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Abstract

Niobium contaning oxide crysds genadly ae ferrodectrics with useful  goplications in
acoudtics, nonlinear optics and dectro-optics  Crysd growth technology for lithium niobate
has reached a state where 125mm diameter wafers are easly avalable. This materid is used
modly in surface acoudstic wave filters for TV IF filters. Much growth in demand for lithium
niobate wafers is seen from the manufacturing of high speed digitd modulators for
telecommunication systems. Other uses such as hirefringent prisms, bulk acoudtic transducers
ae ads discussed.  The other niobates typicdly crystdlize in the perovskite Structure, and
growth is much more chdlenging because of dructurd phase-trangtions and the absence of a
congruent composition.  Some of the crystas studied include potassum niobate (KN) or KLN
for blue light generation, SBN or KN for photorefractive applications, and relaxor ferrodectric
crysasfor highly efficient actuators and ultrasonic transducers.



Introduction

Niobium oxide contaning caydads exhibit interesting behavior due to the grong
hyperpolarizability of the Nb-O bonds. The bond polarizes more easly, i.e. the eectronic
charge shifts more easly, when the dectric fidd is applied in a specific direction. In a centro-
symmetric crysta configuration, the asymmetry of one bond is cancded out by that of a
corresponding bond pointing in the opposte direction.  Only in crysad dructures that lack
inverson symmetry do the polarizabilities add up to yidd macroscopicaly observable effects.
The most dudied niobium oxides dl bedong to the class of ferrodectrics In the high
temperature (para-eectric) phase, the crysad has inverson symmetry, but as the crydd is
cooled below the Curie temperature, it undergoes a phase trandtion to the ferro-electric phase.
This trangtion is caused by a displacement of the cations with respect to the oxygen lattice as
shown in Figure 1 for the case of lithium niobate (1).
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Figure la. Schematic representation of the  Figure 1b: Schematic representation of
para-electric phase of lithium nobate. The the ferro-eectric phase (T<T.=1142°C).
oxygen planes are represented by lines, with  The cations are displaced from the center

the cations centered on, or between the pogtion, defining the direction of the
planes. polar Z-axis.

Within a domain, dl the cations are displaced in unison in one direction, giving rise to a
goontaneous polarization (&t no gpplied fidd) in that direction. Neghboring domans have
digplacements pointing in a different direction. As-grown cydas typicdly show a multi-
domain behavior, precluding any useful applications. The domains can be decorated by etching
a polished surface due to a differentiad etch rate for opposing polar faces. Such an etch pattern
isshownin Fgure 2 (2).

Figure 2: Domain pattern on unpoled lithium niobate. Dark areas are —Z faces that
etch rapidly and thus appear rough and do not reflect as much light. The fidd of
view covers about 400 microns.



Perovskite ferrogectrics such as KNbOs; (KN) or BaliO3; undergo severd different phase
trangtions as they are cooled (3). The high temperature phase is cubic with the Nb aom
centered in the lattice. At the Curie trangtion, it displaces dong one of the Sdes of the cube,
resulting in a tetragond sructure. Any of the 6 faces of the cube are possible directions for the
goontaneous polarization.  As the crydd is cooled further, the direction of displacement
changes, now pointing towards the center of one of the edges of the cube, a phase-trangtion to
a orthorhombic sructure.  This dructure has 12 possble directions for the spontaneous
polarization. A further phase trangtion to a rhombohedrad gructure occurs as the spontaneous
polarization orients itsdf toward the corners of the cube. Those trandtions involve length
changes in the crystd lattice dong and perpendicular to the spontaneous polarization. The
tetragona lattice for example is dretched dong the polar axis, and dightly contrects in the
other two dimendgons. As neghboring domans ae crested with different direction of
gpontaneous polarization, Sress is induced that often leads to fracturing of the crystd. The
sequence of phases with the trangtion temperaturesis shown in

Fgure 3 for the case of KNbOs. A KN crystal a room temperature has undergone two phase-
trangtions.
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Figure 3: Sequence of symmetry changes as KNbOs is cooled. The black arrow
denotes the direction of the spontaneous polarization (displacement of Nb).

The ferrodectric crystals LiNbOs and LiTaOs have a trigond (three-fold rotation) symmetry in
the high temperature phase as shown in Figure 1. On cooling, the spontaneous polarization
digns with this symmetry axis, so only two directions are possble. Consequently, no further
phase transtion is observed below the Curie temperature, and there is no structurd mismatch
between neighboring domains. This dlows the production of large crystds without the risk of
fracturing a the phase trandtion temperature. This has enabled commercid development with
applications in mass-market gppliances such as TV's and mobile phones.

To be useful, uniformly poled crystals are desred where the whole crystal has a spontaneous
polarization pointing in the same direction. This can be achieved by a poling step after growth.
An dectric fidd is gpplied while the crystd is cooled through the phase trandtion temperature
(Curie temperature). At that temperature, the developing spontaneous polarization will aign
itself dong the polarization induced by the applied field, and asingle-domain crystd results.

The polar nature of a crystd in a ferodectric phase gives rise to third-order tensor materia
properties, such as piezo-electric, eectro-optic and nonlinear optic effects.  Second order
tensors are dso afected with the properties dong the polar axis being different from those for
other directions (4). Many of thee effects are enhanced in proximity to phase trangtion
temperature.  Mixed crystds such as KyLi;-xNbOs or SryBa;.xNbO3 have adjustable Curie
temperatures and show large effects at room temperature.



Lithium Niobate and its Applications

Devices manufactured of lithium niobate (LN) are used in many products such as surface acoustic
wafer (SAW) filters, integrated optic devices, birefringent elements in optical read heads, and
blur-filters for digital cameras. Applications using smaller volumes of LN include nonlinear- and
electro-optic devices, and transducers for acousto-optic cells. As of this writing, over 80 tons of
LN per year are grown and fabricated into wafers worldwide. Those applications relie on the
useful macroscopic properties: A large birefringence (~0.1) enables production of small polarizing
elements, the piezo- and electro-optic effects enable the production of SAW filters and integrated
optics devices. As shown in Figure 4, two other factors also influence the material’s commercial
viability: Growth of large and uniform crystals is possible yielding crystals with reproducible
material properties, allowing efficiency of scale. The material is easily processed and polished,
enabling simple manufacturing methods to produce devices. Other ferroelectric materials such as
those mentioned below might have better figures of merit for particular applications, but often are
not easily grown or have phase transitions within customarily utilized processing temperatures.
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Figure 4. Combination of factors that have enabled LN to be the most widely used
ferrodectric crysd.

Growth of Lithium Niobate Crysta

LN is grown usng the Czochrdski method, widdy used for indudtrid crystd growth, most
notable that of Slicon (Figure 5). The pure compound of the materid to be grown is meted in
a crucible in the growth dation. A seed crystad suspended from a rotating seed rod is then
lowered into the furnace cavity, and the tip is touched into the mdt. If the mdt temperature is
in the gppropriate range just dightly above the melting point of the compound (1250°C for
LN), growth of a crystd can be initiated by darting to dowly withdraw the seed rod. New
crysd materid will attach to the solid seed tha is cooled by conducting heat through the seed
rod. As the growth progresses, the diameter of the growing crystd is controlled by adjusting the
heeting to the crucible. Lowering the heet input will accderate the cryddlizaion and lead to a
diameter increase, while increased heat will act to decrease the crystd diameter.  Growth



furnace configurations and parameters for successful LN growth have been described by
various groups (2, 5-7).

Figure 5 shows a schematic of a furnace with induction heating. The thermd environment
together with growth parameters such as rotation rate and crystdlization speed determine the
caydd qudity. High radid gradients generdly lead to high drain, often resulting in crysd
cracking on cool-down (8, 9).
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Figure 5: Schematic cross-section of a Czochralski growth furnece. The crysd is
pulled from the melt.

The garting mdt typicdly is prepared by loading the crucible with pre-reacted LN powder, and
melting it in consecutive heating runs so that the crucible can be filled to the desred levd. The
dating materids for the reaction are lithium carbonate and niobium pentoxide. The purity of
the darting materids needs to be very high (4-9s or better) for opticd qudity crysds, or if a
large fraction of the mdt is to be converted into the crystal. Trangtion metal impurities lead to
optical absorption in the visble and near infrared range of the spectrum, and impurities such as
Ca will be rgected by the growing crystd with the resulting impurity accumulation in the melt
causng veling at the bottom of the crystd. As shown in Figure 6, LN exists over a wide range
of compogtions. Only a crysd grown a the congruency compostion will be uniform aong
the growth axis At the congruent point, the solid crysd and the liquid have the same
compogtion and are in themodynamic equilibrium.  This dlows cryddlization of materid a
the same compostion as the mdt, and a crystd of uniform compodtion is pulled. If the mdt
deviates from congruency (eg. for stoichiometric compostion of x=c.i/(cLi+ Cnp)=50%), the
darting composition grown dso deviates from congruency, but to a smdler degree. For a
lithium-rich mdlt, the excess lithium oxide in the melt is rgected by the crysd and accumulates
in the mdt a ever increasing amounts as the growth progresses.  The resulting crystd will have
a compositionad gradient aong the growth direction. The closer the starting composition comes
to true congruency, the faster the growth can proceed and the bigger crystals can be grown
without adverse effects such as cracking or inclusons.  Accurate weighing of the darting
compounds generdly includes control of adsorbed water and isotopic ratio determination of Li
in LbO (2, 10). Deviations from congruency will result in wafer to wafer variaions in
important material properties such as sound veocity, Curie temperature, birefringence etc.(10-
13).
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Figure 6: Phase diagram of LN. Growth idedlly takes place at the congruency point.

Wafer Fabrication

Mogt LN today is consumed in the form of wafers with a least one surface polished. Wafers
are idedly suited for mass fabrication processes involving lithography with subsequent coating
deps. These technologies have been pioneered and refined for VLS manufacturing on slicon.
As the device scde continues to get smdler, the requirements for surface qudlity, cleanliness,
and wafer flatness become more demanding. As the price per chip needs to decrease, the wafer
gze must increase so that more chips can be processed together in the same processing steps.
LN is undergoing the same evolution as dlicon, abeit somewhat delayed in time. The mogt
commonly used wafer diameter in LN today is 100mm, with some customers transitioning to
125mm (slicon currently is trangtioning to 300mm).

For high volume wafer manufecturing, the materid utilization needs to be optimized and the
process automated as much as possble.  The wafer thickness varies depending on the
goplication. Thicker wafers (typicdly 1mm) are more codtly, but are more rigid with a smdler
chance of handling-induced breskage. The most commonly used thicknesses for SAW wafers
ae 0.35 and 0.5mm. Mogt lithographic agpplications do not require the back surface to be
polished, so that only one sde needs to be polished, with the back surface typicdly in an as
lapped date. The crysds of cylindricad shape are grown in the orientation most suitable for
efficent wafer manufacturing. For example, in the case of the 128° RY wafer orientation, the
wafer norma and the cylinder axis are perpendicular to the crystalographic (10.4) plane. After
growth and poling, the crystds are ground into a perfect cylindricad shape with a diameter
dightly larger than the finished wafer diameter. This is done on fixed diamond abrasive wheds
usng agueous coolant. Orientation flats are then ground aong the cylinder Sdes with smilar
equipment.

There are two technologies used for wafer dicing: annular saws and wire saws. In an annular
saw, the saw blade is held and tenson gpplied around its outsde perimeter. This gives the thin
blade the required giffness. The inner rim of the centra hole in the saw blade is coated with
electro-phoreticdly deposted diamond. Usng this saw, each wafer is cut individudly. Wire
dicing was developed for large diameter slicon wafers that can not be cut on annular saws. In
this process, a continuous wire is wound around severa grooved guide-rdlls The resulting
“web” between two of those guide-ralls can be up to 400mm long conssing of hundreds of



wire segments.  As the sted wire is stretched with high tenson and transported at speeds up to
15m/s, cutting is performed by loose abrasve (SC) ddivered in a suspended durry of ether
glyco or ail (14). Wire dicing has the advantage of smdler kef loss, can be scaed to larger
wafer szes, and has the potentid for lower warp and better surface finish of the diced wafers.
Severd hundreds of wafers can be diced in a sngle run taking a few hours.  After dicing, the
perimeter is re-machined to avoid having edge cracks propagate in subsequent processng steps.
This operation is done by hand (beveling), or by automated edge-grinding machines, having a
grinding whed with embedded diamond and grooves of the desired contour.

The diced surface is not well suited to be polished directly. A lgoping step is used to ensure
reproducible roughness and good thickness control.  The finer the abrasive used for the lgpping
step, the less materid has to be removed in the time-intensive polishing process. Lapping can
be performed in multiple steps with decreesing arasve sze. Most common in production are
double-sded lgpping machines, using a loose drasve durry. The wefers are held indde
cariers, which are rotated by the sun and ring gears as the upper and lower plates rotate
separately from the carriers.  Baiches of tens to hundreds of wafers (depending on the machine
and wafer 9zes) are typicaly processed smultaneoudy in one run of 10-15 minutes Single-
dde polishing machines mount the wafers onto flat plates which are then rotated agangt the
polishing pad. Wafers are either wax mounted or postioned by templates and held in place by
capillary action between the wafer and the template backing. Double-sde polishing machines
are dmilar in design, sze and capacity to double-side lgpping machines, and can achieve better
padldian than the sngle-g9de polishing machines  The choice of mounting and polishing
supplies as wdl as the polishing parameters such as pressure and rotetion rates influence the
remova rate, surface qudity and flainess of the wafers.  Traditionaly, scrubbers have been
used for the find cleaning step; however, the increasing demands for better cleanliness, coupled
with recent advances in sonic cleaning technology, favor the implementation of ultrasonic and
megasonic systems.

Crysta Properties and Application Areas

Birefringent Elements LN has a large index of refraction (2.2) and high birefringence, i.e
difference in refractive index for light polarized dong the polar axis (ne) from that polarized in
the XY plane () (15). For a cryda plate where the surfaces form a 45° angle to the polar
axis, randomly polarized light is separated into two beams propagating a dightly different
angles through the plate. The two exiting light beams are individudly polarized, and aso
displaced from each other. The figure of merit (displacement for a given thickness plae)
roughly scades as (n-no)/(netny). LN has a figure of merit roughly 6 times that of quartz, but
sndler than tha of Yttrium vanadate. Such wak-off plates are used in high-end digitd 4ill-
cangas. Aliasang is an undesred effect in digitd pictures A pattern in the scene being
photographed with a spatid period too fine to be resolved by the CCD pixds will lead to lower-
period artifacts unless the scene is filtered by a spatia low-pass filter (16). The filters congsting
of severa thin wak-off plates are placed in front of the CCD aray. Three correctly oriented
plaes will “smear” out each ray of light in a hexagond paitern. Another use for birefringent
eements made of LN is in fiberoptic polarizers such as that shown schematicdly in Figure 7.
The light from the tdlecommunicetion fiber is randomly polarized. The first prism separates the
two polarization dates, and displaces them from each other. The two beams aso exit the prism
a dightly different angles. The Faraday rotator then turns the polarization state of each beam
by 45°, and the second LN prism, oriented with axes digned to this light, recombines the two
polarization daes into the fiber. Light traveling from the other direction will incur the same
effects, but ingead of the second prism compensating for the first one, it adds to the angle so
that the light completely missesthe fiber.
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Figure 7: Schemdtic of fiber-optic isolator.

Nonlinesr Optics. One of the firs suggested uses for LN was in nonlinear optical interactions
(17, 18). Because of the nonlinear charecter of the polarizability, a strong opticd fidd at
frequency w produces a polarization at frequency 2w. If this polarization is produced with the
correct phase @ every given location in the crystd, a strong optica beam is generated and a
ggnificant amount of energy is produced a the second harmonic frequency. This phase-
matching only can take place if the interacting waves are propagéating a the same speed, i.e. if
the refractive index of the incident beam and the generated second harmonic beam see the same
index of refraction. Because of digperson, this is not the case in a typicd materid. One
possibility to achieve phase-matching is to utilize the hbirefringence of the caysd to offset
disperson.This is shown in figure 8 for 5% MgO doped LN & room temperature. To phase-
match a dightly different wavelength (eg. 1.064nm emitted from a NA:YAG lasar), the
temperature can be adjusted, a process caled temperature tuning (18- 20).

2.35

2.30

2.25 5

2.20

Refractive index

2.15 —

2.10 T T T T T T T T T T T T T T 1
0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2

Wavelength (mm)

Figure 8: Refractive index curves for ordinay and extraordinary index in
MgO:LN. Phase-matching is satified for | =1.029nm where ny(l ) = ng(l /2).

LN is not widdy used in nonlinear optics. Undoped crysas display strong photorefractive
behavior in the presence of green or blue light, digorting the laser beam grody (21, 22).
Magnesum doping raises the thresold for this effect consderably, and frequency-doubling in
that materid has found some applications.

Birefringent phase-matching as described above has only a very limited range of waveengths
that can be covered. Periodic poling of LN (PPLN) alows quas-phase-matching extending the
range of wavelengths tremendoudy. To produce periodicaly poled crysds, a uniformly poled
LN crysd is firg paterned with eectrodes of the desred periodicity. An dectric fidd
exceeding the coercive fidd is then gpplied, and the spontaneous polarization under the



electrodes reverses (23). In a typicd application, dl interacting waves are polarized dong the
polar axis. Because of disperson, the waves are not phase-matched. However, by choosing the
correct period for poling, the waves can dill interact efficiently (24). PPLN crystals have been
used for opticd parametric ostillators generating tunable radiaion in the mid infrared region of
the spectrum.  Such sources have goplications in counter-measures for smple heat-seeking
missiles and in spectroscopy (25, 26).

Holographic data storage. The photorefractive effect mentioned above can be utilized to store
information in a crystd. Iron impurities act as eectron donors when illuminated with green or
blue lignt (27). These eectrons drift until they are trapped by a point defect such as a Nby;
antiste defect. The trapping is more likely to occur in dark regions of the crysd, building up
space-charge fidds that are rdated to the light intengty pattern. This sequence of events can be
interpreted as the “writing” of a hologram. The charge fidds modulate the refractive index via
the eectro-optic effect, and can be “read out” by a probe beam, retrieving the information
dored. Many experiments have been described over time utilizing this effect. One of the
chalenges is that the reading process often erases the hologram. Also, dark conductivity and
therma excitation of the trapped eectrons will eventudly erase the hologram. A solution to
this problem is a process cdled “fixing” of the hologram:(28) The crysd is heated up so that
the proton impurities or Li* ions move to compensate the stored eectronic space charge (29).
After this beking gep, the aydd is uniformly illuminated to re-digtribute the eectronic
charges, leaving the ionic hologram behind that is resgtant to erasure by illuminaion (30).
Storage lifetimes depend strongly on defect concentrations that are difficult to control,(28) and
LN consequently has not been commercidly utilized in such dorage systems. Another hurdle
for commercidization of holographic sysems based on LN is the need for an expensve green
and powerful laser to write the holograms.  Applications that write and fix the hologram in the
factory, and only read out information in the actud gpplication have a better chance of
commercid success.  One such scheme involves recording permanent gratings to selectively
reflect cetan wavdengths of a wavdength divison multiplexed fiber-optic communication
system (31).

Acousto-optics. Bulk acoustic waves can be excited in a piezo-dectric crystd by applying an
eectric fidd across the thickness of the thin plate. LN supports longitudind as well as two
types of shear modes. A free plate will have a resonance frequency n=c/2d where c is the speed
of sound and d the thickness. A schematic of an acousto-optic device is shown in Figure 9 (32).
The most commonly used transducer materid is a 36° rotated Y plate of LN, metalized on both
gdes. The transducer is excited in a thickness excitation mode, and the eectromechanica
coupling factor is 49% for this orientation. The transducer thickness is chosen to maich the
frequency needed for the acoudic wave. Efficient diffraction requires the Bragg condition to
be sdisfied. To avoid danding wave patterns, the far end of the acousto-optic medium is
angled. Acoudtic absorbing materids may dso be gpplied to that face of the cel. Acousto-
optic cdls ae used indde laser cavities as Q-switches, or externdly as modulators and
deflectors. Modulators and deflectors today ae mostly used by the digitd printing and
semiconductor ingpection indudries.  The diffraction efficiency is determined by the design, the
acousto-optic materid, and the strength of the acoustic wave (33). The acousto-optic materia
is chosen 0 as to give a large refractive index change for a given acoudtic energy. TeO- is a
common choice dlowing large diffraction angles and good efficiencies a moderate power
levels. Crysdline or fused quartz is often used for short wavelength applications.
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Figure 9: Schematic of acousto-optic cell. Bragg condition is achieved for ky = ki,
+Ka, endbling efficent diffraction. Among other factors the drength of the
acoudtic wave determines the diffraction efficiency.

Surface Acoustic Waves. SAW devices account for the large maority of processed LN wafers
worldwide. Mog of the wafers go into consumer eectronic gpplications as band-pass filters.
Each TV or VCR has intermediate frequency (IF) filters aiding in channd sdection. Mobile
phones often have front end filters in addition to IF filters (34, 35). Other gpplications such as
delay lines, oscillators or sensors are aso possble, but are more often produced on quartz
substrates rather than LN.

Surface waves, dso cdled Rayleigh waves, were first described by Lord Rayleigh in 1885.
These waves propagate adong a haf-gpace, with the particle motion in the plane containing the
surface norma and propagation direction. The amplitude of motion is largest a the surface,
and decreases exponentidly with increesing depth. The most damaging earthquake waves are
Rayleigh waves. SAW waves on piezodectric subsrates became important with Radar
devel opments, an area extensively studied through the 1960's (36).

Figure 10 shows a schematic of a smple SAW band-pass filter. The interdigital transducers
convert dectricad sgnads to SAW waves efficiently for a SAW wavelength equd to distance
between the centers of neighboring dectrodes. The transducer on the left will generate SAW
waves of equa srength propagating to the left and right. Since the wave traveling towards the
edge must be absorbed, this process involves an automatic loss of 3dB, even for perfect
converson from eectrica to acoudtic wave energy at the pesk of the pass band. The identicdl
transducer on the right dso incurs a 3dB attenuation when converting the wave back to the
electrical output sSgnal, adding 6dB to the dectricd insertion loss. The frequency response of
the filter can be analyzed gpproximately by taking advantage of the fact that it is related to the
Fourier transform of the transducer patern (37). In the example given in Fgure 16 the
transducer area is a rectangle, and the frequency response drops off as sin(n)/n from its peak.
To produce a better filter with a flat response within the passband, sharp edges and good
rgection out of the passhand, the transducer strength needs to changes as sSn(x)/x. This can be
achieved by varying the overlap of the transducer fingers as shown in Fgure 11, a technique
known as apodizing. Also shown in Fgure 11 is an exanple of a sngle-phase unidirectiond
transducer (SPUD). The transducer has built-in reflectors that cancd out the excitation for
acoudtic propagetion in one of the two directions (38). In the example shown, a second
metalization step dters the coupling parameters for hdf the fingers. Other designs for SPUDs
are possible, but al require finer finger linewidths than a bidirectiond transducer.
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Figure 10: Schematic of smple SAW bandpass filter. Both transducers incur a
3dB |oss because they are emitting and receiving the SAWSs to both sides.

Figure 11: Apodized eectrode pattern for interdigitd transducer. The drength of
excitation varies with the overlgp, goproximating a dn(x)/x function to give a fla
frequency response. Example of SPUDT desgn where hdf the interdigita

fingers are double-metdlized. Such a design dlows the acoustic wave energy to
be radiated to one sde only.

Desgn of SAW devices is very dependent on good numericd models. The Fourier andogy
mentioned above is inadequate for today's designs because of severd higher order effects: Each
electrode finger interacts with the propagating waves, patidly reflecting them, and converting
some of the energy back to éectrical sgnds. The limited length of the overlagpping transducers
gives rise to diffraction. SAW propagation is not a smple one-dimendond problem. Reflected
bulk waves (e.g. from the back surface) can dso influence the filter performance.

To manufacture SAW filters, the wafers are typicaly metdlized first. The lithography step can
use a contact mask-digner, bringing the wafer in contact with the mask, or a projection system
that exposes the pattern either onto the whole wafer, or in a step and repesat operation exposng
individua segments of the wafer a a time. After deveoping the resd, the metd is etched off
in the unprotected areas. Other processes such as second metdlization steps or deposition of
acoudtic absorber materid follow. After wafer scde tedting, the wafers are diced into
individua dies that are packaged and wire-bonded. An dterndtive to wire bonding is the flip-
chip technique where solder bumps are defined on the wafer that then are directly mounted onto
the package. SAW dedgns ae continuoudy improved so that the filters become smdler
(important for mobile communication devices) and have improved filter cheracteristics a lower
insartion loss. The spectral response of a modern SAW filter is shown in Fgure 12. The
frequency response is flat over a 34 MHz range with variation of less than 1dB in the passband.
Thisdeviceis made from Y-Z LN.
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Table | Most commonly used LN wafer geometries for SAW applications
. Temperaure . , 0
Crystd SAW Vedocity Dependence Piezo-dectric coupling (%)
Y —Z prop 3488 m/s - ppmV/ °C 45
128° RY — X prop 3992 m/s -T2ppm/°C 5.3
64° RY — X prop 4742 m/s -79ppm/°C  11.3

Shows the three most commonly used LN substrates for SAW devices. The convention is to
give the surface norma direction first as an angle rotated away from +Y towards +Z, followed
by the propagation direction of the SAW waves. All LN cuts show a temperature sengtivity
where the filter characterigtics shifts by around 80ppm for every degree in environmentd
temperature change. This is a problem for narrow bandpass filters or oscillators, so other
materids are typicaly used for those gpplications. The subdtrate with the longest use higtory is
the YZ, but it has snce been replaced in many gpplications by 128°RY substrates because of
lower bulk-wave excitation. The 64°RY cut is used with leaky surface-waves ingtead of pure
surface waves. Attenuation of such a lesky wave is 7.6dB/mm for a free surface, but negligible
for metdlized surfaces (40).

Electro-optic Applications of LN.

The dectro-optic effect describes how the index of refraction is changed with the application of
an dectric fiddd. In a common bulk optics application, a Pockels cel rotates the polarization of
the light when a voltage is goplied. This devices is used for example in Q-switching Nd:YAG
lasers. A schematic of such a laser cavity is shown in Figure 13. With no applied voltage, the
LN cdl does not affect the polarization state of the light because the light propagates aong the
opticd axis. The lasr will operate continuoudy with output polarization digned with the
polarizer as shown. When the voltage is gpplied, dight changes in refractive index are induced
for light polarized aong and perpendicular to the dectric fidd. For the correct voltage, the
relaive phase-retardation of the two polarization components for a double-pass through the cell
is 180°. In that case light exiting the polarizer and propageting to the right will return a a



polarizetion dtate that is 90° rotated and thus completely rgected by the polarizer, making laser
oscillation impossble  In a typica gpplication, this voltage is gpplied while the flash lamps
pump the laser medium. At the time of maximum gan in the laser rod, the eectrodes are
shorted, dropping the voltage to zero and enabling the laser radiation to build yp o that dl the
Stored energy is extracted from the laser rod into the short pulse.

Polarizer )
Mirror gt 45 Po%el\scell | aser rod Mirror  Polarized
O @ —2 1 ( 0 O—-
a Out co_upler
Applied voltage >

Figure 13: Schematic of laser cavity using LN as Q-switch.

With the increased demand for bandwidth on fiber optic communication lines, LN has gained
importance in various integrated optic components(41l, 42). Among those, the high speed
electro-optic modulator, either fabricated on an X- or a Z-wdafer is the most prevadent. The
advent of ebium fiber amplifiers has increased the disance between dectricd-opticd
converters and has adso enabled waveength divison multiplexing (WDM) where dozens of
digitd dgnd dreams ae launched into the same fiber by usng dightly different waveengths
for each of them. LN modulators are well matched to the requirements for WDM systems
because they enable fast (40GHz or more) modulation speed a reasonable voltage levels with
very low pulse chirp(43).

Figure 14 shows the basic layout of such an intensty modulator. Light is coupled from an
incoming fiber (from a continuoudy emitting lasr & a paticula waveength) into the
waveguide. At the Y-junction, the energy is Flit evenly into two waveguide paths. At the
second Y-junction, the energy is recombined into the output waveguide and to the fiber. With
no voltage applied, the two waves experience the same optica path length in the two ams of
the interferometer, and the recombination is perfect so that dl the light (except for propagation
or coupling loses) is coupled into the receiving fiber. If a voltage is gpplied to the eectrodes,
the dectricd fidd insde the crystd at the waveguide location causes an index change, and the
path-length for that am is changed, changing the relative phase of the two opticd waves at the
second Y-junction. If the voltage applied is Vp, the induced phase change is p, and the two
fields from the waveguides are out of phase so that the energy gets radiated into the subdtrate,
and no light is coupled into the waveguide or the fiber.
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Figure 14: Smplified schematic of integrated optic modulator based on a Mach
Zehnder interferometer.

Opticd waveguides are produced in the substrate by a lithography step defining the waveguide
channels, followed by a diffuson process In a titanium in-diffused waveguide, dtrips of the
metd ae put down lithographicdly, involving a lift-off or etching step. The wafer is then
heated in a furnace to a temperature around 1000°C to diffuse the metd into the subsrate. The



resulting Ti concentration profile gives rise to an increesed index, supporting an opticd
mode.(44) An dternative method to fabricate a waveguide relies on protonrexchange. Firg, a
metad or SO, mask is defined lithographicdly, leaving the area for the waveguides exposed.
The wafer is then dipped into an acid, typicaly benzoic acid a the mdting point, followed by
an annedling step at temperatures around 400°C (45). High-speed operation of the modulators
requires velocity matching of the eectric RF wave with the propagating opticd wave. The
dielectric congtant in LN is large (~30), so the eectrodes need to be eéectroplated to have a
ggnificant amount of energy traveing in ar, speeding up the travding microwave. Actud
designs can be quite complex, requiring various processing steps such as buffer layer depostion
or reactive LN etching (46).

Figure 15 shows the eectrode design for a 10GHz modulator on an X-cut LN subgtrate.(47)
Both ams of the inteferometer are Smultaneoudy driven. The voltage gpplied a the hot
electrode sets up dectric fidds overlgpping with the opticd energy in the waveguides. The

index of refraction modulation has oppodste sgn for the two arms because the fidd intersects
the waveguides in opposite directions with respect to the Z-axis.

Hot electrode

GND B‘/ GND

N wb// TS0, buffer

{' layer
waveguid Z|X-cut LN

Figure 15: Cross section through traveling wave eectrode (after (47)).

Other types of integrated optic devices can adso be manufactured on LN. For wavelength-
sdective demultiplexing of WDM dgnds, acoudto-optic tunable filters can be used.(48) In
such devices, a SAW wave is excited to travel between two draight, neighboring opticd
waveguides  The dgnd containing dl different wavelengths is launched into one of the
waveguides. If the frequency of the RF sgnd generates a SAW with the correct period for a
paticular wavelength, light of that waveength is coupled over to the neighboring waveguide
and can be detected without affecting the remaining sgnals.

Other Niobate Crystals

Most niobate crystals other than LN are perovskites and are difficult to grow because they
undergo severd structural phase-trangtions.

Probably the most widdly used crysta after LN is potassum niobate (KnbOs, KN) that can be
grown from K>O flux.(49, 50) Poling is peformed close to the phase trangtion temperature at
225°C (Figure 3). Beddes having been charecterized for its photorefractive and SAW
properties, KN mostly has been used to frequency-double diode lasers to the blue range of the
visble spectrum. In a fully oxidized dsate, KN is resigant to photorefractive damage and
possesses large nonlinear optical coefficients.  The crystal must be treated carefully since any
handling or thermaly induced stress can lead to generation of 90° domains.

BaxNaNbsO;5 and the two mixed crystals KsLir-xNbsixO1s5+2¢ (KLN, 0.15<x<0.5) and SryBa;.-
xNDb20Os (SBN, x~0.6) show very large permittivities and nonlinear polarizabilities. The firg



two have often been investigated for frequency doubling applications to the blue. KLN offers
the potentiad to vary the Li to Nb compostion to adjust the Curie temperature and the
birefringence in order to maich a paticular application. However, no congruently meting
compostion exigs and it has been difficult to achieve accepteble uniformity even using
sophigticated growth technology.(51) SBN can be congruently grown a x~0.6, and has been
dudied for electro-optic as well as photorefractive storage applications.(52) Because the Curie
temperature at 78°C is close to the operating temperature, eectro-optic coefficients are very
large and the necessary voltage to drive an integrated modulator is lower by a factor of 16 when
compared to a device with smilar geometry on LN.(53)

A widdy sudied group of crystas beongs to the class of rdaxor ferrodectrics. Such materids
are usful for demanding dectro-mechanicad actuators or ultrasonic transducers.  The materid
typicaly used for those gpplication is ceramic Pb(Zr,Ti)Os (PZT). By adjuging the Zr-Ti
composition, the Curie temperature can be adjusted close to room temperature, resulting in
piezo-electric coefficients up to 700pC/N. However, PZTs can not be grown as single crysals.

Relaxor ferroelectrics on the other hand adlow this, most notably the solid solutions of lead
magnesium niobate or lead zinc niobate with lead titanate. The addition of lead titanate pushes
the compound closer to the tetragonal phase trangtion, increasing the piezodectric constant up
to 2000pC/N.(54) In Pb(Zm;Nbgz)Os — PbTiOz (PZN-PT) solid solutions, the PT
concentration needs to be a or below 8% to avoid a tetragona phase, where the concentration
for Pb(MaisNb23)O3 — PoTiOs (PMN-PT) can be as high as 35%. The crysals are mostly
grown from flux and exhibit extremdy high dectromechanicad coupling (90-94%). The
dlowable dran is 5 to 6 times higher than in PZT ceramics, dlowing much larger energy
dendties (Figure 16). This enables more compact transducers that deliver more power at
increased  frequency bandwidth.  This is particular important for submarine and medica
goplications. (eg. 12dB more power a 1/3 the sze for a sonic actuator) New medica imaging
gysdems often involve a transducer radiating at one frequency, and sensng the second
harmonic, requiring large bandwidths.
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Fgure 16: Strain induced in various ceramics and a PZN-PT sngle crysd. The

sngle caysd has higher sengtivity (dope), and dlows many times larger dran
vaues before yieding.(55)
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