror. Scl-atc11c.s and cracks 
along tllc sur i icc do nut 1cs~11t in electtical isolation becausc o f t h c  tl~ickncss ol'thc suhstratc ant1 the salt \ Y L I ~ C ~  coat i~lg.  
tio\\ 'e\  er. s ~ ~ ~ l i l c e  defecls deeper than se\.eral do;letl tiiicro~is can collect dust partlclcs and other contaminants \r.h~cti 
cause sparking at lo\\.zr 1-oltnges than that IVI I ICI I  is requ~recl for- domain l-e\.c'~ sal. 

l'lie s i ~ e  and shape of  the cloi~laiils produced by calligraphic poling are co~ltrollcd by the niagrritudc ot' the voltage bias 
between the nccdle and tllc suhstratc. the duration of the applicd voltage. the quality of the crystal, a i ~ d  tlie thickness of 
thc cl.y.;tal. 'I'ypically. l i~gli voltago bias. from 2-3 kV. applied over timc pcriods less than 2 s to a n~otionless per1 
yield I~csagons:  \ \ . l ~ ~ l c  ~n tc r~nedia te  voltages (SO0 V-1.8kV) iippl~ed o\.er longer ttme periods to a moving pen yield 
straiglit lines ant1 c ~ r r \ c s .  ('systal t l i~ckncss also af*fccts tlic pollng dyna~nic .  \Vc nbser \u i  that the I-esultant ciomains in 
;1 thick CI-ystal ;II-C s111aIIcr than t l~ose of'a t l ~ i ~ i  crystal \vlicn applierl to tile same \:oltagc f'or the samc a m o ~ m t  o t ' t ~ m c .  
Fig. 3 atid Fi:. 4. which arc adapted from 1141, p!-cscnt some t>.pical results :1c111e\.ed lvittl the poling process. 

Stoic11iomct1.i~ crystals, that is, crystals that iia\,c a ratio of' 1-i to h b  that is near Lm~ty. slio\v tlonlain re\lrrsal at much 
loivcr \.oltagcs typically at or ar-ound 400 V !i>i- a crystal ol'tlie sainc tliiuknuss dusc~.ibc.tl abo i .~ . .  I'oling sto~chiometric 
crystals results almost csc l~~s i \ . e ly  in hexagonal shaped donlain patterns. 

Note that the \.slues tbr rcqu~retl voltagcs rcpoi~ted in this a r t~c lc  f i ~ r  both congruent slid stoichiometric material d o  not 
c o r r c s p o ~ ~ d  m.itl~ tlic satne values discirsscd clse\\l~crc. In all othct espcinmcnts. tlic polnrization o f  a large regioti of a 
single i ioma~n crystal Ivas Iwlng reversed. \\.li~le n.itli call~gr~aphtc pol1119 o111y ;I stnall portion of the crystal is exposed to 
tlic b ~ a s  field. thus some amount of  sc~ecning  1s eupcctctl. \Vc sllol~ld pomt o ~ r l  that \\.hile the data presented il l  Fig~ircs  
3 and 4 arc t).p~cal of  callig~aphic poling, a ~ i d  tile descl-iption of  p o l ~ n g  dgmrnic gl\.cn In t h ~ s  section IS mostly 
repruscntativc. of' nutllal bcha\.ior. each itldi\,idual crystal sample apparently 1x1s slightly ilitfi.rcl~t polil-~g dytia~llics. 
'I'llese psclpertles 111ust he quant~t jed hcfosc po111lg hcgtns. For Instance, n fen- 'test d a ~ n a i ~ i s '  cilt~lcl be  applied to ltie 
crystal and t11c11. s17c and  sliapc can be  \ .er~t icd hy  the visiiali/;~tlon tcchnlclile dcscr~bcd helon.. 



Fig. 3 polins tl>.~~;i~uics o f  ;L 200 pti1 thlcli specimen t r f  uclngrucnt 1 . iU l~C)~ .  3 1\\' ot'bixs \\:IS applied through 3 1 
l i ~ u  1t11igstct1 pet1 i111d tlic s~irfrlcc arc3 of tllc ~.cs~iltant dot113111 struct~~rc \ i c i ~  I C C O ~ I I C C I .  This CXPC'I 111ictlt \\;is 

~scpca~cci nine ~ I I ~ I C S  ; ~ t  \ ;II .~OLIS I O C ; I I ~ O I I S  on t h ~  ~1.yst;il 10 ~ b t : ~ i ~ l  tllc CI-ros h:~rs. 

Thc poling dynamics fi)r coligruent and stoichiometnc LiKbO; tluougli calligraphic polillg arc diff.cl.cnt. Fig. 3 slio~vs 
dynamics data I'or poling collgrllellt LiNbO.. Fig. 4 shows the same type of data for stoichiometric LiNbO;. Each data 
point 1s an nvcragc of 5 points taken \vtth the salne parameters 011 different r e ~ i o n s  o f  tlic same crystal to avcragc out 
any  d~ffercnccs in stl-ucrural content o f  the crystal. Tllc bclla\.ior sI10\\11 it1 ttltst' data sets. \\bile not conclusi\.c. 
indicates so~t lo  th~.csIlold hcli;l~.ior Ibr the polirlg tiyt~unlic ill both types nt'cryslal. 



4 6 8 10 
time (s) 

(h) 

Fig 4: poling dynamics in 200 pm thick stoichiomctric LiNb03. (a) lncrcasing bias voltage applicd to different 
regions of the crystal for 5 s results in domain structures of increasing sizc (b) Increasing the time a given bias 

voltagc is applied will result in domains of increasing si7.c. 

An advantage of calligraphic poling is the ability to erase a poled stn~cture on a crystal. We found some curios 
phenomena in the process. For example, Fig. 5 shows how the domain size may depend on the poling history of the 
crystal. A domain was created at some voltage applied for some time. The size of the domain was measured using the 
non-destructive visualization technique discussed in this article. The domain was then erased by inverting the sign of 
the applied field. After erasure, the same voltage was applied over the same amonnt of time to the same spot of the 

I crystal, The size of the new domain was measured, and then it was erased again. This process was repeated for several 
iterations. The oscillations obsetved in the measured domain size in congruent samples could be attributed to a work- 
hardening analogue in ferroelectric domain reversal, or some dependence of bias voltage on stress in the crystal, or 
perhaps even a sort of electrostatic annealing analogue, though we do not have an explanation for the observed 
phenomenon. 

2 
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Fig. 5: Ferroclcctric work-hardening in congruent LiNbOl. Domains are flipped, erased, and rc-poled in 
succcssive iterations. Thc measured surface arcas of the domains grow dramatically through several iterations. 



2.3 Domain visualizatio~i 

Visualization of t l ie domains can be an intrinsic part o f  the calligraphic poliny process. Light incident from above the 
crystal (+z-direction) reflects off of its bottom surface. As the voltaye between the top and bottom surfaces in 
increased, tlie gradient in the refractive index of the narrow region between +z and -z poled regions (the domain wall) 
increases. This results in distinct dark lines that outline reyions of domain inversion, which are visible with the aid o f  
an optical microscope. Note that unlike tlie conventional techniques that rely on polarization changes of light, 
polarizerlanalyzer elements are not required for tlie visualization o f  tlie domains. Fig. 6 shows tlie visualization of a 
radial-spoke shaped domain structure applied via calligraphic poliny techniques. 

Fig. 6: ( a )  ;i r;iiii;ll ~x>ling pallc1.11 10 LLIII tllich. x \ c l i l l  hi~ndl-211 micrrrns lhng llinl tollows the circumference ol'a 
disk slmpcd cr)stal. ' l~ l i c  sillioucuc olll ic ~icedlc elzctrodr points towards tl ic edge oltlie disk. These images 

zlppcar orange hccause of tlic brass substrate used as the holto~n clcctrode. 

Since domains are visualized as they are generated with tlie high voltage bias applied between the needle and the 
smooth substrate, calligraphic poling allows in situ ~nonitoring o f  the domain growth process. Domain visualization 
occurs at far lower voltages than those required for domain reversal, however. The ~ n i n i m u ~ n  voltage required to 
observe preexisting domain patterns, approximately 200 V, is only a fraction of tlie voltage required to cause domain 
reversal to occur. tlios the visualization tecl~r~ique is non-destructive. This value is a function o f  the surface quality o f  
the crystal and substrate. To verify that domain flipping has taken place through the depth o f  the crystal, the crystal is 
flipped over and the same pattern is veritied on tlie opposite side o f  the crystal. Fig. 7 shows the visualization of 
hexagon-shaped domain structures achieved through calligraphic poling. 

Once the domain pattern is formed, i t  can be visualized under ~nagnification while the crystal sample is heated. In  the 
case of radially poled disks (as shown in Fig. 5 ) ,  viewing the disk in the radial direction and focusiny slightly off-center 
shows domains without temperature or voltage bias. This is because of the birefringence o f  the material. 



2.4 Poling near edges and other discontinuities 

Poling near discontinuities and edges is possible with calligraphic poling so long as the appropriate precautions are 
taken. Edge poling requires the crystal and needle to be inlmersed in an insulating oil because placing the pen, e.g., 
within 100 pm of the edge of the crystal causes at best no domain reversal, and at worse sparking that can result in the 
destruction of the crystal and the pen. If an insulating oil of sufficiently large dielectric constant is used, poling up to 
the very edge of a polished crystal can be achieved [14]. 

The steps for poling close to the crystal edges are the following. First, the crystal surface must be free of any scratches, 
cracks, or holes. This is visually verified by use of a microscope, and physically achieved by polishing or by any other 
means. 

Second, the substrate in electrical contact with the lower surface of the crystal is polished to be cleared of all scratches. 
Any sharp points or disco~ltinuities in its surface will cause an inordinate amount of charge to build up and result in a 
dramatic spark that can move or damage the crystal specimen. Using a metallic mirror as the substrate or polishing the 
substrate with a diamond paper are simple ways to ensure a smooth substrate. 

Once these steps are complete, a thin layer of saltwater is placed between the lower crystal surface and the smooth 
electrode. Over time, the weight of the crystal will squeeze out all but a thin film of the saltwater. This thin film will 
hold the crystal in place and keep out any other substance between the crystal and the lower substrate. Then, a 
hyrdrophohic insulating dielectric oil is added to cover the crystal and snlooth electrode, as in Fig. 8 After enough time 
is given for all the excess salt water to leave the gap between the crystal and the substrate, the insulating oil surrounds 
the upper and edge surfaces of the crystal. The needle, which drags along the top surface of the crystal, causes charge to 
build up at its tip when a voltage is applied between the pen and the substrate. Since the crystal specimen is immersed 
in an insulating bath, the charge will continue to build up until an amount of charge sufficient for domain reversal is 
generated. Once this condition has heen met, the pemlanent polarization of the region of the crystal immediately 
underneath the pen is reversed, causing a pulse of current to flow in the circuit. 



Fig. 7: Modification to the calligraphic poling machine to allow for edge-poling on a polishcd crystal. A 
hydrophobic, transparent, and insulating oil prcvcnts sparks from charge build up on the edge of the crystal. 

Any oil or other material is cleared off from the calligraphic poling apparatus before the crystal is removed. Dousing 
the specinie~~ in alcohol, then distilled water, and then acetone clears off most of the col~ta~ili~iants introduced in the 
calligraphic poling process. To remove the crystal, a single drop of salt water is placed near the edge. This drop will 
combine with the thin fihn of water underneath the crystal and cause a bead to form underneath the crystal, gently 
separating it from the substrate. 

3. EXPERIMENTAL RESULTS 

A poling struchlre reminiscent of concentric rings was used to tune the optical spectra of a LiNbO? WGM resonator. 
All modes in such a resonator have radialy dependant wave functions. Higher order modes have radial maxima closer 
to the disk edge, while lower order modes have maxima closer to the disk center. In a resonator with a ring shaped 
poling pattern, modes of different radial orders will mostly occupy regions of the cavity with different polarization, as 
illustrated in Fig. 8. Fig. 9 shows an experimental realization of such a poli~ig pattern, and is adapted from [15]. 



Fig. 8: (lop) a ring shaped poling pattern on a disk shaped resonator (bottom) a cross sectional view oS the cavity with an indication 
of the radial dcpcndcncc of two cigcnmodcs of thc cavity. 

I:ig. ' I :  Lslt: a disk nil11 ;I ring shaped poling pattern some 10 microns from the d~sli cdgc. Rigl~t: detail ofthe poling pallcrli, which 
is a ring 2 ]microns edge-to-edgc. 

Applying a voltage bias acl-oss the resonator causes the refractive index of each region to change in different directions 
(that is, to increase or decrease) through the Pockells effect, which means the frequency of modes will change based on 
their radial wavenumber. Through carefill engineering, the frequency of a single family of 'radical' modes can be 
shifted with respect to the rest of the modes in the resonator. We achieved, what is to oul- knowledge a first 
demonstration of this effect, with a tunability of 20 MHdVb,,, .  Experimental results of the frequency tunability are 
shown in Fig. 10. 

This type of device forms the critical element of a tunable optical tilter, and could also be used as a component in an 
optical cavity with tunable FSR or perhaps a single sideband optical modulator. 
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FIS. 10: 'l'llnlng thc ti.ccl~lcncy ol'clne lllodc in t l~c  resonator spcclr.:~ \iIlllc ltucp~ng thc iiccl~irllc>. of'otlicl. ~llodcs st :~t~c 

Increasing the el'ticic~lcy of optical SHCi and optical parametric oscillatiotls (OPT)) in general is a corumon goal arnong 
practitinners of' no~ilinear optics. Thc high Q-factor of W(iM resonators iniplics that large field iiiterlsitics are 
achievable rvith small itlpi~t powers. For any scatteritlg process to occur. energy and momcntum must be conserved. 
For a process ltko scco~lii  Ilal.n~onic generation or suln.'difl>rencc ti-equency generation, energy is coilset-ved. but 
dispersion in the mater~al  means ~ i ion~ent iun  (phase) is ~ i o t  cotiserved. 'To compensate fo r  this. a perlodic modulation in 
thc sign on tlic second order not)lincar optical coefficient is needed to quasi-phase match pump, signat and ldler waves. 
Physically. a linear g r a t ~ n ~  roormed by acljaceiit I I ~  and don.11 poled domains approximates the required periodic 
n~od~rlat ion.  I-01. \I..(ibl resotlatol.~, the traditiollal I~near  glatltlg is 'hotlt' around the circumferelice of the clisk 
resonator. fo~-liiil~g a sot of 'd31~>~-pctaI like radial ciilt~iains. as sho\\ii pre\,in~tsly 111 Fig. 0 .  

The step size drpe~lt ls  on !he 111clcs rnis~natch between purilp. s ~ g ~ ~ a l ,  and itllcr \va\.cs. Because of  the large o p t ~ c a l  fields 
that exist in IVt-ikl cca~itics. tlic refraclive 113diccs may cha~lge as a tiulction of  inpl~t  intensity as well. Tcmperatul-c 
fluctuations also cause sliif'ts In rokactive index. Furthcl-tuorc. cliangcs to the poling period from ~ e o ~ t ~ c t r i c  dispel-sion 
must bc consitlcrcti fi)r small radius disks. \b'itho~rl us111g c x t e ~ ~ s i v e  C O I I ~ I - U I  aj)pal.atlts. a l i ~ ~ e a r l y  cllit~pcd potiilg strttcture 
can account filt s o u ~ c  ot'tllc lluck~ations In refiactlvo indux ~nislz~atcl~.  

SIIG lias been obscricd in LflC;M resonators \\.it11 a radial poling structure chirped I~ncarly tionl 13 nitcrons LIP to 30 
~nicrons step si/c. A largc c1il1-p it1 the poling structure a1lou.s Sor broadband fi.equcncy con\.ersion at lo!\ eSficiency. as 
shon.11 in Flg. I I .  Kccl~tcing the chirp ~c t iuccs  thc range oT S11G \vliiie incrcas~iig ~ h c  o\.elxll ciflcicncy. 
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C:alligrapl~ic pol1113 1s a Ion. cost. and easy to implcmcnt tt.ch~lique for domain engineering LiNbO; and possibly other. 
ferroelcctrics. The general operational pnramctcrs of calligraphic poling arc descr~bed and several examples of 
experimental r-csults arc prese~~tcd .  ('alligraphic poling \!.ill be used as a tool to create high etliciency nonlinear optleal 
devices. as well as a loo1 to explore Scrroelectsic poling dynam~cs. Finally, i l l  addition to I-iNbO:, other z-cut 
fet-roelcctric materials. c.g. LiTaO? can bo domain e~~gincercd  using calligraphic poling, u-('ut crystals can also be 
polcd using a \,ariation of  calligrapliic poling. Visuali7ation of the  donla111 gsowtl~ could he usefi~l for understanding of 
the inte~~nal proccsscs in thc fkrroclcctric materials. 

Further experimcnts inclurle generat~nn of tiotlclassical states of light from per~od~cally poled \VCiM scsnnators. alitl 
increastilg efticletlcy of nonli~ieas optical processes in pcr~odically poled Xi'(iM resonators. Clutside of the context of 
non1111car opt~cs.  t l o l n ~ ~ i ~ ~  e~tgitteel-~ng and \~isualizatio~l il l  121.1-ue1ectl.1~ ~natcl .~;~ls  could lead to nc\s ~~ i s igh t s  r ~ g a r d i i ~ g  
tbc issuc ofdorn:~ill wall p1.0pa~at1011 a~lcl c11argc ti.nctionaliza(iot~ [ I  01 
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