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1.0 PROGRESS SUMMARY

This report covers the work on optical tungsten bronze crystals for photorefractive and optical
wave-guide applications carried out over the period of November,1993, through September 31,
1996, in the Ferroelectric Materials Department of the Rockwell International Science Center under
Contract No. F49620-94-C-0005. During this period, the superiority of new tungsten bronze
materials in optical guided-wave structures has been demonstrated, and significant progress was
made in the growth of tungsten bronze (Ba,Sr)(Ti,NbgO5, (BSTN), and Ba, Sr K,
yNabeSO1 5 (BSKNN) single crystals and the improvement of their photorefractive and guided-
wave optical properties with respect to optical computing applications. At Caltech, Professor D.
Psaltis and his group have characterized and studied the performance of these materials for a
number of optical computing device configurations, including pattern recognition and 3-D
holography with great success. Because BSTN and BSKNN have relatively lower dark
conductivity, they retain holograms over a long period of time (~ 1 month) which is longer than
SBN:60 ( 8 days).

Professor Henry Taylor at Texas A&M evaluated these tungsten bronze materials for guided-
wave optics and found them superior to LiNbO; for many telecommunication and signal
processing applications. The static strain-optics (SSO) effect has been used on the tungsten
bronze BSTN and SBN:60 crystals in producing: (a) record low-loss channel waveguides in
SBN:60 ( < 1 dB/cm) and BSTN ( < 2 dB/cm), (b) first self-poled electro-optic modulators in
SBN:60 and BSTN, and (c) GHz electro-optic modulation at 1.3 um wavelength in SBN:60 (1.03
GHz and 1.4 GHz).

The overall performance of the selected tungsten bronze SBN and BSTN single crystals meet
the requirements set for both photorefractive and guided-wave optical applications, and these
materials are promising for future system applications. The growth techniques for SBN and
BSTN crystals have been well-established at the Rockwell Science Center and the crystals can be
produced in large scale at relatively low cost. The advantages of low voltage bperation and
compact size compared to LiNbO3 should have significant impact on future systems.




N Rockwell

Science Center
SC71094.FR

2.0 INTRODUCTION

The main objective of this work is to utilize the large photorefractive and electro-optic
properties and variable spectral response available in high figure-of-merit (n3rij/8) tungsten bronze
(Ba,Sr)TiNbgO54 (BSTN), and Ba2_xerK1_yNabe5015 (BSKNN) single crystals to achieve
exceptional performance in various short and long term holographic storage, pattern recognition,
tmage processing and interconnect applications. Undoped BSTN and BSKNN crystal will also be
used for guidedwave optical applications such as telecommunication and signal processing. Table
2.1 summarizes the ferroelectric and optical properties of these high figure-of-merit tungsten
bronze crystals. The work includes the necessary modifications in crystal compositions, growth
techniques and doping schemes to achieve the desired crystals size, quality and spectral range. This
is the first time these tungsten bronze crystals are available for optical computing and guidedwave
optical applications and they have distinct advantages over the current best candidates such as
LiNbO;, BaTiO5 and SBN. We expect that these materials will provide the desired storage time
and storage capacity needed for various applications.

Table 2.1
Ferroelectric Tungsten Bronze Crystals For Optical Applications
Composition € rij n3riye Dark Conductivity
(x 10-12 m/V) (Q‘1 - cm'1)

(Ba,Sr)gTis0g030 €33= 350 r33 = 225 8.3 x 10716
Sr:Ba = 3:2 (BSTN-1)
(Ba,SngTio05039 €33= 360 ry3 = 245 8.2 x 10-16
Sr:Ba = 1:2 (BSTN-2)
(Ba,Sr) o(K,Na)Nb5045| €,;=1000 | ry =410 7.5 x 10716
(Sr,Ca)oNaNbg 05 €33= 1740 | ry3= 750 8.1 x 10716

€11=1700 | r5 =630 7.5 x 1016
SBN:60 €33= 900 r3g = 420 5.1 x10-15

€ =dielectric constant, rjj = electro-optic coefficient,

Photorefractive single crystals developed under this program are being evaluated for optical
computing applications at Caltech (D. Psaltis), UCSD (Sing Lee) and at Rockwell International {J.
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Hong) and based on these results, the necessary modifications in photorefractive properties ( the

role of dopants) are being made to achieve the desired material performance. Recently, Psaltis and
. the Rockwell group demonstrated the fixing of holograms in tungsten bronze crystals such as
SBN:75 and SBN:60 over the period of year, and now the efforts are being made to fix the
hologram in high T tungsten bronze crystals like BSTN and BSKNN. The development of this
fixing technique will allow us speed up holographic storage and pattern recognition work. They
have also planned various configuration to build optical disks for these different applications.

Undoped tungsten bronze BSTN and SBN crystals have been evaluated at Texas A&M
University for guided-wave optical applications. Their work shows superior performance in both
SBN and BSTN crystals with significantly low optical losses. [t is expected that with further
improvement in crystal quality we will achieve even better performance in these materials to
develop compact device designs. The overall goals of this program are summarized in Figure 2.1.

T. B. Crystals for Optical Devices

- Grow high optical FOM (r;jle) crystals

- Crystal size and optical quality
v - Reliability and manufacturability

| Requirements

| |

Photorefractive Guided-Wave Optics

- Fast Response ~ 1 ms Ty

- High diffraction efficiency - I':°W 'd'ts.s'pﬁt'o" energy

- Long storage time (> 1 year) ' S?l‘gp(:g ;gip:g‘: charge
Applications Applications

- Pattern Recognition - Telecommunication

- Interconnects - Signal Processing

- 3-D Volume Holography - Switches and Filters

Figure 2.1 -- Photorefractive tungsten bronze crystals for optical computing and guidedwave
optics.
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3.0 PROGRESS

During the past 12 months, significant progress was made in the development of high optical
figure-of-merit BSTN and BSKNN-5 tungsten bronze (T. B.) ferroelectric materials for optical
computing and guidedwave optical applications. Since BSTN and BSKNN-5 crystals exhibit
exceptionally good optical figures-of-merit and these crystals can be grown in decent size with
optical quality, we have concentrated our efforts on these two materials. The advantages of these
materials for photorefractive and guidedwave optical applications are as follows:

Photorefractive Guidedwave Optics

- High n3rij/8 : Fast speed of response
- T, > 150°C.
- Exhibit low dark conductivity

High rijle : Operates at low voltages
T, > 150°C.
Exhibit low optical losses ~ 0.5 dB/cm

- Hologram fixing achievable.

Exhibit low switching energy

Large size BSTN & BSKNN crystals are available in optical quality

3.1 Accomplishments at Rockwell

Under this program, we have successfully grown and characterized tungsten bronze BSTN,
and BSKNN-5 single crystals for optical computing and guidedwave optics. This work is a part
of our continuing long-range effort to identify and grow high optical figure-of-merit tungsten
bronze crystals. Figure 3.1 summarizes the classification established for tungsten bronze crystals
in our laboratory. The new bronzes such as BSTN and BSKNN were identified and grown
from this general scheme because they possess approximately two times larger optical figures-of-
merit (Table 2.1) than the current best SBN, LiNbO3 and BaTiO3. The BSTN and BSKNN solid
solution systems have been studied for the first time in our laboratory and they are extremely good
candidates for photorefractive and guidedwave optical applications.
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SBN,BSTN BSKNN, KLN
Large ra3 K*+ Nat Large rgq
q
Large 33 Largee33
. lé?fre%et Transverse c-axis I;;I;gttesLongnudmal

+

‘ K
Polar Axis
Accomplishments at Rockwell
Na
Na*

- Grown 25 crystals of different characters.

- Established 7 new MPB systems.
Large Transverse & [Large r33 & r54 |[SCNN

Longitudinal Effects || argeeqq & 44 - Electro-optic and photorefractive
properties superior.

- Commercialization is considered.

Polar Axis [100] or [010]

Pb2*.Containing T. Bronzes
(Based on MPB systems)

-PBN, PKN,PSN, PKNN
(Large Transverse & Longitudinal Effects)

Figure 3.1 -- Classification established for tungsten bronze ferroelectric crystals.

The electro-optic and ferroelectric properties of filled tungsten bronze BSTN and BSKNN
crystals are distinctly different from one another:

-1. BSTN: - Large transverse electro-optic coefficient, 55
- Exhibit 4 mm symmetry at RT and no phase transition
at low temperatures
- Exhibit low dark conductivity and low optical losses

2. BSKNN - Large longitudinal electro-optic coefficient, g
- Exhibit 4mm symmetry at RT and possibility of 4mm to mm?2
transition at low temperatures.
- Exhibit low dark conductivity and low optical losses

[t is interesting to note that BSTN crystals behave like SBN in their electro-optic and
photorefractive characters; however, the optical figure-of-merit for BSTN is almost two time
better than SBN:60. The preliminary results indicate that BSTN crystals exhibit much faster

response but at the same time the dark conductivity is almost an order of magnitude lower than
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SBN:60. BSKNN crystals resembles to BaTiO5 and they exhibit a strong longitudinal electro-
optic (r5) effect. Furthermore, BSKNN crystals have higher optical figure-of-merit and they can
be grown in large sizes, currently up to 4 cm diameter in optical quality. For these reasons,
BSKNN can form the base for large scale production of optical components where large rs; is
required.

All of these BSTN and BSKNN-5 crystals have been grown by the Czochralski technique
equipped with an automatic diameter controlled (ADC) unit and we have been successful in
growing a number of doped and undoped crystals doped in optical quality. A brief summary of
our growth experiments are given below:

Table 3.1
Growth of Tungsten Bronze BSTN and BSKNN Single Crystals
Composition T (°C) Growth Temp Xtl Diam
(°C) (cm)
1. Photorefractive Xtis
BSTN: Rh3+& Ced+ 120 1470 3-4
BSKNN-5: Rh3+& Ce3* | 180 1495 3-35

2. Electro-Optic

BSTN 120 1465 4.5
SBN:60 80 1495 >6
BSKNN-5 180 1488 >3.5

Concentration of Rh & Ce was in the range of 0.01t0 0.03 wt%.

3.1.1 BSTN_ Crystals

Crystals grown in this study are tetragdnal at room temperature and show almost no relaxor
character. Ferroelectric and optical characterization of BSTN indicates that the optical figure-of-
merit (n3rij/e) is almost two times larger than for SBN:60 and BaTiO; crystals with significantly
higher phase transition temperatures ( 100- 170°C). Because of such high n3rij/8, BSTN crystals
exhibit fast response, high diffraction efficiency and long dark storage time. Currently, these
crystals are being grown in excess of 3.5 cm diameter in optical quality, and we expect that the
size can be increased beyond 6 cm by scaling up our current growth processes. Figure 3.2 shows
a 3.5 cm diameter BSTN crystal and its products .

6
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Because BSTN crystals exhibit faster speed of response and lower dark conductivity than
SBN:60, these crystals are attractive for optical computing applications. These BSTN crystals
have been doped with Ce* and Rh3*  and currently we are optimizing the photorefractive
properties of these dopants with respect the requirements set for data storage and optical pattern
recognitton.

The undoped BSTN crystails were evaluated at Texas A&M University and their results show
that these crystals are also exceptionally good candidates for guidedwave optical applications.
Since the transverse electro-optic coefficient ( r43 > 250 x 10°'2 m/V) for BSTN crystal is large,
the operating voltage for this crystal in these applications is an order of magnitude lower than the
current best LiNbOs. At present the optical losses for BSTN are comparable with LiNbO4 and
they are in the range of 0.4 to 0.7 dB/cm. We expect that the optical losses for BSTN should
reduce to the range of 0.2 to 0.4 dB/cm with further improvement in optical quality. Currently,
we are introducing highly pure starting materials for this growth, and this should allow us to
achieve the losses in the desired range. In parallel, we are up grading our growth process to
increase crystal size beyond 4 cm diameter. Based on our current success of growing SBN:60
single crystals beyond 6.5 cm diameter, we do not anticipate any major problems in scaling up our
current BSTN crystal growth processes

3 cm Diameter BSTN Crystals BSTN Cube & Substrate

Figure 3.2 -- Czochralski grown undoped BSTN single crystal and its products
7
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3.1.2 BSKNN-5 Crystals

This crystal is tetragonal at room temperature and it resembles BaTiO5 in its electro-optic
character. The speed and coupling are slightly better than BaTiO and they also exhibit enhanced
performance with the application of external field (~ 5 kV/cm). These crystals are easier to grow
than BSKNN-1 and BSKNN-2 and currently we have grown these crystals in sizes up to 3 to 4

c¢m diameter with excellent optical quality ( as shown in Figure 3.3).

BSKNN-5 crystal samples are being provided to Texas A&M University for guidedwave
optical studies, and we will be especially interested in how the use of electro-optic rs, effect
differs from our work on SBN and BSTN, where electro-optic t55 is used. This is the first
instance where tungsten bronze crystals exhibiting large <, has been available for guidedwave
applications.

Figure 3.3 : BSKNN-5 crystals ( 3 cm diameter) grown along the [001] direction.

The Sry_xBa,NbOg (SBN) solid solution is the best example of a bronze system with strong
transverse properties, including the dielectric constant (€33) , the electro-optic coetficient (r33) and
piezoelectric (d33) coefficients, with the polar axis along [001]. BSTN has similar characteristics
and both have distinct cylindrical growth habit with 24 well-defined facets, each facet
corresponding to a definite crystallographic orientation as illustrated in Figure 3.4. On the other

hand, BSKNN solid solution crystals exhibit strong longitudinal properties, including the
dielectric constant
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(&) 1). the electro-optic coefticient (r5y) and piezoelectric (d; 5) coefficients, with the polar axis
along [001]. The striking differences between BSKNN and BSTN (or SBN) crystals are in their
growth habits and ferroelectric properties. BSKNN single crystal crystals grow either with a
square or octahedral cross-section depending on the unit cell dimensions. Figure 3.4 shows the
growth habit for small unit cell BSKNN-5 crystal which exhibits 8 well-defined facets. We expect
that the 4mm to mm?2 phase transitions in BSKNN single crystals are similar to BayNaNbgO s,
but this transitton should occur below 100K (Xu et al).

[001] T
N

11
[201] — 111
T [ [101] ]

b10] <(1_2|0)

210]
100] 120
1jt0 1) | <
(100] [110
With cation |[''{
make-up
||
BSTN and SBN BSKNN
( 24 Facets) ( 8 Facets)

Figure 3.4 : Growth habits for tetragonal tungsten bronze crystals.

3.2 Accomplishments at Caltech

3.2.1 Photorefractive Characterization

Ce-doped BSTN has been experimentally characterized in terms of photorefractive sensitivity
and two-wave coupling gain. Figure 3.3 shows typical experimental data for the intensity of
diffracted light as a function of time. The sensitivity derived from this measurement for BSTN is
about 64 mJ/cm?%. This sensitivity is much better than that of the best Ce-doped SBN:60 and
BaTiO5 photorefractive crystals. We expect that these properties will be substantially enhanced by
adjusting the proper doping concentrations and improving the crystal quality. The improvements in
photorefractive properties for BSTN are related to the higher optical figure-of-merit in this material.

A two-wave coupling gain of 25 cm™! was measured for the same BSTN crystal. Preliminary

measurements under an applied field of 5 kV/cm show a significant increase in coupling (>30 cm-

9
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1). Similar measurements on SBN:60 and BSKNN-2 under applied field have shown that both
the diffraction efficiency and the ratio of erasing time to writing time increase dramatically.! The

sensitivity of gain with applied field in Ce-doped BSTN indicates that these key properties will also
increase significantly in BSTN.

In order to maintain fast speed of response and low dark conductivity in BSTN and BSKNN-
5, we are exploring the double doping schemes based on two different species such as Ce3* +
Fe3*, Rh3* + Fe3t or Rh3* + Mo**. Based on our previous work on SBN, we found that using
such scheme it is possible to maintain fast speed of response and high coupling.

0.0000006 T

0.0000005 [~ -

0.0000004 |- T

0.0000003 — =

Diffracted light

0.0000002 |~

0.0000001 :J Total density = 21.1 mw/cm 2

OOOOOOO L ' 1 I L
o 0 50 100 150
Time (seconds)

Figure 3.5 -- Intensity of the diffracted light as a function of time.

3.2.2 Holograms Fixing in Tungsten Bronze Crystals

In order to use these photorefractive tungsten bronze crystals for data storage, optical pattern
recognition and other applications, it is important to establish a technique by which information can
be stored for a long period of time. Currently, holograms are being successfully stored in LiNbO
by the use thermal processes and information can be stored over the period of a year. At Caltech
and Rockwell attempts are being made to fix hologram in these tungsten bronze crystals using two
different methods: a) Use of external field and b) thermal process used for LiNbO;. Fixing with

10
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an external electric field has been successful in SBN:75 and SBN:60, and these holograms have
persisted for over a year. It was observed that higher fields were required to fix holograms in
SBN:60 than in SBN:75 because the ferroelectric phase transition temperature (T o) is higher for
SBN:60, and fixing was done room temperature.

Our first attempts at hologram fixing in photorefractive BSTN at room temperature show the
same problem, namely, incomplete or weak storage at moderate fields (< 5 kV/cm). BSTN has T.
over 100°C, so it is not surprising that it is even more difficult to achieve fixing than SBN:60. To
overcome this problem, we are exploring the use of both high fields and elevated temperatures
during fixing. Currently, both these approaches are being evaluated for the high T . tungsten bronze
crystals. Since T, for BSKNN is even higher (> 180°C), we may need to fix holograms at
temperatures ~ 100°C.

The reason that it is worthwhile to develop fixing methods for the high T, materials is that they
have very low dark conductivity and fast response time, which will be a major factor in their use

for large scale data storage applications.

3.2.3 Holographic Disk Development

A number of concepts for implementing 3-D memory storage using tungsten bronze crystals
have been identified (Figure 3.4), and their storage capacities have been estimated. With a 5 cm
diameter disk, and each hologram occupying 10 mm?2 of the disk and 1,000 holograms
superimposed at each location, the total storage capacity approaches 2 x 1011 pixels.

Figure 3.5 shows the experimental curve of diffraction efficiency as a function of the disk
rotation angle for LiNbO . Note that there is a 3-fold symmetry along the rotational axis. For
crystals belonging to the 4mm symmetry such as BSTN, SBN or BaTiO,, the diffraction
efficiency should be independent of the rotational angle.

11
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Figure 3.6 -- Schematic diagram of 3-D memory system.
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Figure 3.7 -- Diffraction efficiency 1 as a function of the disk rotation angle for LiNbO,

12




/N Rockwell

Science Center
SC71094. FR

Both BSTN and BSKNN offer significant advantages over LiNbO;, SBN:60 and BaTiO,
because of their superior photorefractive properties. [n both of these crystals, holograms can be
written much faster, while in BSKNN the storage capacity is greater because two large electro-
optic coefficients are available for writing holograms. This is a unique crystal for holographic
applications. Also, we anticipate that the dark conductivity should be low in these crystals and thus
they should retain holograms for longer periods than SBN and BaTiO;,.

3.3 Accomplishments at Texas A&M University

Electro-optic modulators and switches are important elements in light-wave telecommunications
that can be realized with the tungsten bronze materials, and the work at Texas A&M has focused
on their development. For this work, we have used tungsten bronze SBN:60 and BSTN single
crystal materials to take advantage of their large electro-optic coefficients and potential low cost.
Table 3.2.summarizes the key optical properties of commercial (LiNBO, and LiTaO,) and tungsten

Table 3.2
Selected Properties of Electro-Optic Crystals

Property LiNbO3 PZT/PLZT | SBN:60 BSTN
T, (°C) ~1150 | 300 78 > 150
r33 (PmM/V) 31 > 2000 420 200
Half-Wave Volt (V) 0.031 | 0.0003 0;002 0.004
Switching Energy ~3 .04 0.6 0.35
Optical Damage 40 - == ~—
Threshold (W/cm2)

Half Wave Voltage = Ag/n3 (1/r33) Switching Energy = 22g2/2n8I (¢/r2)

bronze crystals. This data shows that the tungsten bronze materials selected in this study have
superior optical properties: specifically, half-wave voltage and switching energy are an order of
magnitude better than LINbO; and this will allow us to fabricate very efficient waveguide

structures using tungsten bronze materials. A summary of our work is given below:
13
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A previous disadvantage with the bronzes has been the relatively high optical losses found in
waveguides formed by ion implantation or diffusion doping (Table 3.3 ). In this work, however,
the channel waveguides were formed by a unique process which takes advantage of the static
strain-optic (SSO) effect in ferroelectric crystals. The strain-induced waveguides were produced
by depositing a thick SiO2 film by e-beam evaporation on a crystal substrate at elevated
temperature, typically around 300°C, and then patterning at room temperature. The difference in
the thermal expansion coefficients of the film and substrate causes a strain in the substrate at the
patterned regions which induces a localized index change in the crystal via the strain-optic effect.
In z-cut crystal substrates, the channel waveguides are produced by the longitudinal strain
component S1 induced in the x-direction. In addition to the strain-optic effect, the net refractive
index change also includes an electro-optic contribution due to electric fields produced by the
piezoelectric effect and the redistribution of surface charges.

Besides its simplicity, a particular advantage of this process is that it does not require
processing at high temperatures (e.g., above 500°C) and, as detailed below, results in the lowest-
loss waveguides (less than 0.6 dB/cm at 1.3 pm wavelength) reported to date in tungsten bronze
materials. We expect that these losses will reduce further with improved crystal quality (especially
in the case of BSTN) and waveguide processing. Details of the waveguide fabrication and electro-
optic characterization work performed at Texas A&M University on SBN:60 and BSTN crystals

supplied by the Rockwell Science Center are detailed in the next two sections.

Table 3.3
Comparison of Losses in Waveguides for Different Materials

Crystal Strain (dB/cm) Diffused (dB/cm)
LiTaO4 0.7 to 1.0 ~ 4.0 (Vapor)
LiNbO, 0.8 to 1.0 ~ 0.5 (Vapor)
SBN:60 © 0.5 to 1.0 ~ 5.0 (Vapor)
BSTN 06 to 1.0 ...

14
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SBN:60

Guided mode propogation in z-cut SBN:60 was observed for both TM (extraordinary) and TE
(ordinary) polarizations at 1.3 wm wavelength in 9.4 wm width channels etched in a 4.4 wm thick
SiO2 film which was e-beam deposited at 320°C. These waveguides exhibited a single transverse
mode for both TE and TM polarizations, and one depth mode for TE and two depth modes for TM.
The power density full width at half maximum (RF) profiles for these waveguides were determined
from near-field measurements on the fundamental modes; these are listed in Table 3.4 along with
similar measurements on BSTN crystals discussed in the next section. Measurements on an
SBN:60 sample with 7 um wide, 8 mm length channel waveguide showed propogation losses of
0.7 dB/cm for TM polarized light, and 1.6 dB/cm for TE polarization. These are the lowest
propogation loss values reported to date in SBN:60, and are evidently the result of the low-
temperature process used to fabricate these waveguides.

Electro-optic modulation at frequencies up to 22 MHz was also demonstrated in the 9.4 um
width waveguides after poling at room temperature. The device structure utilized coplanar metal
electrodes having a length of 5.5 mm and a width of [1 um with an electrode separation of 0.4
mm; a schematic of the structure is shown in Figure 3.6 Polarization intensity modulation was
achieved via the Pockels effect by coupling the light at 45° to the z-axis (crystallographic polar c-
axis) and detecting the output through a crossed linear analyzer. Figure 3.7 shows an oscilloscope
display of the modulator output at 200 kHz. The results show a 85% modulation depth at a half-
wave voltage v, = 34 volts.

Figure 3.8 -- Schematic of device structure used for electro-optic modulation in SBN:60.
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Figure 3.9 -- Modulation performance of a 9.4-um wide SBN:60 strain waveguide at [.3 um
wavelength. The upper trace is the applied electric signal at f =200 kHz and 10 V/d. vertical scale.

The middle trace is the optical response with zero light level indicated by the lower trace.

BSTN

BSTN crystals can be thought of as modified SBN crystals in that Ti replaces some of the
Nb atoms, with the resulting distinction that BSTN has a "filled" lattice structure, with all of the A
and A, lattice sites filled by Ba and Sr, whereas in SBN only 5/6 of these sites are filled.

Since BSTN can now be grown in larger sizes with good optical quality, it is important to
establish the fundamental optical properties of these crystals. The refractive index values were
determined from Brewster angle measurements using a spectrometer. Horizontally-polarized TE
light from a He-Ne laser at 0.6328 microns wavelength was used for the incident beam on an x-cut
BSTN crystal sample. The angle for the null reflection was determined by monitoring the intensity
of the reflected beam with a photodetector. The ordinary refractive index, no, was obtained by
orienting the sample such that the crystallographic b-axis (or y-axis) was parallel to the incident
light polarization. Similarly, the extraordinary refractive index, n,, was obtained by orienting the
sample with the polar c-axis (or z) parallel to the incident light polarization. The measured values
were ny = n| = 2.301 and n, = ny =2.278 at room temperature.

16
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The linear electro-optic (Pockels) coefficients I33, 13, and r, =135 - (n 1/n3)311 5 Were also
measured at 0.6328 m wavelength using a Mach-Zehnder interferometric. A z-cut BSTN crystal
with dimensions 5 x 9 x 1.14 mm (x,y,z) was placed in one arm of the interferometric with optical
propogation along the 9 mm long y-direction. DC voltage was applied along the z-direction (polar
c-axis) using Cr/Au electrodes deposited on the z-cut faces. The electro-optic coefficients were
determined by establishing the v, voltage using increasing dc voltage. Measured values of 33 =
218 £ 12 pm/V and r13 = 51.2 + 6 pm/V were obtained using TM and TE input polarizations,
respectively. The measured value of r33 may be compared with the theoretical value from the
relation

I33 = 2833P3€43€,

using measured values for the spontaneous polarization, P;=30.0 uC/cm?, the low-frequency
dielectric constant, €55 = 560, and the quadratic electro-optic constant g33=0.10 m?4/C2, resulting
inr43 =297 pm/V. Some of the discrepancy between the measured and calculated values may be
due to the value taken for g33 Which is based on results from other tungsten bronze crystals.
However, the roughly 4:1 ratio between ry5 and r 4 is consistent with past measurements on other
crystal compositions. A measured value for rc = 167 £ 12 pm/V was also obtained by coupling
light polarized 45° to the z-axis; this is in very close agreement with with the calculated value of
165 pm/V using the measured ny, n,, ;5 and 133 values.

Table 3.4
Measured FWHM of Mode Profiles for Strain-Induced Waveguides in SBN:60 and
BSTN Crystals at 1.3 ptm Wavelength

SBN:60 BSTN
™ TE ™ TE
Vertical Scan 10.8 um 21.6 um 14.4 pm 254 um
Horizontal Scan 13.0 pm 19.5 um 12.7um 15.2 um

Strain-induced channel waveguides were fabricated on a z-cut BSTN crystal substrate in the
same manner used for SBN:60 crystals, with a 3.4 pm thick SiO2 film deposited on the substrate
at 300°C. Single mode propogation was observed for guided modes at 1.3 um wavelength for 11
pum wide channels etched in the SiO2 film. Figure 3.8 shows the near-field mode profiles
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obtained for both TM and TE polarizations at this wavelength. The measured -

(@) | (b)

Figure 3.10: Near field mode profile of 11-um wide BSTN strain waveguide at 1.3 pum
wavelength. (a) Transverse scan. (b) vertical scan. In each photo, the upper trace is for TE and
lower trace is for TM

FWHM values are listed in Table 3.4 in comparison with those for SBN:60. As in SBN:60,
the propogation losses are quite low, being 0.6 dB/cm or less for the TM mode. Again, we expect
these losses to reduce further with improved crystal quality and substrate/film processing. Since
BSTN has a filled tungsten bronze crystal lattice, we expect that it will ultimately have substantially
lower propogation losses in the visible and near-IR compared to unfilled structure materials such as

SBN. Table 3.4 gives the summary on optical losses in different optical materials:
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4.0 Recommendation

This program has successfully developed both superior tungsten bronze materials and device
structures for various optical applications, including photorefractive pattern recognition and 3-D
memory, and optical wave-guide for telecommunication and signal processing. The next step is to
develop systems that exploit these unique materials and concepts. The lower operating voltages and
smaller size achievable using these materials should enable much broader range of optical
applications.

The three areas for future work are: (a) continuation of materials growth, including BSKNN
and BSTN, and extending to higher from Pb 2'*'—containing materials, (b) design and development
of new guided-wave structures for telecommunication and signal processing, and (c) establishment
of feasibility of different concepts using these materials for pattern recognition and 3-D memory.
BSKNN and BSTN are an order of magnitude better than LiNbO3 , while certain Pb2+-
containing tungsten bronzes exhibit another order of magnitude increase. The work to be pursued
in this area is the optimization of growth techniques to grow these crystals on a large scale and

determination of best crystal compositions for different applications.

A major target in optical guided-wave structures is high frequency operation ( 3 - 7 GHz).
Pb2+-containing compositions which are close to morphotropic phase boundary (MPB) regions
offer high rij/e (r = electro-optic coeff and € = dielectric constant), which is most favorable for
these applications. '

Both pattern recognition and 3-D memory require long storage times and short writing times.
Currently, LiNbO3 provides long storage, but requires long writing times. BSTN and BSKNN
have relatively low dark conductivity as compared to other other tungsten bronze crystals, and thus
longer storage time, currently predicted at 1 month, while writing times are much faster than
LiNbOj3. For this reason, we should continue to evaluate the feasibility of these materials for
pattern recognition and 3-D memory applications.
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GUIDEDWAVE OPTICAL APPLICATIONS.
( J. Opt., Vol 24(3), 155-169, 1995)

21




JOURNAL OF OPTICS, 1995, Vol 24 No. 3 > Pages 155—169

FERROELECTRIC TUNGSTEN BRONZE CRYSTALS FOR
GUIDED-WAVE OPTICAL APPLICATIONS

R. R. NEURGAONKAR, W. K. Cory AND J. R. OLIVER

Rockwell Science CentreThousand Oaks, CA 91360 USA
And

0. ExNovan anp H. F. TAYLOR
Texas A & M University, College Station, TX 77843-3128 USA
(Received September 20, 1995)

ABSTRACT

The state of the art in the Czochralski growth of various optical-quality
ferroelectric tungsten bronze single crystals is reviewed with respect to crystal
structure, phase transitions and cationic makeup. Based on our growth of over 25
single crystal bronzes, we have classified these bronzes into four categories having
distinctly different ferroelectric and electro-optic characteristics. Currently, tungsten
bronze Srg (Bay JNbyOy (SBN:60) and Bag , Sr, (Nb,Ti); ;054 (BSTN) single crystals
with high electro-optic figures-of-metrit have been optimized in guided-wave optical
structures, in which the performance is superior to that of LiNbO; and LiTa0,. We
review the role of tungsten bronze materials for telecommunications, sensing and
signal processing using these guided-wave structures. '

1. INTRODUCTION

Tungsten bronze (T.B.) ferroelectrics are very useful for electro-optic,
piezoelectric, pyroelectric and millimeter wave applications, and more recently
for photorefractive applications [1-21]. Considerable work has been published
on the development of this family of materials; however, initially these materials
did not find widespread application due to the lack of crystals of adequate size
and quality. At the Rockwell Science Centre, we have systematically studied the
major growth problems; crystal habits and classification of these mateirals based
on their ferroelectric and optical properties [22-37]. In this paper, we report our

major findings on the growth of these crystals, their classification and potential
applications.

2. BACKGROUND : FUNDAMENTAL PROPERTIES

A number of ferroelectrics of present or potential commercial importance
have the tungsten bronze structure. This structure is typified by oxygen octahedra
linked at the corners in a complex way to yield three types of openings, two of
which normally contain the A; and A, cations as shown in Figure 1. The B
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cations, typically niobium (Nb°*) or tantalum (Ta®*), are inside the oxygen
octahedra. The tungsten bronze compositions are characterized by the chemical
formulae (A;),(A,)oC;B, 05 or (A1)4(A5),B; (030, in which the A, cations are
in the 15-fold coordinated site, the A, cations are in the 12-fold coordiantes site,
the C cations are in the 9-fold coordinated site and the B cations are in two
different 6-folds coordinated sites. Detailed descriptions of this structure have
been given in several articles [38-40]. Only two compositions, K;Li)Nb:0, and
K,Li,Ta:0,., can be represented by the first chemical formula where all five
crystallographic sites are filled [41-42]. For this reason, these compositions are
known as "stuffed" bronzes. All other tungsten bronzes are called either "filled"
or "unfilled" bronzes with the 9-fold coordinated site vacant and the 15-'and 12-
fold coordinated sites either fully of partially occupied. For example, lead

metaniokate and strontium barium niobate have unfilled unit cells containing.

Pb;Nb,,0,, and (Sr,Ba)gNb, 04, ( usually simplified to PbNb,0¢ and
{St,Ba)Nb,0,) where the A sites are only 5/6 filled. Although the presumption is
that the distribution among the 15-and 12-fold coordinated A sites is random, it
is more likely that in SBN, Ba*+ predominantly occupies the 15-fold coordinated
site since Ba2*(1.74 L) is substantially larger than Sr2* (1.54L).

Like the ferroelectric pervoskite family, the bronze family embraces more

than 150 compounds and solid solutions including several morphotropic phase -

boundary systems [43-44]. Because of the structural complexity which
accommodates a wide range of cationic substitutions, often the ferroelectric
transition can be achieved in the desired temperature range with suitable
ferroelectric and optical propeprties.

o CHEMICAL FORMULAE
(A1)4(A2)2C4B10039
(A1)4(A2);B40030
A,= 15-FOLD COORDINATED SITE
A,= 12-FOLD COORDINATED SITE
C = 9-FOLD COORDINATED SITE
B = 6-FOLD COORDINATED SITE

é 4MMM TO MM2 (TETRAGONAL-ORTHORHOMBIC)

. o i
> # | 150 COMPOUNDS OR SOLID SOLUTIONS BETWEEN

\ A2 c END MEMBERS SEVERAL MORPHOTROPIC PHASE
BOUNDARY SYSTEMS

2 2
4& IV
. P D\' ) 4/MMM TO 4MM (TETRAGONAL-TETRAGONAL)
A

Figure 1- Projection of the tungsten bronze structure parallel to (001)



FERROELECTRIC CRYSTALS FOR GUIDED-WAVE APPLICATIONS 157

3. CRYSTAL DEVELOPMENT

Table 1 lists a number of tungsten bronze single crystals grown in our work
and their associated growth conditions. The Czochralski pulling technique was
used for these growths, with the crystals pulled from 5x5 cm platinum crucibles
in an oxygen atmosphere to minimize the the reduction of Nb®* to Nb4*. All of
the crystals listed in Table 1 were grown along the (001) direction, except for
K;3LiyNbs0, . crystals where the best growth direction was along the (110) direction.
Crystal cracking during cool-down through the paraelectric/ferroelectric phase
transition was initially a problem for most of these crystals, but this problem has
now been minimized, particularly for SBN, BSKNN and BSTN.

Table 1
Ferroelectric Tungsten Bronze Crystals Grown at Rockwell

Composition Growth Temp Pull Rate Sym Diameter Tc Phase

(©c) (mm/hr) (cm)  (°C) Tran-

sihons

Sr, 75Bag 95No04 (SBN:75) 1480 4-5 4mm 4.0 56  One
Srg.¢Bag 4NbyO(SBN:60) 1485 5-7 4mm 6.0 78 One
Srg.5Bag sNb,0(SBN:50) 1485 5-6 4mm 4.0 128  One
BaSrKj, 75Nag 9sNbs0, 1475 3-4 4mm 3.0 178  One
Bao_SSrl_5K0_75Na0_25Nb5015 1475 4-5 mm2 3.0 172 Two?
Sr; gCag |Na Nas0, 1500 2-3 mm2 1.0 270  Two
K3LipNbsO, ¢ 1100 1-2 4mm 1.0 370 One
Sr,KNbgO, 1450 3-4 4mm 10 157 One
Pbg ¢Bag 4Nb,O4(PBN:60) 1350 1-2 4mm 15 320 One

Sym=Symmetry.

Based on ferroelectric and optical studies of both tetragonal orthorhombic

bronze crystals, we have classified this family into four different groups shown in
Figure 2. These classifications are:

1. Crystals exhibiting strong transverse effects with 4mm symmetry (e.g. SBN,
SryKNbs0,.): <001> polar axis. '

2. Crystal exhibiting strong longitudinal effects with 4mm symmetry (e.g.
BSKNN, K;Li,Nb 0,c) : <001> polar axis.

3. Crystal exhibiting strong transverse and longitudinal effects with mm2
symmertry (e. g. Sry Ca,NaNb.O, ., K,BiN:0,5) : <001> polar axis.
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4. Crystals exhibiting strong longitudinal effects with mm2 symmetry
(e. g. Pb,KNbsO, ¢, Pb; ,Ba Nb,0,;.): <100> or <010> polar axis.

[ Ba,.5r,K,,Na,Nb5015 Type (4mm) |
® Large longttudinal effects

751945 E4q
® Square or octahedron shape
crystals 0 T.B. Family
® Tc >150°C (A124(A2)2C B 10930
® Moderate polarization (P3) or
(A1)4(A2)2B1030

IS rszaxN,aNbSOﬁType(mm2)]

® Large longitudinal and transverse
effects ryg. ‘dagandrys dagy

® Cylindrical crystals (24-facets

® Tc ~200-300°C <

(mm?2) and (mm?2)
Symmetry of end member

| Sr1xBaxNb206Type(4mm) |

[ Sr1xBaxNb206Type(4mm) |

® Large transversa effects
r33 €33'd3,

® Cylindrical shape (24-
facets)

® Tc, 150°C

®Moderate polarization (P3)

©® Large longttudinal effects
r510dy5 €44
® Tc~350°C
__\® Large polarization (P,)

J @large polarization (P3) Mixint mm2 + mm2
of or
mm2 +4mm

*(Pb,KNb0O, ¢ Exception)

r33° d33 £33° P, (mm2 Form) 15,0 dy5 €44 P3 (4mm form)
® Tc 150 to 400°C
® Exceptionally large polarization (P3 or P2)

Figure 2 - Classification of tungsten bronze crystals.

Over 25 different bronze crystal compositions have been grown (partial list in
Table 1) and in some cases they have been modified to meet the requirements for
electro-optic and photorefractive applications. All of these crystals have been
grown by the Czochralski technique [23-35]. Table 2 summarizes the key
ferroelectric and optical properties of the selected T. B. crystals.

Table 2

Ferroelectric and electro-Optic Properties of Tungsten Bronze Single Crystals

Crystal Iy (1012 m/v) € I;,/€  Device Configuration
SBN: 75 Tyg 1400 €43 = 300 0.47 - Transverse Mode
SBN : 60 133 = 420 €45 = 900  0.47 - Transverse Mode
SBN : 50 133 = 210 €44 = 430 0.48 - Transverse Mode
BSKNN-2 r, = 380 €,; = 750 0.51 - Longitudinal Mode
BSKNN-3 1r; = 400 €;; = 800 0.50 - Longitudinal Mode
BSTN rg = 250 €354 = 350 0.72 - Transverse Mode
SCNN T3 1250 €34 = 1750 0.70 - Transverse Mode
15, = 1180 g, 1700 0.69 - Longitudinal Mode
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Tungsten bronze crystals are relatively easy to grow compared to most
ferroelectric crystals based on perovskite, layered structure Bi, Ti;0,,, and lead
germanate, phosphate and vanadate. This is due in part becuase the bronzes
have simple phase transitions and are usually free of 90° and 180° twins which
occur in perovskite single crystals. Among the growth problems associated with
these crystals, we have found the following to be major contributors toward poor
crystal quality:

1. Multicomponent solid solution systems make it difficult to control crystal
homogeneity. '

2. Exchange among crystallographic sites, specifically of the 15-and 12-fold
coordinated ions such as Ba?*, Sr2*, K+, La3+, causes severe striation problems.

3. High temperature growths (up to 15000C) cause volatilization and oxidation-
reduction (Nb°* to Nb*+) problems.

4. Cracking of crystals when thermally cycling through phase transitions. This
is often aggravated by crystal imperfections.

Neverthless, several bronze compositions have been grown as large size, defect-
free crystals, including SBN (6 cm diameter) and Baz_xerKl_yNbeSO15 (> 4
cm diameter) which have excellent optical quality.

4. CRYSTALS EXHIBITING STRONG TRANSVERSE PROPERTIES (4MM)

The Sr; Ba Nb,0, (SBN) solid solution is the best example of a bronze system
with strong transverse properties, including the dielectric constant (€53), and the
electro-optic (ry3) and piezoelectric (d,5) coefficients, with the polar axis being
along <001 >. The configuration for guided-wave optical applications for SBN
is similar to LiNbog; however, the half-wave voltages in SBN solid solution system,
three compositions, e.g. St 45Bag 5cNb,0, (SBN:75), St (Ba, ,Nb, O, (SBN:60)
and Srj ;Baj sNbyO, (SBN:50), are potentially useful for optical applications,

Figure 3: Large SBN:60 single crystal and products.
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and these crystals are routinely grown in our laboratory. Other examples of bronze
ferroelectrics with strong transverse optical properties are Sr,KNb:0,,
Ba,KNb:0,5 and (Ba,Sr)4(TiNb),,0,, (BSTN). Crystal growth has been well-
established for SBN, and these crystals are grown in sizes up to 6 cm diameter as
shown in Figure3 [45-50]. These crystals have a distinct cylindrical growth habit
with 24 well-defined facets, each facet corresponding to a definite crystallographic
orientation. For this reason, precise orientation and cutting of these crystals is
greatly simplified.

5. CRYSTALS EXHIBITING STRONG LONGITUDINAL PROPERTIES

(AMM)

A prototypical member of this class is the Ba2_,(erKl_yNabeSO15 (BSKNN)
solid solution, which has large longitudinal properties (rs;, €;;). We have grown
these crystals as large as 4 cm. diameter with excellent optical quality (Figure 4).
BSKNN crystals resemble BaTiO4 in many of their ferroelectric characteristics,
and these crystals can be useful in the longitudinal configuration. A particualr
advantage of BSKNN over BaTiO, is the absence of twins which makes growth to
large sizes (4 cm diameter) and crystal poling much easier. Other examples of

bronzes with strong longitudinal properties are K;Li,Nbs0,5 and
K,(Na,Li)oNb 0.

Figure 4 - Large size tungsten bronze BSKNN single crystal grown along <001 >.

The striking differences between BSKNN and SBN crystals are in their growth
habits and ferroelectric properties. BSKNN single crystals grow either with a
square or octahedral cross section depending on the unit cell dimensions, with
the bigger unit cell BSKNN crystals (a > 12.500 L, c> 3.955 L) being square
in shape. Figure 5 shows the differences among BSKNN-1, BSKNN-2 and SBN-
type crystals. We anticipate the presence of a 4mm to mm2 phase transition in
BSKNN-1 (K*-rich) single crystals, similar to Ba,NaNb;O, ¢, but this transition
would occur below 100K.
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Transverse Etfec

SBN:6C BSKNN-3 BSKNN-1

Large transverse effect Large longitudinal effect:
® Cylindrical shape and 24 ® Square (4 facet) or octohedron (8 facets) shape
facets ® Largegyy’, Fgq, Py dys
® Large e3', r3;, Py dj3 ® Relaxor
® Relaxor ® low temp T, expected (4 mm to mm2) e.g. BSKNN,
® No low temp ttansitione. g. KLN, KLNN
SBN, SKN, BYN

Figure 5 - Growth habits for tetragonal tungsten bronze crystals.

6. CRYSTAL EXHIBITING LARGE TRANSYERSE AND LONGITUDINAL
PROPERTIES

A typical example of this class is found in the Sr, Ca NaNb;0, . (SCNN) solid
solution system in which both transverse (r3; and €33) and longitudinal (r5, and
€,,) electro-optic properties are large and nearly equal. These crystals can be
used in both transverse and longitudinal configurations for guided-wave optical
applications. Other interesting examples of orthorhombic bronzes in this category
are Ba,NaNbsO,5 (BNN), SryNaNb;0,5 (SNN), and Sry(Na,Li)Nb,0,.(SNL),
although the electro-optic properties in these crystals are not as good as in SCNN.

These orthorhombic crystals have two phase transitions above room temperature
[23]. one paraelectric (4/mmm) to ferroelectric (4mm), and the other ferroelectric
(4mm) to ferroelastic (mm2). As shown in Figure 6, the dielectric constant along
<100> increases with decreasing temperature, resulting in large transverse
and longitudinal dielectric and optical properties at room temperature or below.
In the case of SCNN, a reasonably high spontaneous polarization at room
temperature (34 uC/cm?) with large electro-optic coefficients r3s and ry;

8 x 10? - 1 T T
270°C
SCNN - Crystal

1
[

6x10° 4/mmm
100°C

4x103 |-

Dielectric Constante

2x100 -

[ 1 1
-200 [ 200 400 600

Temperature (°C)

1

Figure 6 - Polar and nonpolar <110> diclectric constants for SCNN at 10 kHz. The
low temperature peak along <110> is due to the freeze-out of the polarizibility in this
direction.
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comparable to SBN:75 (r35=1400 x10~12 m/V) has becn observed. Compared
to SBN and BSKNN crystals,, these orthorhombic crystals are generally difficult
to grow due to their two-phase transitions and lower crystal symmetry. Efforts are
under way to modify our current growth techniques so we can grow reasonably
large size crystals (~ 3 cm diameter).

7. Pb2+ -CONTAINING BRONZES

Pb2* and Ta®* or Nb®* -containing bronze compositions are strongly
orthorhombic at room temperature, and they are differentiated from other bronze
crystals by their polar axis. These materials have only one pahse transition from
4/mmm to mm2, with the polar axis oriented along <100> or <010>. The
compositions most studied in this category are PbNb,0, (PN), (Pb,Ba)Nb,O4(PBN)
and Pb,KNb.0,-(PKN) for surface acoustic wave (SAW) and piezoelectric
applications [51-52] becuase of their excellent electromechanical coupling and
piezoelectric properties. The polarization in these materials can exceed 40uC/
cm?, and their optical figures of merit are estimated to be 2 to 3 times better than
the current best-known ferroelectrics such as SBN and BaTiO;. Because of these
properties, single crystals and thin film growths of PBN and PKN compositions
have been actively pursued in our laboratory and at Penn State University [53-
54]. However, bulk crystal grwoth is extremely difficult due to cracking when
passing through the paraelectric/ferroelectric phase transition as a result of the
large strain developed in the plane orthogonal to the <001 > growth direction.
These materials are potentially important for optical applications, if suitable quality
and size crystals become available.

8. GUIDED-WAVE OPTICAL STUDIES IN T.B. CRYSTALS

We are conducting a systematic study of tungsten bronze crystals for electro-
optic applications becuase of their large electro-optic coefficients and the availability
of large size crystals. In the present paper we are discussing guided-wave optical
properties in tungsten bronze crystals. Table 3 summarizes relevant electro-optic
and optical properties for SBN:60 and BSTN compared to those for LINbO, and
LiTa0,. The figure of merit M=(g/n%?) is a measure of the switching energy
required for a m- radian pahse shift in a modulator or switch.

T. B. crystals are of interest for guided-wave optics because their very large
electro-optic coefficients makes it possible to produce compact, low-voltage
modulation amd switching devices for applications in communications, signal
processing and sensing. The operations of these devices is based on the Pockels
effect, and the realization of low-loss single-mode optical waveguides in the substrate
material is critical for their practical implementation. The Pockels effect refers to
refractive index changes An, that are induced in a crystal by an applied electric
field of components Ej given by:
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A(l/m?) = r,E; (i=1,2, eeme- 6,j=1,2,3) 1)

where I;; Tepresents the elements of the third rank linear electro-optics coefficient
tensor in reduced notation. The electric field in the crystal is established by
applying a voltage across electrodes placed on the surface. The resultant values
in the refractive index changes, An,, can be written as the elements of a symmetric
3 x 3 matrix which is referred to as the perturbed refractive index matrix. Utilization
of the diagonal elements of the resultant matrix leads to a chang in phase for an
incident optical wave polarized along a major crystallographic axis as it transverses
the crystal. This is useful for the design of modulators and switches. Changes in
the off-diagonal elements, however, induce conversion (or mixing) between
orthogonal polarization states of an optical wave propagating in the crystal. This is
utilized in the design of polarization control devices and optical filters.

Table 3
Relevant Properties of Some Ferroelectrics (at 0.633 mm wavelength)
Crystal Te ) €33 n M
Q) (pm/V) (1020V2/m?)
LiNbO, 1195 31 28 n;=2.2866
ny-ny 2.55
=2.2028
LiTaO,4 620 30 43  n;=2.1786 4.41
Ng=1
‘ =2.1833
SBN:60 78 420 900 n;=2.3103
n,=n; 0.40
n,=2.2817
BSTN 116 218 440 1n;=2.3012
n,=n; 0.66
n,=2.2778

In any of these applications, the crystal orientation and device design should
be arranged to achieve the index change with the least possible applied voltage
through the use of the largest r.. i coefficient. Comparing the listed valueds of Iy, in
Table 3, tungsten bronze crystals have a clear advantage in this regard. A Mach-
Zehnder interferometer fabricated in SBN:60 has in fact produced a p-radian
phase shift voltage-length (VL) product of 0.48 V-cm at a wavelength of 0.83 pm,
which is the lowest reported for any electro-optic modulator[55] and more than
an order of magnitude lower than a comparable device of similar dimensions in
LiNbO,.

Optical waveguides are formed by producing a localized high index region in
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a substrate of lower refractive index. In ferroelectric crystals, this has often been
accomplished by changing the composition or stoichiometry by processes such as
out-diffusion [56], ion exchange [57,58], or indiffusion from a metal film [59] as
well as vapor phase [60]. A simple method for making waveguides has been
developed recently using the strain induced by a surface film deposited at an
elevated temperature to adjust the index in ferroelectric substrates through the
static strain-optic (SSO) effect [61]. In this technique, waveguides are produced
without altering the compositions of the substrate. In tungsten bronze crystals,
neither metal diffusion nor ion exchange has been successful for making
waveguides, and elements that have been used for vapor diffused waveguides in
SBN:60 have resulted in losses which are unfortunately rather high (>10 dB/
cm). This drawback has been overcome, however, by the use of the recently
developed SSO effect for waveguide fabrication. The low propogation loss values
are evidently a result of the absence of surface damage from the low temperature
process used in making the waveguides, and the absence of diffused impurities
which may introduce scattering centes.

To produce strain-induced waveguides, a thick SiO,, film (~ 3pim) is deposited
on a substrate at an elevated temperature (~ 300°C), then cooled down to room
temperature. This induces a compressive strain in the film because of the large
thermal expansion mismatch between the substrate and film. By selective etch
patterning, straight channels are next delineated in the SiO, by reactive ion etching.
Formaton of a channel makes it possible for the edges of the film to expand
towards the center, as shown by the inward arrows in Figure 7. The process of
strain relief in the film results in a localized compressive strain in the substrate in
the vicinity of the channel. This induces an index increase in the crystal via the
strain-optic effect. Channel waveguides have been produced by this method in Z-
cut (c-plate) SBN:60 BSTN substrates using the longitudinal S, strain component.
The refractive index changes form the strain-optic effect, An°, with i = 1,3 are
given by [61],

Anf® = — (“31/2)Pijs' @)

where j = 1 for z-cut substrates, and p_. is the relevant strain-induced coefficient.
In addition to the strain-optic effect, the net refractive index change also includes
an electro-optic contribution due to electric field in the strained region produced
by the piezoelectric effect and by surface charge redistribution. A finite element
relaxation method was used to determine the strain profiles illustrated in Figure
7. The constant strain contours are drawn normalized relative to the strain value
at the surface of the substrate in the center of the channel. As indicated in the
figure, the maximum strain occurs near the edges of the channel and is compressive
in the channel but tensile beneath the film. Propagation losses < 1 dB/cm in
SBN:60 and 1.8 dB/cm in BSTN have been measured in strain induced waveguides
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at 1.3 pm wavelength [62]. These are considerably lower than in SBN waveguides
produced by vapor diffusion [55,63] and approach those attainable in LiNbO,.

X

<

\ )
substrate

Figure 7- Normalized constant contours for the longitudinal S, strain component.

Polarization intensity modulation has been realized via the linear Pockels effect
on strain-induced waveguides in SBN:60 and BSTN substrates [63]. To impress
an electric field, planar electrodes are delineated on the surface using
photolithography. Figure 8 is a schematic of a final device configuration produced
on a z-cut SBN:60. The strain inducing film was formed by depositing a 4.4 pm
thick SiO, film at 320°C. The crystal was repoled before dilineation of the final
electrode pattern. Propagation losses of 0.7 dB/cm and 1.6 dB/cm were measured
for the extraordinary and ordinary polarizations, respectively, at 1.3 pm
wavelength. Electro-optic modulation was realized through the use of the effective
electro-optic coefficient r, = ry, - (n1/n3)3r13. A half -wave voltage V_ = 34 V
was obtained for an electrode separation of 400 um, an interaction length of 5.5
mm, and a waveguide width of 9.4 pm. Electro-optic modulation at frequencies
> 700 MHz has been observed in SBN:60 as well as in BSTN. On a similar SBN

Figure 8 - Strain-induced channel waveguide clectro-optic modulator in SBN:60
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modular structure but with a reduced gap separation of 70 pm, a value of V. =95
V was observed using a coplanar surface electrode arrangement. Lower values
can be expected with further reductions in the gap. The record low voltage-length
product of 0.48 V-cm in SBN:60 was achieved with a 7.5 um gap, using waveguides
produced by Zn diffused from vapor phase.

The SSO effect has also been used to induce polarization conversion in
birefringent LiTaO; of the ilmenite family [64]. For a wave propagating in a
diffused channel waveguide, phase-matched coupling between TE and TM modes
may be induced by static shear strain from a spatially periodic surface film. The
phase match condition imposed by the crystal birefringence is highly wavelength
selective. Wavelength tuning for maximum conversion can be realized by adjusting
the birefringence in the wavelength electro-optically via the linear Pockels effect.
A schematic for an electro-optically tunable polarization converter produced
LiTa03 is shown in Figure 9. Polarization conversion in the waveguide is caused
by the off-diagonal element n. of the refractive index, which is produced by the
shear-strain component S, and is given by

withn = (nlnz)ll2 and p,, is the relevant strain-optic coefficient.

Channel waveguida

Figure 9 - Electro-optically tunable strain induced polarization converter.

The use of polarization coupling by the SSO effect can be extended to produced
a channel-dropping electro-optic tunable filter (EOTF) using a four-port
interferometer configuration. A schematic diagram of a four-port polarization-
independent (EOTF) using a four-port interferometer configuration. A schematic
diagram of a four-port polarization-independent EOTF[65] is shown in Figure
10. It consists of two polarization splitters (PS) near the input and output ends -
that are joined by a pair of tunable SSO converters in the center. If the wavelength
of a light beam entering at one of the input ports ( e.g#1) satisfies the phase
matching condition of the converter section, the TE and TM components which
get separated by the PS undergo polarization rotation then recombine and emerge
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from the port #4 at the putput. The induced off-diagonal index An; responsible
for coupling is given by equation(3), as before. Wavelength tuning can be

accomplished by adjusting the birefringence electro-optically in the converter
section through the r_ coefficent.

Electrode

Strain Pads

Switching Effidency(X)

Zn:LiTa03 -~ Wavslength(nm)

Figure 10 - Polarization independent

Figure 11 - Spectral response of EOTF at
electro-optically tunable channel-dropping  V = 0 and 60 volts.
filter.

Optical test results for an EOTF produced in LiTa0Qy4 are shown in Figure 11.
The waveguides are fabricated by zinc ion vapor diffusion. The strain-inducing
pads were produced from a 1.0 pum thick Si0, film deposited at 300°C and
patterned at room temperature with a spatial periodic separation of 100 pim. The
spectral response is shown for the untuned (O V) and tuned (60 V) filter conditions.
A total shift of 37 nm for the peak wavelength with an applied voltage of 90V was
achieved. The incomplete extinction is due to the splitters providing only 95%
separation between TE and TM polarizations, and the TE-TM polarization
conversion being limited to 96%. Narrower wavelength passbands could be realized
in LiTaO, through an increase in the conversion section, or by the use of substrates
with larger birefringence (e.g. BSTN with An=0.0235 in contrast to LiTaOy of
An=0.0035). The use of tungsten bronze crystals with a larger Iy, coefficient,
such as SBN:60 or BSTN, could also provide a means for increasing the tunable
bandwidth.

In conclusion, although LiNbOQ, - based devices are now commercially available,
interest in producing guided-wave devices in materials with higher linear electro-
optics coefficients is great. The tungsten bronze family of ferroelectrics as
summarized in Table 3 offers several attractive choices for such devices with
exceptionally large ry4 coefficient values. Advances in growing large diameter
optical-quality tungsten bronze crystals of various compositions, coupled with the
recent development of low loss optical waveguides in several of these crystals,
make it feasible to consider their use for commerical applications. Propagation
losses < 1 dB/cm in SBN, <2dB/cm in BSTN, and electro-optic modulation in
both crystals at frequencies > 700 MHz at 1.3 mm wavelength have been
demonstrated. A value of V.. <V has been achieved in SBN:60 at 0.81 um




168

R. R. Neurgaonkar et al.

wavelength, which is a record low for guided-wave modulators in ferroelectric
materials. The SSO effect fro shear strain has been used in Zn-diffused LiTaO,
waveguide to produce an electro-optically tunable polarization converter and
channel-dropping filter. The use of SBN and BSTN crystals for such devices is an
attractive possibility, as the larger ry4 coefficients in these substrates will make it
possible to access a large number of channels through birefringence tunning.
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The state of the art in the Czochralski growth of various optical-quality ferroelectric tungsten bronze
single crystals is reviewed with respect to crystal structure, phase transitions and cationic make-up.
Based on our growth of over 25 single crystal bronzes, we have classified these bronzes into four
categories having distinctly different ferroelectric and optical characteristics. With the use of this clas-
sification, optimal bronzes can be chosen for specific clectro-optic and photorefractive applications.

Keywords: ferroelectrics, dielectrics, crystal growth, electro-optic, piezoelectric,
pyroelectric, photorefractive, tungsten bronze crystals

INTRODUCTION

Tungsten bronze (T.B.) ferroelectrics are very useful for electro-optic, piezoelec-
tric, pyroelectric and millimeter wave applications, and more recently for photo-
refractive applications.!=?! Considerable work has been pu&ished on the devel-
opment of this family of materials; however, initially these materials did not find
widespread application due to the lack of availability of crystals of adequate size
and quality. At the Rockwell International Science Center, we have systematically
studied the major growth problems, crystal habits and classification of these ma-
terials based on their ferroelectric and optical properties.?~% In this paper, we
report our major findings on the growth of these crystals, their classification and
potential applications.

BACKGROUND: FUNDAMENTAL PROPERTIES

A number of ferroelectrics of present or potential commercial importance have
the tungsten bronze structure. This structure is typified by oxygen octahedra linked
at the corners in a complex way to yield three types of openings, two of which
normally contain the A; and A, cations as shown in Figure 1. The B cations,
typically niobium (Nb>*) or tantalum (Ta®*), are inside the oxygen octahedra.
The tungsten bronze compositions are characterized by the chemical formulae
(A1)4(A2),CiB 103 or (A)4(A,),B o030, in which the A, cations are in the 15-
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¢ CHEMICAL FORMULAE
{A414(A2)C4B10030
{Aq14(A212B19030
A, = 15-FOLD COORDINATED SITE

A, = 12-FOLD COORDINATED SITE
C = 9.FOLD COORDINATED SITE
B = 6-FOLD COORDINATED SITE (TWO SITES)

* CRYSTAL STRUCTURE

4/mmm TO 4mm (TETRAGONAL-TETRAGONAL)
4ammm TO mm2 (TETRAGONAL-ORTHORHOMBIC)

* KNOWN SYSTEMS

150 COMPOUNDS OR

SOLID SOLUTIONS BETWEEN END MEMBERS
SEVERAL MORPHOTROPIC PHASE BOUNDARY
SYSTEMS

FIGURE 1 Projection of tungsten bronze structure parallel to (001).

fold coordinated site, the A, cations are in the 12-fold coordinated site, the C
cations are in the 9-fold coordinated site and the B cations are in two different 6-
fold coordinated sites. Detailed descriptions of this structure have been given in
several articles.®~4° Only two compositions, K;Li,NbsO,s and K;Li,Ta;0,s, can
be represented by the first chemical formula where all five crystallographic sites
are filled.*! =42 For this reason, these compositions are known as “stuffed’” bronzes.
All other tungsten bronzes are called either “filled” or ‘“‘unfilled” bronzes with the
9-fold coordinated site vacant and the 15- and 12-fold coordinated sites either fully
or partially occupied. For example, lead metaniobate and strontium barium niobate
have unfilled unit cells containing PbsNb,,05, and (Sr, Ba)sNb,,O3, (usually sim-
plified to PbNb,Og4 and (Sr, Ba)Nb,O,) where the A sites are only 5/6 filled.
Although the presumption is that the distribution among the 15- and 12-fold co-
ordinated A sites is random, more likely in SBN, Ba?* predominantly occupies
the 15-fold coordinated site since Ba2+ (1.74 A) is substantially larger than Sr2+
(1.54 A).

Like the ferroelectric perovskite family, the bronze family embraces more than
150 compounds and solid solutions including several morphotropic phase boundary
systems.**~4* Because of the structural complexity which accommodates a wide
range of cationic substitutions, often the ferroelectric transition can be achieved
in the desired temperature range with suitable ferroelectric and optical properties.

POLARIZATION STATES IN TUNGSTEN BRONZES

Bronze crystals are in the prototypic point group 4/mmm. Customarily the 4-fold
symmetry axis is oriented along the (3), or z axis.
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In the Aizo/Shuvalov classification, permitted ferroelectric species for 4/mmm
in descending order of symmetry are:

4/mmm (1) D4 F 4 mm
4/mmm (2) D 2 F mm?2
4/mmm () A2Fm
4/mmm (4) A4Fm
4/mmm (8) A1F1

NP

Only solutions (1) and (2) have been found so far in the macrosymmetry of any
known bronze (Figure 2a). For these two states:

1. P7 # 0,Ps = =P,s) Two domain states oriented
along the 4-fold axis.
2.P3=P2+0,P2=0 Four states oriented along the
(110) + Ps: + Ps: 0 (110) family, i.e., along the
(110) — Ps: + Ps: 0 2-fold axes.
(110) — Ps: — Ps: 0
(110) + Ps: — Ps: 0

For the point group 4/mmm, the permitted ferroelastic states are:

1. 4/mmm (2) D 2 F mmm
2. 4/mmm (4) A2 F2/m
3. 4mmm (4) A2 F 2/m
4. 4mmm (8) A1F 1

Of these states, only (1) has been observed in any known bronze macrosymmetry.

In mmm the square cross section of the section normal to 4 experiences a sheer
+ Xp.
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+ X12

Possible Ferroelastic
Twin Wall

It is possible for the ferroelectric 4mmm (1) DF 4 mm state to occur first on
cooling, then the ferroelastic 4 mm (2) D 2 F mm2. This is depicted in Figure 2b.
Note that the polar axis is = P, as in the original tetragonal term.

CRYSTAL DEVELOPMENT

Table I lists a number of tungsten bronze single crystals grown in our work and
their associated growth conditions. The Czochralski pulling technique was used for

TABLE I
Ferroelectric tungsten bronze crystals grown at Rockwell
Composition Growth Temp Pull Rate Sym Diameter T, Phase
(°C) (mm/hr) (cm) (°C) Transitions

Srp.75Bag 25N, 0g (SBN:75) 1480 4-5 4mm 4.0 56 One
Sry ¢Bag 4NbyOg (SBN:60) 1485 5-7 4mm 5.0 78 One
Srg.sBag sNb,Og (SBN:50) 1485 56  4mm 4.0 128 One
Sr0.4Ba0.6Nb206 (SBN:40) 1500 34 4mm 2.0 190 One
Ba) 5813 sKg sNag sNbsOy s 1470 34 4mm 1.5 209 One
BaSrK 75Nag 5sNbsO 5 1475 34 4mm 1.5 178 One
Bay 5St) 5Ky 75Nag 9sNbsO s 1475 4-5 mm2 2.0 172 Two?
Sty ¢Cap NaNbsO 5 1500 2-3 mm?2 1.0 270 Two
Sry gSrp,NaNbsO 5 1500 2-3 mm?2 1.0 270 Two
K4Li;NbsO 1100 1-2 4mm 1.0 370 One
K3LiNaNbgsO, 1100 1-2 4mm 1.0 340 One
SryKNbsO; 4 1450 3-4 4mm 1.5 157 One
Pby ¢Bag 4Nb,Og (PBN:60) 1350 1-2 4mm 1.5 320 One
Pb,KNbsO 5 1340 2-3 mm?2 2.0 360 One
K;BiNbsO, ¢ 1200 3-4 mm2 20 420 ?
Ba,LiNbsO; s 1400 122 mm2 1.0 560  Two
Ba,Sr)Ti)NbgOsq 1480 34 4mm 1.5 168 One
Ba;Sr3Ti,NbgOs 1480 2-3 4mm 1.5 140 One
Ba, 513 sTi;NbgOy 1490 1-2 4mm 1.8 110 One
Sr4Ca;yTi)NbgOs, 1500 2-3 mm2 1.0 200 Two
Ba,Ca,TiyNbg Oy, 1460 1-2 mm?2 1.0 175 Two

Sym = Symmetry.
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these growths, with the crystals pulled from 5 X 5 cm platinum crucibles in an
oxygen atmosphere to minimize the reduction of Nb>* to Nb**. All of the crystals
listed in Table I were grown along the (001) direction, except for the K,Li,NbsO,s
crystals where the best growth direction was found to be along the (110) direction.
Crystal cracking during cool-down through the paraelectric/ferroelectric phase tran-
sition was initially a problem for most of these crystals, but this problem has now
been minimized, particularly for SBN, BSKNN and BSTN.

Based on ferroelectric and optical studies of both tetragonal and orthorhombic
bronze crystals, we have classified this family into four different groups shown in
Figure 3.

1. Crystals exhibiting strong transverse effects with 4 mm symmetry (e.g. SBN.
Sr,KNbsO,s, BagTi,NbyO,): (001) polar axis.

2. Crystal exhibiting strong longitudinal effects with 4 mm symmetry (e.g. BSKNN,
K;Li,NbsO;s): (001) polar axis.

3. Crystal exhibiting strong transverse and longitudinal effects with mm2 sym-
metry (e.g. Sr,_,Ca NaNb;O,;s): (001) polar axis.

4. Crystals exhibiting strong longitudinal effects with mm2 symmetry (e.g.
Pb,KNb;O,s, Pb, _ Ba,Nb,O,5): (100) or (010) polar axis.

Over 25 different bronze crystal compositions have been grown (as listed in Table
I) and in some cases they have been modified to meet the requirements for electro-
optic, photorefractive and piezoelectric applications. All of these crystals have been
grown by the Czochralski technique.?* =35

Tungsten bronze crystals are relatively easy to grow compared to most ferro-
electric crystals based on perovskite, layered structure Bi;Ti;0,,, and lead ger-
manates, phosphates and vanadates. This is due in part because the bronzes have
simple phase transitions and are usually free of 90° and 180° twins which occur in
perovskite single crystals. Among the growth problems associated with these crys-
tals, we have found major contributors toward poor crystal quality, as shown in
Figure 4:

1. Multicomponent solid solution systems make if difficult to control crystal
homogeneity.

2. Exchange among crystallographic sites, specifically of the 15- and 12-fold
coordinated ions such as Ba?*, Sr2*, K*, La**, causing severe striation
problems.

3. High temperature growths (up to 1500°C) cause volatilization and oxidation-
reduction (Nb>* to Nb**) problems.

4. Cracking of crystals when thermally cycling through phase transitions. This
is often aggravated by crystal imperfections.

Nevertheless, several bronze compositions have been grown as large size, defect-
free crystals, including SBN (>4 cm diameter) and Ba,_,Sr,K,_,Na ,NbsO,s (>1.5
cm diameter) which have excellent optical quality.

Crystals Exhibiting Strong Transverse Properties (4 mm)

The Sr, _,Ba,Nb,O¢ (SBN) solid solution is the best example of a bronze system
with strong transverse properties, including the dielectric constant (g3;) and the
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DEFECTS
* CORING
* STRIATION AND OTHER DEFECTS
* INCLUSIONS
CRACKING OF CRYSTALS * STRAIN MULTICOMPONENT-SOLID

SOLUTIONS
¢ TRUE CONGRUENT
MELTING COMPOSITION
e COMPOSITIONAL
FLUCTUATIONS

® FERRO-FERRO
4 mm —~ mm2
* PARA-FERRO
4/mmm —~ 4mm
o THERMAL CRACKING

dnalL

ALIIGVLSNI

PROBLEMS
ASSOCIATED
WITH GROWTH OF
TUNGSTEN BRONZE
CRYSTALS

SITE PREFERENCES
* FLUCTUATION OF Ba2*,
sr2*, Na* ON 15- AND
12-FOLD CO-ORDINATED SITES-

HIGH TEMP GROWTH

* CONTAINER PROBLEM
Ir02-CONTAMINATION

e OXIDATION-REDUCTION

SH3HLO

NbB* = Np3*
MATERIAL RELATED o VOLATILIZATION
* VISCOSITY Pb2*, K*, Na*

* SUPER COOLING
* VAPOR PRESSURE
* PHASE TRANSITION

FIGURE 4 Problems associated with the growth of tungsten bronze crystals.

electro-optic (r33) and piezoelectric (ds;) coefficients, with the polar axis along
(001). SBN crystal growth has been studied extensively,**~** and for optical device
applications, both large crystal size and high optical quality are needed. We have
been able to grow 4 cm diameter optical-quality SBN crystals (Figure 5) for electro-
optic, photorefractive and piezoelectric applications (10-21). The growth of such
large crystals requires establishing of the details of the temperature-composition
relationship and precise control of the growth conditions.

SBN crystals have a distinct cylindrical growth habit with 24 well-defined facets,
each facet corresponding to a definite crystallographic orientation. For this reason,
precise orientation and cutting of these crystals is a greatly simplified task. Although
SBN crystals are relaxor (frequency-dependent) ferroelectrics with second-order
phase transitions,’ the relaxor behavior becomes even more pronounced as La3+*
is added (Figure 6). Also of interest is that La**-doped SBN:60 crystals become
square in cross section with increasing La** concentration up to 1.0 wt%. Optical-
quality SBN:50, SBN:60 and SBN:75 crystals have excellent electro-optic, pho-
torefractive and piezoelectric properties and they are currently being used in a
number of laboratories for various device studies.

Other examples of bronze ferroelectrics with strong transverse optical properties
are Sr,KNbsO,s, Ba,KNbsOs and (Ba, Sr)¢Ti;NbsO3, (BSTN). We have grown
several tetragonal BSTN compositions within the BaTi,NbgO5o-SreTi,NbgO5, sys-
tem which exhibit optical and piezoelectric figures-of-merit about two times
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FIGURE 5 Large size tungsten bronze SBN single crystal boule grown along (001) by the Czochralski

method.
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FIGURE 6 Temperature dependence of the polar axis diclectric constant for La* *-doped SBN:60 at
0.1 kHz (upper), | kHz, 10 kHz, and 100 kHz (lower).

better than SBN:60. Figure 7 shows a typical BSTN crystal; growth up to 4 cm
diameter is currently being attempted. ‘

Crystals Exhibiting Strong Longitudinal Properties (4 mm)

A prototypical member of this class is the Ba,_ Sr,K, _ ,Na,Nbs;O s (BSKNN) solid
solution, which has large longitudinal properties for K *-rich compositions. As
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Crystal diameter: 1.2cm

Crystal symmetry: 4 mm

Large (rss): 400 x 10712 m/V

Polarization: > 34 pC/cm?

BSKNN-1 15 x 15 x 8mm BSKNN-2

Cube
FIGURE 8 Large size tungsten bronze BSKNN single crystal grown along (001).

shown in Figure 8, 1.5 cm diameter BSKNN crystals have been grown in optical
quality.3> The striking differences between BSKNN and SBN crystals are in their
growth habits and ferroelectric properties. BSKNN single crystals grow either with
a square or octahedral cross section depending on the unit cell dimensions, with the
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FIGURE 10 The ferroelectric Sr,NaNb;O,s-Ba,NaNb;O,, system.

bigger unit cell BSKNN crystals (a > 12.500 A, ¢ > 3.955 A) being square in shape.
Figure 9 shows the differences among BSKNN-1, BSKNN-2 and SBN-type crys-
tals. We anticipate the presence of a 4 mm to mm2 phase transition in BSKNN-1
(K *-rich) single crystals, similar to Ba,NaNb;O,s, but this transition would occur
below 100K. Xu et al.* have claimed such transition and it needs to be verified.
The BSKNN compositions that are Na *-rich (e.g. BSKNN-3, BSKNN-4) appear
to be weakly orthorhombic at room temperature. As shown in Figure 10, a mor-
photropic phase boundary region seems to exist between BSKNN-2 and BSKNN-
3, with transverse effects being larger in BSKNN-3.% Recently, we have successfully
grown BSKNN-3 and BSKNN-5 crystals in excess of 1.5 cm diameter; and we
believe we should be able to grow these crystals larger than 3 cm in diameter.

BSKNN crystals have a second-order phase transition with a much less pro-
nounced relaxor character than in SBN. BSKNN crystals resemble BaTiO; in many
of their ferroelectric characteristics, and for this reason we expect that they will
replace this well-known material in many electro-optic and photorefractive appli-
cations. A particular advantage of BSKNN over BaTiO, is the absence of twins
which makes growth to large sizes (>2 cm diameter) and crystal poling much easier.
Other examples of bronzes with strong longitudinal properties are K;Li,NbsO,s
and K;(Na, Li),NbsOys.

Crystal Exhibiting Strong Transverse and Longitudinal Properties

Three types of orthorhombic tungsten bronzes are found in this category (Figure
11): (1) orthorhombic bronzes with the polar axis along (001) having two phase
transitions; (2) bronzes with the polar axis along (001), but with only one phase
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transition; and (3) bronzes with the polar axis along (010) or (100) and only one
phase transition. The latter will be discussed in the next section.

Typical examples of the first type of orthorhombic bronzes are found in the
Sr,_,Ca NaNb;O,5 (SCNN) solid solution system. SCNN crystals have two phase
transitions above room temperature,?® one paraelectric (4/mmm) to ferroelectric
(4 mm), and the other ferroelectric (4 mm) to ferroelastic (mm2). As shown in
Figure 12, the dielectric constant along (100) increases with decreasing temperature,
resulting in large transverse and longitudinal dielectric and optical properties at
room temperature or below. SCNN has a reasonably high spontaneous polarization
at room temperature (34 wC/cm?) with electro-optic coefficients r;; and r5, com-
parable to SBN:75 (r;; = 1400 x 10 ~!?> m/V). For this reason, SCNN is being
considered for photorefractive applications such as double phase conjugation and
optical computing. Other interesting examples of orthorhombic bronzes in this
category are Ba,NaNb;O,s (BNN), Sr,NaNb;O,s (SNN) and Sr,(Na, Li)NbsO;s
(SNLN).

K,BiNbsO,s (KBN) is another crystal in which both longitudinal and transverse
ferroelectric properties are large; however, this crystal has only one phase transition
(4/mmm to mm2) with no ferroelastic contribution. Crystal growth of KBN is
relatively easy compared to SCNN; as shown in Figure 13, approximately 2 cm
diameter crystals can be grown with excellent optical quality. Sr,(K, Li)NbsO;
(SKLN) is also reported to possess only one phase transition from 4/mmm to mm?2.5!
Based on our work on various bronze systems discussed earlier, we believe that
this ferroelectric should possess two phase transitions above room temperature,
similar to SCNN and BNN. A detailed investigation of SKLN single crystals is still
needed to firmly establish the correct structure and transition sequences.

All of these tungsten bronzes are orthorhombic at room temperature and have
first-order ferroelectric phase transitions with no relaxor character. BNN single
crystals have been studied extensively and they possess excellent acoustical and
nonlinear optical properties.® >’ However, they have not been widely accepted

270°C
SCNN - Crystal

© 6x10- 4/mmm T
8 100°C

[/}

s

O 4x16|- -
)

°

Q

°

0 a2x16l -

-200 0 200 400 600

Temperature (°C)

FIGURE 12 Polar and nonpolar (110) dielectric constants for SCNN at 10 kHz. Low temperature
peak along (110) is due to the freezeout of the polarizability in this direction.
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CRYSTAL DIMENSIONS
DIAMETER: 1.5CM
HEIGHT: 5CM
QUALITY: EXCELLENT

FIGURE 13 Tungsten bronze orthorhombic K,BiNb O crystal grown along (001).

for practical applications due to the difficulties in the growth of large size, adequate
quality crystals. At Rockwell, we have also investigated other Bi**-containing
compositions having potentially large rs; and rs; with photorefractive spectral re-
sponses extending into the near-IR (up to 1.0 pm). However, these compositions,
except for KBN, are difficult to grow due to the formation of two-phase liquids at
the growth temperature.

Pb?**-Containing Bronzes

As summarized in Table II, many of the Pb?* and Ta®*-containing bronze com-
positions are strongly orthorhombic at room temperature. These materials have
only one phase transition from 4/mmm to mm2, with the polar axis oriented along
(100) or (010). The compositions most studied in this category are PbNb,O, (PN),
(Pb, Ba)Nb,O4 (PBN) and Pb,KNbsO,s (PKN) for surface acoustic wave (SAW)
and piezoelectric applications®®~5? because of their excellent electromechanical
coupling and piezoelectric properties. The polarization in these materials can ex-
ceed 40 wC/ecm?, and their optical figures-of-merit are estimated to be better than
the current best-known ferroelectrics such as SBN and BaTiO;. Because of these
properties, single crystal and thin film growths of PBN and PKN compositions have
been actively pursued in our laboratory and at Penn State University.*~®' How-
ever, bulk crystal growth is extremely difficult due to cracking when passing through
the paraelectric/ferroelectric phase transition as a result of the large strain devel-
oped in the plane orthogonal to the (001) growth direction. Another problem with
bulk crystal growth is the volatilization of Pb2* at the growth temperature which
causes severe compositional inhomogeneity. Hence, the sputtered or sol-gel growth
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TABLE II
Symmetry and T, trends in Nb** and Ta®*-containing bronzes
Tetragonal bronzes Orthorhombic bronzes
4/mmm to 4 mm 4/mmm to mm2
« PboKTas045 (Te = -41°C) » PboKNbsO45 (Tc = 460°C)
» PbyNaTa5045 (Tc = 20°C) » PboNaNbs0¢5 (Te = 560°C)
« PbNb,Og (Tc = 560°C)
- SryNaTag0,5 (T¢ =153°C) + SroNaNbsO45 (Tg = 270°C)
» BagNaTas045 (T¢ =120°C) + BagNaNbs045 (T¢ = 560°C)
' . PbTa05  (Te = 265°C)
» BagKNb5045 ¢ = 373°C) + BayKTas0y5 (Tg = 10°C)
« Sr,KNbsO45  (T¢ = 156°C) . SroKTas015 (Tc = 110°C)
« K3LioNbsO45 (T = 450°C) . KgLisTagOq5  (T¢ = -266°C)

of epitaxial thin films appears to be the best growth method for these ferroelectrics,
especially for electronic memory and optical applications.

Table II shows that when Pb2* is combined with Nb>*, the compounds crystallize
with an orthorhombic symmetry; however, a tetragonal (4 mm) structure can be
stabilized when Pb2* is combined with Ta>*, with the exception of PbTa,O4 (PT)
which is orthorhombic at room temperature with a Curie point of 260°C. The
situation is reversed for non-Pb?* -containing bronzes, however. For example, when
Ba2* and Sr2* are combined with K* and Nb>*, the phases are tetragonal, and
when they are combined with K+ and Ta®*, the phases are orthorhombic. Since
only a few of the Ta’*-containing bronzes are ferroelectric above room temper-
" ature, and these compositions melt at very high temperatures (>1600°C), very few
Ta5*-containing bronze crystals have been grown to date. As a result, the Ta>*-
containing bronzes are not yet well understood.

Photorefractive Applications of T. B. Crystals

We are exploring tungsten bronze family materials in single crystal and thin film
forms for various applications, including photorefractive, electro-optic, piezoelec-
tric, pyroelectric devices. The unusually strong linear and nonlinear effects in these
materials make them excellent candidates for such applications. Photorefractive
applications are of current great interest, and we have grown several optical-quality
bronzes that possess high photorefractive figures-of-merit. Table III lists some of
the photorefractive bronze crystals with their key optical figures of merit.

The improved sensitivity and photorefractive response time exhibited in large-
size, high optical quality single crystals of SBN and BSKNN have made possible
the demonstration of a number of applications. Beam fanning® is a well-known
photorefractive phenomenon in which scattered light from a laser beam is asym-
metrically amplified as it passes through high-gain crystals such as SBN and BSKNN.
Beam fanning gives rise to a number of possible applications and plays an auxiliary
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TABLE III
Electro-optic coefficients and figures of merit for tungsten bronzes
Crystal Electro-Optic Coeff. &; n3rij/8 Crystal Size
(rij x 10712 myv)y (cm.)
SBN:60 133 = 240 €43 = 1000 5.01 >5.0
BSTN 143 =200 €93 =345 8.05 > 1.5
BSKNN-2 1y =380 £, =800 6.2 > 1.8
BSKNN-3 15, = 420 gy, =800 6.4 > 15
SCNN r33 = 1200 €43 = 1740 8.63 ~1.0
rs, = 1150 gy, = 1700 8.32

role in the formation of self-pumped phase conjugators®® and double phase con-
jugators.®* In particular, the photorefractive processes of beam-fanning, self-pumped
phase conjugation and double phase conjugation have been used to demonstrate
several important beam control and image processing applications. For example,
techniques for using tungsten bronze materials to perform optical limiting,-:¢
imaging restoration (beam clean-up),% incoherent-to-coherent conversion,® real-
time volume storage of color images, addition/subtraction,’ and correlation-
convolution operations’! have been developed. We also recently demonstrated that
beam fanning, self-pumped phase conjugation and double phase conjugation can
be performed in color (i.e., using many mutually incoherent laser wavelengths),
thereby expanding the range and variety of applications possible in these crys-
tals.®%7!

In addition to high gain and fast response, a photorefractive crystal must have
good optical quality (free of index variations), and in many cases, must be of a
large size to be used successfully. For example, when two-wave mixing is used to
amplify images, severe phase aberrations may be introduced by the photorefractive
gain medium unless the medium is free from all index variations and the surfaces
are prepared very carefully. High optical quality crystals will allow image ampli-
fication without having to resort to phase conjugation to clean-up the images.

We recently demonstrated the principle of incoherent-to-coherent conversion
using a self-pumped phase conjugator based on SBN:60 crystals.® The self-pumped
phase conjugator®® used in these experiments required only one input wave. In
this geometry the incident input wave is reflected from self-generated gratings in
the crystal to form the pumping beams. The experimental set up is shown in Figure
14 where an extraordinary polarized beam at 514 nm from an argon-ion laser was
used to generate a phase conjugate replica of the input wave. A counterpropagating
beam, consisting of a white light source, was passed through a binary transparency
and imaged into the crystal to form image-modulated volume phase gratings. The
selective erasure of the self-organized gratings written by the self-pumping beam
encoded the amplitude information from the incoherent beam onto the phase
conjugate signal. The inverted-contrast coherent output image is compared with
the input image in Figure 15. The resolution for this set of images is 28 lines/mm.
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FIGURE 14 Experimental arrangement used to demonstrate the principles ol incoherent-to-coherent
conversion in a self-pumped phase conjugator.

Incoherent Coherent

FIGURE 15 Comparison of the reversed contrast incoherent input image and the coherent output
image.

We note that, since any aberration introduced on the writing beam by the crystal
would also be transferred to the signal beam, this high resolution is due in part to
the high optical quality of the crystal used.

A recent development in phase conjugation techniques has been the double
phase conjugate mirror (DPCM),%7"73 where the photorefractive crystal acts as a
simultaneous conjugate mirror for two incoming waves. When the output of two
independent lasers with incident optical electromagnetic fields E, and E, are di-
rected into a photorefractive medium, a phase conjugate replica of each beam
appears under appropriate conditions. Both beams are required for either conjugate
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FIGURE 16 Experimental apparatus used to observe the phase conjugate signals from a double phase
conjugate mirror based on a single crystal of SBN:60.

beam (E* or E%) to exist, and the energy for the conjugate of one beam is supplied
by the other beam. Although DCPMs have many different configurations, signif-
icant benefits can be derived from specific geometric arrangements. For example,
both the time response and magnitude of the conjugate signal will vary significantly
depending on which geometry is employed for a particular crystal. Recently, we
reported” on a new method for double phase conjugation which is particularly
suited to tungsten bronze SBN, although the method has also been applied to
BaTiO; and BSKNN. This new arrangement is highly insensitive to the alignment
of the incident beams, quick to form a conjugate image with high reflectivity and
fidelity, and free from instabilities due to frequency shifts or competition with self-
pumping. The geometry for this new DPCM is depicted in Figure 16 where the
two input beams have ‘“fanned” into one another to form the coupling region
observed in the crystal after the conjugate waves appear. Since the two beams
bridge to overlap in the crystal without reflecting off a crystal face, this arrangement
is called the “bridge conjugator.” The bridge conjugator shown in Figure 16 was
used to demonstrate image addition/subtraction” and more recently correlation-
convolution.”!

When the output of a linearly polarized argon-ion laser oscillating at eight discrete
lines simultaneously is directed onto an SBN or BSKNN crystal at an angle © with
the normal to the entrance crystal face, a broad fan of linearly polarized light
appears on the negative c-axis side of the transmitted beam. This fan appears
independent of whether O is positive or negative as defined by the c direction. For
negative © values, however, an intense multicolored ring or rainbow pattern also
appears.” Examination of the rainbow pattern using a spectrometer indicates that
all eight lines are present, although only four or five of them are discernible to the
eye. In fact, reflection of the multicolored ring back into the crystal using a curved
mirror produced the phase conjugate of all eight lines in a time very near to the
crystal beam-fanning response time.* In this sense, the crystal acts as a broadband
“self-pumping” device.” Tungsten bronze crystals are particularly suited for broad-
band applications because their open crystal structure makes possible multi-dopant
concepts which broaden the photorefractive absorption spectrum without degrading
the optical quality. We have used the effect of multicolor beam fanning to overcome




186 R. R. NEURGAONKAR et al.

the earlier difficulty of erasure between colors when a multi-wavelength source is
used to demonstrate real-time volume storage of color images.

In addition to those applications discussed here, other important image pro-
cessing applications will continue to be improved and developed as the quality of
photorefractive crystals continues to improve.

CONCLUSIONS AND REMARKS

A variety of ferroelectric tungsten bronze crystals have been successfully grown,
and using their ferroelectric and electro-optic properties, this family of materials
can be classified into four different groups. The doped tungsten bronze crystals
specifically SBN and BSKNN, exhibit interesting photorefractive properties and
have a wide range of applications in incoherent-to-coherent conversion, double
phase conjugate mirrors, image processing, data storage and optical computing.

ACKNOWLEDGEMENTS

This work was supported by DARPA, ONR and Rockwell International. The authors thank Professor
L. Eric Cross of the Pennsylvania State University and Monte Khoshnevisan, Mark Ewbank and Bill
Hall of the Rockwell International Science Center for their useful discussions and suggestions during
the course of this work.

REFERENCES

1. R. B. Maciolek and S. T. Liu, J. Electron. Mater., 2, 191 (1973).

2. R. B. Maciolek, T. L. Schuller and S. T. Liu, J. Electron. Mater., 5, 415 (1976).

3. S. Kuroda and K. Kubota, J. Phys. Chem. Solids, 44, 527 (1983).

4. E. G. Spencer, P. V. Lenzo, and A. A. Ballman, Proc. IIIE, 52, 2074 (1967).

5. A. M. Glass, J. Appl. Phys., 40, 4699 (1969).

6. P. V. Lenzo, E. G. Spencer and A. A. Ballman, Appl. Phys. Leu., 11, 23 (1967).

7. R. L. Townsend and J. T. LaMacchia, J. Appl. Phys., 51, 88 (1970).

8. J. J. Amodei, D. L. Staebler and A. W. Stephens, Appl. Phys. Leu., 18, 507 (1971).

9. J. B. Thaxter, Appl. Phys. Let., 15, 210 (1969).

10. W. W. Ho, W. F. Hall, R. R. Neurgaonkar, R. E. DeWames and T. C. Lim, Ferroelectrics, 38,

63 (1981).

11. G. Rakuljic, A. Yariv and R. R. Neurgaonkar, J. Opt. Eng., 25, 1212 (1986).

12. O. Eknoyan, C. H. Bulmer, H. F. Taylor, W. K. Burns, A. S. Greenblatt, L. A. Beach and R.
R. Neurgaonkar, Appl. Phys. Lett., 48, 13 (1986).

13. M. D. Ewbank, R. R. Neurgaonkar, W. K. Cory and J. Feinberg, Appl. Phys. Lett., 62(2), 373
(1987).

14. B. Bobbs, M. Matloubian, H. R. Fetterman, R. R. Neurgaonkar and W. K. Cory, Appl. Phys.
Lett., 48, 1642 (1986).

15. E. J. Sharp, M. J. Miller, G. L. Wood, W. W. Clark III, G. Salamo and R. R. Neurgaonkar,
Appl. Phys. Lett., 52, 765 (1987).

16. G. L. Wood, W. W. Clark III, M. J. Miller, E. J. Sharp, G. Salamo and R. R. Neurgaonkar, J.
Quantum Electronics, 23(12), 2126 (1987).

17. J. F. Jelsma, R. R. Neurgaonkar and W. K. Cory, Proc. SPIE, 832, 198 (1987).

18. G. J. Salamo, M. J. Miller, W. W. Clark III, G. L. Wood, E. J. Sharp and R. R. Neurgaonkar,
Appl. Optics, 27(21), 4356 (1988).

19. E. J. Sharp, M. J. Miller, G. J. Salamo, W. W. Clark III, G. L. Wood and R. R. Neurgaonkar,
Ferroelectrics, 87, 335 (1988).



GROWTH OF TUNGSTEN BRONZE CRYSTALS 187

- K. Sayano, G. A. Rakuljic, A. Agranat, A. Yariv and R. R. Neurgaonkar, Optics. Lett., 14(9),
459 (1989).

. J. Ford, Y. Taketomi, S. Lee, D. Bize, S. Feinman and R. R. Neurgaonkar, Proc. SPIE, 1148,
12 (1989).

- R. R. Neurgeonkar, W. K. Cory, J. R. Oliver, E. }. Sharp, G. L. Wood, M. S. Miller, W. W.
Clark HI and G. Salamo, Mar. Res. Bull., 23, 1459 (1988).

- R.R. Neurgaonkar, J. G. Nelson, J. R. Oliver and L. E. Cross, Mat. Res. Bull., 25, 959 (1990).

- R.R. Neurgaonkar, J. R. Oliver and J. G. Nelson, private communication.

. R. R. Neurgaonkar, M. H. Kalisher, T. C. Lim, E. J. Staples and K. L. Keester, Mat. Res. Bull.,
15, 1305 (1980).

. R.R. Neurgaonkar, W. K. Cory, W. W. Ho, W. F. Hall and L. E. Cross, Ferroelectrics, 38, 857
(1981).

- R. R. Neurgaonkar and W. K. Cory, Ferroelectrics, 35, 301 (1983).

- R. R. Neurgaonkar, W. W. Ho, W. K. Cory, W. F. Hall and L. E. Cross, Ferroelectrics, 51, 185

(1984).
. R. Neurgaonkar, Proc. SPIE, 465, 97 (1984).

R. Neurgaonkar and L. E. Cross, Mat. Res. Bull., 21, 893 (1986).

R. Neurgaonkar and W. K. Cory, J. Opt. Soc. Am., 3(B), 276 (1986).

R. Neurgaonkar, W. K. Cory, J. R. Oliver and L. E. Cross, Proc. SPIE, 567, 11 (1985).

R. Neurgaonkar, W. K. Cory, J. R. Oliver and L. E. Cross, Mar. Res. Bull., 24, 1025 (1989).

R. Neurgaonkar, W. K. Cory, J. R. Oliver, M. J. Miller, W. W. Clark III, G. L. Wood and

. J. Sharp, J. Cryst. Growth, 84, 629 (1987).

- R. Neurgaonkar, W. K. Cory and J. R. Oliver, Proc. SPIE, 739, 91 (1987).

- R. R. Neurgaonkar, W. K. Cory, J. R. Oliver, M. D. Ewbank and W. F. Hall, J. Opt. Eng.,
26(5), 392 (1987).

. M. H. Francombe and B. Lewis, Acta Cryst., 11, 696 (1958).

- L. G. Van Uitert, H. J. Levinstein, J. J. Rubin, C. D. Capio, E. F. Dearborn and W. A. Bonner,
Mat. Res. Bull., 3, 47 (1968).

. P. B. Jamieson, S. C. Abrahams and J. L. Bernstein, J. Chem. Phys., 48, 5048 (1968).

. T. Fukuda, Jap. J. Appl. Phys., 9, 599 (1970).

- T. V. Tiaou, N. N. Krainnik, I. H. Ismailzade, V. A. Isupov and F. A. Ageve, Izv. Acad. Nauk.
SSSR, Ser. Phys., 35, 1825 (1971).

- M. H. Framcombe, Acta Cryst., 13, 131 (1960). :

. V. A, Isupov and V. L. Kosiakov, Zh. Tekh. Fiz., 28, 2175 (1958).

. J.R. Oliver, R. R. Neurgaonkar and L. E. Cross, J. Am. Ceram. Soc., 72, 202 (1989).

- A. A. Ballman, §. K. Kurtz and H. Brown, J. Cryst. Growth, 10, 185 (1971).

- A. A. Ballman and H. Brown, J. Cryst. Growth, 1, 311 (1967).

- K. Megumi, N. Nagatsuma, K. Kashiwada and Y. Furuhata, Mater. Sci. 11, 1583 (1976).

. H. C. Chen and Y. Xu, J. of Chinese Silicate Soc., 10, 406 (1982).

. R. R. Neurgaonkar, W. K. Cory, J. R. Oliver, M. Khoshnevisan and E. J. Sharp, Ferroelectrics,

02, 3 (1990). .

- Katahiro, T. Yano and A. Watanabe, Jap. J. Appl. Phys., 54, 2355 (1971).

- E. Geusic, Appl. Phys. Le., 11(9), 269 (1967).

- E. Geusic, Appl. Phys. Let., 12(9), 306 (1968).

- R. Rice, J. Electrochem. Soc., 116(6), 839 (1969).

. G. Smith, Appl. Phys. Lett., 39(8), 4030 (1968).

.- W. Warner, Appl. Phys. Leu., 14(1), 34 (1969).

- Jaffe, W. R. Cook and H. Jaffe, Piezoelectric Ceramics, (Academic, New York), 1971.

. Yokosuka, Jap. J. Appl. Phys., 16, 379 (1977).

- Nagata and K. Okazaki, Jap. J. Appl. Phys., 24, 812 (1985).

- T. R. Shrout, H. Chen and L. E. Cross, Ferroelectrics, 56, 45 (1983).

- T. R. Shrout, L. E. Cross and D. A. Hukin, Ferroelectrics Lett., 44, 325 (1983).

. J. Feinberg, J. Opt. Soc. Am., 72, 46 (1982).

. J. Feinberg, Opt. Lett., 7, 486 (1982).

- S. Weiss, S. Sternkler and B. Fischer, Opt. Letr., 12, 114 (1987).

. G. L. Wood, W. W. Clark IlI, M. J. Miller, G. J. Salamo and E. J. Sharp, Mat. For Opt. Switches,
Isolators and Limiters, M. J. Soileau, ed., SPIE, 1105, 154 (1989).

- G. L. Wood, W. W. Clark III, G. J. Salamo, A. Mott and E. J. Sharp, J. Appl. Phys., 71, 37
(1992).

. E. J. Sharp, M. J. Miller, G. J. Salamo, W. W. Clark I, G. L. Wood and R. R. Neurgaonkar,
Ferroelectrics, 87, 335 (1988).

. E.J. Sharp, G. L. Wood, W. W. Clark III, G. J. Salamo and R. R. Neurgaonkar, Opt. Let., 17,
207 (1992).

PR REE R E R

RN

RZ W



188 R. R. NEURGAONKAR et al.

69. S. G. Rabbani, J. L. Shultz, G. J. Salamo, E. J. Sharp, W. W. Clark III, M. J. Miller, G. L. Wood
and R. R. Neurgaonkar, Appl. Phys., B53, 323 (1991).

70. E. J. Sharp, W. W. Clark III, M. J. Miller, G. L. Wood, B. Monson, G. J. Salamo and R. R.
Neurgaonkar, Appl. Opt., 29, 743 (1990).

71. R.J. Anderson, E. J. Sharp, G. L. Wood, W. W, Clark III, G. J. Salamo and R. R. Neurgaonkar,
Paper ThC2, 1992 Annual OSA Meeting, Sept. 24, 1992.

72. G.J. Salamo, M. J. Miller, W. W. Clark III, G. L. Wood, E. J. Sharp and R. R. Neurgaonkar,
Appl. Opt., 27, 4356 (1988).

73. P. Yeh, T. Y. Chang and M. D. Ewbank, J. Opt. Soc. Am, BS, 1743 (1988).

74. M. Cronin-Golamb, S. Kwong and A. Yariv, Appl. Phys. Lett., 44, 727 (1984).



’N Rockwell

Science Center
SC71094.FR

Appendix 6.3

GHZ- BANDWIDTH OPTICAL INTENSITY MODULATION IN
SELF- POLED WAVEGUIDES IN SBN.
(IEEE Photonics Technology letters, Vol 8(8), 1024-1025, 1996)
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GHz-Bandwidth Optical Intensity
Modulation in Self-Poled Waveguides
in Strontium Barium Niobate (SBN)
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Abstract— Wide-band electrooptic intensity modulation at a.

wavelength of 1.3 ym has been demonstrated in single mode

channel waveguides in SBN:60 without repoling the substrates -

after processing at elevated temperatures. Waveguide losses were
<0.7 dB/cm for both polarizations.

HE FABRICATION -of low-loss optical waveguides in

ferroelectric substrates in the tungsten bronze family was
recently reported [1], [2]. Tungsten bronze substrates such
as Srg.eBag 4Nb,Os (SBN:60) and Ba;_.Sr.Ti,Nby_,O¢
(BSTN) are of interest for guided wave optical devices because
of their large 33 electro-optic coefficients, which makes
it possible to produce compact, low-voltage electro-optic
modulators [3] and switches. In SBN:60, for example r33 =
4.2 x 10719 m/V [4), a factor of 13.5 greater than in LiNbOs3.
This letter reports a 1 GHz bandwidth electrooptic intensity
modulator produced in SBN:60 using a strain waveguide
without repoling the substrate after processing at temperatures
far above T.. The results reported here represent the widest
modulation bandwidth and the lowest waveguide losses in a
tungsten bronze substrate as well as the first observation of
self-poling in SBN.

A schematic diagram of the modulator structure is shown in
Fig. 1. First, the substrate edges were polished and the crystal
was annealed at 900 °C in O, ambient. The channel waveguide
was next produced using the static-strain optic (SSO) effect
[1]. The procedure involved the deposition of a 4.4-m-thick
SiO; film on a 1-mm-thick Z-cut substrate at T = 320 °C,
annealing at 350 °C in oxygen ambient, then delineating 7.0-
pm-wide straight channels in the film at room temperature.
The strain resulting from thermal expansion mismatch between
the substrate and film combined with related induced electric
fields contribute to localized refractive index changes in the
crystal via the strain-optic and electro-optic effects. This leads
to the formation of the optical waveguide in the substrate along
the patterned oxide region. After delineation of the channel
in the film a buffer layer of SiO; was deposited over the
surface, and asymmetric coplanar electrodes 4.8 mm in length
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Fig. 1. Schematic diagram of the modulator configuration.

with a separation gap of 95 ym were defined by liftoff using
a combination of Cr—Al-Au metal layers ~8000 A in total
thickness. The narrow electrode over the oxide channel is 20
pm wide with an oxide overlay of 2 um toward the other
electrode and had a measured resistance of 25 2/mm. The
ground electrode is 1.2 mm in width and had a resistance of
1.5 Q/mm. The strain film appearing between electrodes on
the surface is 60 um wide. The measured capacitance across
the electrodes was 5 pF at 1 MHz.

Optical characterization at 1.3-um wavelength revealed sin-
gle mode propagation for both TE and TM polarizations. Mea-
surements on the 8.38-mm long sample showed propagation -
losses of 0.5 dB/cm for the extraordinary (TM) polarization,
and 0.7 dB/cm for the ordinary (TE) polarization.

Electrooptic modulation was demonstrated on the strain
induced channel waveguide without repoling the crystal even
though the substrate was processed at temperatures as high as
900 °C, far above the Curie temperature of 73 °C. Testing
was carried out by coupling light from a 1.3-um wavelength
DFB diode laser with linear polarization oriented at an angle
of 45° relative to the Z-axis of the crystal and detecting the
output through a crossed linear analyzer. A half-wave voltage
Vz = 20.6 V was measured at a frequency of 200 kHz. The
large value of V; is due to the wide gap between electrodes
(95 pm) and some potential drop across the oxide layer.
For frequencies above 10 MHz, a small signal microwave
synthesizer was utilized to drive the modulator and a 50-Q
chip resistor- was shunted at the input side. The modulator
frequency response was displayed on a spectrum analyzer
using a pigtailed germanium APD. The measurement results
are shown as data points in Fig. 2 and indicate a 3-dB rolloff at
~1.04 GHz. The results are compared with calculations (solid
line in Fig. 2) obtained by modeling the electrodes as an open
ended transmission line, that is connected to a 50-Q source
(synthesizer) through a 50-Q shunt resistor (chip) at the input

1041-1135/96$05.00 © 1996 IEEE
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Fig. 2. Frequency response of the modulator (dots are measured data, solid
line is model predictions).

of the electrodes [5]. The 2-dB dip near 300 MHz is likely
caused by absorption in the material at this frequency.

The “self-poling” phenomenon is believed to be related
to large localized strain gradients that are present mear the
etched channels. It appears to be confined to regions near
the surface of the substrate only, since efforts to obtain elec-
trooptic modulation in the bulk (interior) of unpoled samples
containing strain waveguides produced a negative result. Self-
poling seems to be complete, since the repoling of substrates
containing modulators with a dc applied electric field did
not yield an improvement in the value of V. All repoling
tests were carried out under applied dc electric fields of 8
kV/cm and greater. The much smaller ac electric fields applied
during modulation tests (~1 kV/cm peak) are not expected
to impact repoling significantly, even though some resistive
heating is present. Self-poling was also observed recently in
ferroelectric BSTN, another crystal in the tungsten bronze
family [2].

1025

In conclusion, an optical intensity modulator at 1.3-ym
wavelength with a small-signal electrical bandwidth near 1
GHz was observed in SBN:60 for the first time without repol-
ing the crystal after processing far above its Curie temperature.
The optical waveguide formed by the static strain-optic effect
from a surface film exhibited the lowest propagation losses
ever reported in this material. The “self-poling” is believed to
result from strong localized strains near the surface. The half-
wave voltage can be reduced substantially by using a narrower
electrode gap. Higher frequency response can be achieved by
reducing the resistance through the use of thicker electrodes
and implementing a velocity-matched traveling wave structure
utilizing the thick electrodes [6]. To overcome the low charac-
teristic impedance (<10 €) imposed by the high dielectric
constant of SBN:60 (e33 = 880) [3], [4], an impedance
matching electronic chip could be used for interfacing the
modulator with 50-©2 microwave inputs.
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APPENDIX 6.4

ELECTRO-OPTIC MODULATION AND SELF-POLING IN STRAIN-INDUNCED
WAVEGUIDES IN BSTN

( Appl. Phys. Lett., 67(10) 1381-1381, 1995)
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Characterization of bulk single crystals and optical waveguides in Ba, _ Sr,Ti,Nb,_ O, (BSTN)
indicate it to be a promising new ferroelectric material for electrooptic devices. The electro-optic
coefficient ryy is measured to be 218%12 pm/V. a factor of 7 greater than LiINbO;. Data on
refractive indices, dielectric constant, and Curie temperature T, in bulk samples are also presented.
Strain-induced waveguides in Z-cut samples exhibited low losses (1.8 dB/cm for TM polarization
and 2.5 dB/cm for TE polarization) at a wavelength of 1.3 um. Electro-optic modulation was
demonstrated in these. waveguides to frequencies >100 MHz. A “self-poling™ effect was found,
whereby strong electro-optic modulation is observed in the strain waveguides without repoling the
crystal after processing at temperatures far above T.. © 1995 American Institute of Physics.

Ferroelectric crystals have for decades been sought for
clectro-optic applications because they have the largest r;
coefficients of available materials. Among the most useful
have been LiNbO; and LiTaO; of the ilmenite family of
ferroelectrics. However, it has long been known that some
ferroelectrics in the tungsten bronze family, such as
Sry - Ba,Nb,O, (SBN), have much larger r;; coeflicients
than do LiNbO; and LiTaO;. The technology for growing
large optical quality crystals of several of the tungsten
bronzes has been devcloped,l and recently fow-loss optical
waveguides and electro-optic modulators were reported in
Sry,sBag 4ND,Og (SBN:60).

The first studies of the optical and dielectric propertics
of a new tungsten bronze material Ba,_ Sr,Ti,Nb, O,
(BSTN) are reported in this letter. Electro-optic coefticients,
refractive indices, dielectric constant, and Curie temperature
are measured. Waveguides are produced using the static
strain-optic (SSO) effect. and modulation experiments are
carried out. Results on self-poled strain waveguides arc pre-
sented. Potential advantages of BSTN for guided-wave de-
vices are discussed. .

Boules of BSTN used in these studics were pulled from
the melt by the Czochralski technique, using a procedure
similar to that developed for SBN. In fact, the BSTN com-
position is obtained by substituting a fraction y/2 of Ti atoms
for Nb atoms in the original SBN. Both X-cut and Z-cut
substrates ~1 cmX 1 emX 1 mm in dimensions with surface
polish were utilized.

The material properties were characterized from mea-
surements performed on single crystal bulk samples. The di-
electric behavior was examined over a frequency ranging
from 100 Hz to 50 MHz using a 1.14 mm thick Z-cut sub-
strate with metallized surfaces normal to the z axis. Values
for the dielectric constant €43 were determined by modeling
the sample as an ideal dielectric capacitor and monitoring its
response as a function of frequency. The measured values for
€3 were 690 for <107 Hz and 440 for /> 107 Hz. The
observed dispersion is a characteristic of dielectric relaxation
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associated with polarizability transitions in ferroelectrics.”
The Curie temperature 7. of BSTN was determined by mea-
suring the capacitance of a sample that is heated while sub-
merged in oil. The results for two Z-cut samples of different
surface areas indicated a value of 116 °C for T,.. The refrac-
tive indices of BSTN were cvaluated from Brewster angle
measurements using a spectrometer. Horizontally polarized
(TE) light at 0.633 wm wavelength was used as the incident
beam on an X-cut sample. The angle for null reflection was
determined by monitoring the intensity of the reflected beam
with a photodetector. The ordinary refractive index ny was
obtained by orienting the sample such that the b (or ¥) axis
of the crystal was parallel to the polarization of the incident
light. The extraordinary index 1, was measured by reorient-
ing the crystal such that its optical ¢ axis was parallel to the
incident  polarization.  The  obtained  values  are
ne=n,=2.3012+0.006 and n,=n;=2.2778%0.004. The
lincar electro-optic (Pockels) coefficients ryy and ry were
evaluated from measurements carried out on a poled bulk
crystal using a Mach—Zehnder interferometer arrangement at
0.633 um wavelength. A Z-cut BSTN substrate with optical
propagation along the v direction was placed in one arm of
the interferometer. The sample dimensions were 5 mmx9
mmX .14 mm along the v, y, and z directions, respectively.
In order to use a z-directed electric field, voltage was applied
across metallized opposite end faces normal to the Z axis.
The electro-optic coefficients were determined from mea-
sured half-wave voltage v . values observed under an applicd
saw-tooth voltage at 0.1 Hz. The coefficients r;y, with i=1
or 3 corresponding to light polarized parallel to X or Z, re-
spectively, were evaluated using the relation

il = (1)
rial= 573 ,

2n;Lv .
where \ is the operating wavelength, d is the separation be-
tween electrodes, n; is the relevant refractive index, and L is
the interaction region length. Values of |y =218+ 12 pm/V
and |r 5| =51.2:6 pm/V were obtained. To determine the
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TABLE L. Selected electro-optic properties of some ferroelectric crystals at 0.633 um wavelength.

T, Fa3 n 633/11_{{/'_%3

Crystal (°C) (X10°72 m/v) € (@N\=0.633 um) (X 10* V¥m?)

LiNbO; 1195 31 28 1y =2.2866 2.55
n3=2.2028

LiTaO, 620 30 43 n,=2.1786 44|
n;=2.1833

SBN:60 78 420 900 1,=2.3103 0.37
n3=2.2817

BSTN 116 218 440 i, =2.3028 0.66
n3=2.2793

relative sign of the two coefficients, the effective electro-
optic coefficient r.=|ry3—(n,/n3)%r ;| was measured by
coupling light polarized at 45° to the Z axis into the bulk
crystal, and detecting the output through a crossed linear
analyzer. Using Eq. (1) with n,=n,, a value of
r.=167£12 pm/V was obtained from the measured v . volt-
age. The measured r,. is in close agreement with a [65 pm/V
figure calculated by using the measured ry3, r3, n,, and
ny values, assuring that the electro-optic coefficients have
like signs.

Table I compares relevant material properties of some
electro-optic substrates. The figure of merit (633/11_2’/‘%3) is a
measure of the switching energy required for m-radian phase
shift in a modulator or switch. In comparison to SBN:60, the
new BSTN material is also uniaxial (n,=n,) and has a 4
mm symmetry; however, its relative dielectric constant €45 is
smaller by approximately a factor of 2 and its Curie tempera-
ture, 7., is 38 °C greater. These features make BSTN an
alternative to SBN:60 for guided-wave electro-optic device
applications in so far as device stability at elevated tempera-
tures and capacitance limitations are involved. In addition,
the r3; coefticient of BSTN is a factor of ~7 greater than in
LiNbO; or LiTaOy, which makes it a desirable substrate ma-
terial for low-voltage, compact electro-optic modulators and
switches.

Optical channel waveguides have been produced in
BSTN using the static strain-optic (SSO) effect.* The proce-
dure involved the deposition of a 4.3 um thick SiO, film on
a [ mm thick Z-cut substrate at 7=320 °C, then delineating
7.5 pm wide straight channels in the film at room tempera-
ture. The strain resulting from thermal expansion mismatch
between the substrate and film combined with related in-
duced electric fields contribute to localized refractive index
changes in the crystal via the strain-optic and electro-optic
effects. This leads to the formation of the optical waveguide
in the substrate along the patterned oxide region.

Guided mode propagation was observed for both TE and
TM polarizations at 1.3 um wavelength. Characterization of
the channel waveguides at this wavelength revealed a single
transverse mode in both TE and TM polarizations, and one
depth mode for TE but two depth modes for TM. Near field
mode profiles for a waveguide output are shown in Fig. 1.
Measurements on the 8.9 mm Jong sample showed propaga-

tion losses of 1.8 and 2.5 dB/cm for the extraordinary (TM)

and ordinary (TE) polarizations, respectively. These were ob-
tained from total insertion loss measurements after applying

1382 Appl. Phys. Lett., Vol. 67, No. 10, 4 September 1995

corrections for spatial mode mismatch and Fresnel reflection
losses.

Electro-optic modulation was demonstrated on strain in-
duced channel waveguides without repoling the crystal even
though the substrate was processed at temperatures far above
the Curie temperature. The modulator configuration that was
used is shown in Fig. 2. The coplanar electrodes were formed
by centering Il um wide 6.5 mm long Ct/Au patterns on the
7.5 um wide oxide channels after the deposition of a buffer
layer of SiO,. The gap separation between channels is 400
pm. Electro-optic modulation was realized by coupling light
from a 1.3 um wavelength DFB diode laser at 45° to the Z

(b)

FIG. 1. Near field mode profiles for a 7.5 um wide waveguide at 1.3 um
wavelength. (a) Horizontal scan with horizontal scale=13 pm/div and (b)
vertical scan with horizontal scale= 10 gm/div. In both frames, upper tracés
are for TM and lower trace for TE with vertical scale=50 mV/div for all
cases.
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FIG. 2. Configuration of strain channel waveguide modulator in BSTN.

axis of the crystal and detecting the output through a crossed
linear analyzer. Figure 3 shows an oscilloscope display of a
modulator output at 100 kHz frequency, trom which a half-
wave voltage v ,=27 V and a modulation depth of 75% are
determined. Using the measured values of r, and n,, an
electrical-optical overlap factor of 0.73 is calculated. Com-
plete modulation was not realized due to the presence of the

SIS I PYHIES PRI I ACKITCKN NPT TR ST
FIG. 3. Modulation response of 7.5 um wide BSTN strain waveguide. Up-

per trace is the applied electrical signal at frequency= 100 kHz and 10 V/div.
Lower trace is the optical response with zero level shown at the bottom.
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second order depth mode in the TM polarization. Modulation
to frequencies beyond 100 MHz was observed in these initial
devices.

To the best of our knowledge, the “self-poling” phenom-
enon has not been previously observed in optical waveguides
on ferroelectric substrates when processed at temperatures
above the T, value of the crystal. It is believed to be related
to large localized strains that are present near the etched
channels. The self-poling appears to be confined to regions
near the surface of the substrate only, since efforts to obtain
electro-optic modulation in the bulk (interior) of unpoled
samples containing strain waveguides produced a negative
result. This further supports the presumption that the self-
poling results from the presence of large strains that are spa-
tially concentrated near the surface.

In conclusion, butk dielectric and optical properties of
the tungsten bronze BSTN material have been measured. The
lower dielectric constant and higher Curie temperature of
BSTN relative to SBN:60 combined with its large electro-
optic coefficient makes this material an attractive alternative
for low-voltage guided-wave electro-optic device applica-
tions. Guided mode propagation and electro-optic modula-
tion at a wavelength of 1.3 wm have been realized in BSTN.
The channel waveguides are produced by the static strain-
optic effect from a surface film of SiO, deposited at 320 °C
and patterned at room temperature. Electro-optic modulation
to frequencies beyond 100 MHz was demonstrated without
repoling the crystal after processing far above its Curie tem-
perature. The “self-poling” is believed to result from strong
localized strains near the surface. Higher modulation fre-
quencies can be expected by optimization of the electrode
geomeltry.

"R. R. Neurgaonkar, W. F. Hall, 1. R. Oliver, and W. K. Cory, in Chemistry
of Advanced Materials, edited by C. N. R. Rao {Blackwell, 1992), p. 81.
1. M. Marx, Z. Tang, O. Eknoyan, H. FE Taylor, and R. R. Neurgaonkar,
Appl. Phys. Lett. 66, 274 (1995).

M. B. Lines and A. M. Glass, Principles and Applications of Ferroelec-
trics and Related Materials (Clarendon, Oxlord, 1977), p. 288.

*0. Eknoyan, H. F, Taylor, Z. Tang, V. P. Swenson, and J. M. Mark, Appl.
Phys. Lett. 60, 407 (1992).
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Low-loss optical waveguides have been produced in z-cut Sry¢BayNb,Og (SBN:60) and
electro-optic modulation has been demonstrated at a wavelength of 1.3 um. The refractive index
increase responsible for waveguiding results from a strain produced by a SiO, film which has been
deposited on the surface of the substrate at 320 °C. The waveguides are formed in the crystal by dry
etching of channels in the strain film. The resulting optical waveguides support both polarizations.
Propagation loss values of 0.7 dB/cm for TM polarization and 1.6 dB/cm for TE polarization were
measured. Electro-optic modulation up to 22 MHz was performed on repoled samples using
coplanar electrodes. © 1995 American Institute of Physics.

The tungsten bronze crystal Sry ¢Bag 4JNb,06 (SBN-60) is
an attractive material for the fabrication of integrated optic
devices due to its large r3; (~420X10712 m/V) electro-optic
coefficient,! which is about 14 times larger than for the con-
ventional substrate materials LiNbO; and LiTa0;.2 Compact,
low-voltage modulators and tunable filters as well as highly
sensitive electro-optic field sensors are thus feasible in such
SBN substrates.

Advances in techniques for growing large diameter
SBN:60 single crystals of excellent optical quality’ have
made it possible to produce substrates suitable for optical
waveguide fabrication. Optical waveguiding in SBN has
been produced by sulfur indiffusion at A=0.633 um optical
wavelength* and by zinc indiffusion at A=0.83 um.> Results
in both cases have demonstrated the effect of the large r;
electro-optic coefficient, but propagation losses were greater
then 10 dB/cm for both TE and TM polarizations.

Recently, it has been shown that optical waveguides can
be formed in ferroelectrics via the static strain-optic effect
without altering the composition of the substrate.® At a wave-
length of 0.633 um, such waveguides have demonstrated
propagation losses of less than 1dB/cm for TE and TM po-
larizations in LiNbO;. This letter reports the first low-loss
optical waveguides in SBN:60, and the demonstration of
electro-optic modulation at 1.3 um in such waveguides.

To produce channel waveguides, a strain film was
formed by depositing a 4.4 um thick SiO, film on a z-cut
substrate at =320 °C. Substrate dimensions were 1 cmX0.5
cmX1 mm along the x,y, and z directions, respectively.
Samples were subsequently allowed to cool to room tem-
perature, creating a strain along the SiO,/SBN interface due
to the difference in their thermal expansion coefficients. Se-
lective etching of 9.4 um wide channels in the oxide frees
the film to expand near the edges of the etched pattern, con-
centrating the strain along the lower edges and causing a
localized refractive index change in the crystal via the strain-
optic effect. For the crystal orientation of Fig. 1, the resulting
strain-optic index changes from a strain component S, in the
x direction are given by
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An;=—(n}/2)puS, 1)

with i=1,3 corresponding to TE and TM polarization, re-
spectively, p11=p31=0.10,7 are the magnitudes of the rel-
evant strain-optic index coefficients, and n;=2.239,
n;=2.216® are the refractive index values at 1.3 um wave-
length. The given p;; coefficient values are estimated from a
linear interpolation of SBN:50 and SBN:75 figures at 0.633
um wavelength.” In addition to the strain-optic effect, the net
refractive index change will also include an electro-optic
contribution due to the electric field in the strained region
produced by the piezoelectric effect and field produced by
any surface charge distributions.®

Since the oxide deposition temperature (320 °C) was
much higher than the 78 °C Curie temperature of SBN:60,!
samples required repoling to restore single domain behavior
and recover their electro-optic properties. Poling was carried
out after the waveguides were formed but before delineation
of the final electrode pattern of Fig. 1. The poling was con-
ducted at room temperature by applying a dc electric field
along the optical axis of the crystal (z direction). Samples
containing the strain induced waveguides were prepared for
poling by sputtering Pt onto the back side, then evaporating
consecutively a buffer layer of SiO,, a patterned Mo film,

Electrodes
Buffer
oxide
SiO; film
Optical
SBN:60 waveguides
X y

FIG. 1. Schematic of device configuration showing crystal orientation,
strain inducing patterned SiO, film, and electrode geometry.

© 1995 American Institute of Physics
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FIG. 2. Measured effective electro-optic coefficient values as a function of
applied electric field used in poling of SBN:60 substrates at room tempera-
ture. The light propagates normal to the optic axis and modulation voltage is
applied in the z direction across the sample 1-mm thickness.

and a combination of Cr/Au onto the upper side over the
patterned thick strain oxide film. By measuring the half-wave
voltage, V. at 0.633 um wavelength for polarization inten-
sity modulation on bulk SBN:60 crystals that were repoled at
various values of electric field, it was found that a minimum
of 7 kV/cm electric field is required for repoling. Figure 2
shows the behavior of obtained effective electro-optic coef-
ficient, r =r33-(n,/n3)* ry3, as a function of applied poling
electric field strength E,. The measured saturation value of
260x107'2 m/V agrees with reported bulk modulation re-
sults in SBN:60.”

The final step in producing the device of Fig. 1 was to
delineate the upper Cr/Au electrode by liftoff of the molyb-
denum. The coplanar electrodes are 11 um wide, 5.5 mm in
length and centered on the 9.4 um wide oxide channels. The
gap separation between waveguides is 400 um.

Optical characterization was carried out at 1.3 um wave-
length by coupling light from a laser diode into the
waveguides with a polarization maintaining fiber. Guiding
was observed for both TE and TM polarizations. The 9.4 um
wide waveguides exhibited a single transverse mode in both
TE and TM polarizations, and one depth mode for TE but
two depth modes for TM. Near-field patterns of the funda-
mental modes are shown in Fig. 3. Best values for the losses
were obtained on 7 um wide waveguides that supported a
single mode in the transverse and depth directions for both
TE and TM polarizations. Measurements on an 8-mm long
sample showed a propagation loss of 0.7 dB/cm for the ex-
traordinary (TM) polarization and 1.6 dB/cm for the ordinary
(TE) polarization. These were obtained from total insertion
loss measurements of 3.6 dB for TM and 10.6 dB for TE
after applying correction factors for spatial mode mismatch
losses of 2.1 and 8.4 dB for the former and latter polarization
cases, respectively, and 0.9 dB for Fresnel losses in each
case, leaving 0.6 dB for the TM and 1.3 dB for the TE
propagation losses along the waveguide length. The mis-
match loss values were estimated by comparing measured
output intensity from a strain waveguide coupled to a photo-
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FIG. 3. Near-field mode profiles for 9.4 um wide waveguide. (a) Horizontal
scan with horiz. scale=13.9 um/div. and (b) vertical scan with horiz. scale
=7.7 pm/div. In both frames, upper traces are for TM with 200 mV/div.
vertical scale, and lower traces are for TE with 50 mV/div. vertical scale.

detector through an objective lens with that obtained by cou-
pling through a fiber identical to the one used for input cou-
pling. The higher losses for the ordinary (TE) polarization
are a result of the weaker optical confinement due to smaller
index change as evidenced from the mode profiles. Propaga-
tion losses were also measured at 0.633 um wavelength by
sampling the intensity of scattered light from the surface of
similar waveguides through a fiber that was translated along
the propagation direction. Values of 0.6 and 4.1 dB/cm were
obtained for the TM and TE polarizations, respectively.
These propagation loss values are the lowest reported in
SBN:60. This is possibly because the low-temperature pro-
cess for making the waveguides produces very little damage,
in contrast to higher-temperature processes used to make
waveguides by diffusion.

Polarization intensity modulation was realized via the
Pockels effect by coupling light polarized at 45° to the z
axis, and detecting the output through a crossed linear ana-
lyzer. The voltage required for 7r-radian phase shift V. and
the resulting modulation depth were measured as a function
of frequency from 200 Hz to 22 MHz. It was found that V ;
increased significantly from 200 Hz to 200 kHz, above
which it remained constant. The change in V. was not ob-
served in the bulk modulation tests performed at a wave-
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FIG. 4. Modulation response of 9.4 um wide SBN:60 strain waveguide.
Upper trace is the applied electrical signal at frequency=200 kHz and 10
V/div. Lower trace is the optical response with zero level shown at the
bottom.

length of 0.633 wm. Figure 4 shows an oscilloscope display
of a modulator output at 200 kHz frequency, from which a
half wave voltage V=34 V is determined. Using the previ-
ously reported value of 7,=330X107"2 m/V for the effective
electro-optic coefficient,* an electrical-optical overlap factor
of 0.77 is calculated. The modulation depth in Fig. 4 is 85%.
Complete modulation was not realized because the spatial
field profiles for TE and TM modes differ significantly. This
leads to a reduced value for the TE-TM overlap integral as
compared with the case of polarization independent mode
fields where 100% modulation is achievable.
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In conclusion, low-loss optical waveguides and electro-
optic modulation at 1.3 um wavelength have been realized in
SBN:60. The waveguides are formed by a refractive index
increase due to the static strain-optic effect. The strain was
produced by depositing a 4.4 um thick layer of SiO, at an
elevated temperature and patterning after cooling the sub-
strates to room temperature. Electro-optic modulation up to
22 MHz was demonstrated after repoling the samples at
room temperature. Lower half-wave voltage values can be
anticipated by reducing the gap width between electrodes.
The realization of large diameter optical quality SBN:60
single crystals and low-loss optical waveguides have made
this material a candidate for guided-wave electro-optic de-
vice applications.
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GUIDED-WAVE ELECTROOPTIC APPLICATIONS FOR TUNGSTEN
BRONZE FERROELECTRICS

O. Eknoyan and H.F. Taylor
Department of Electrical Engineering
Texas A&M University

College Station, Texas 77843

R.R. Neurgaonkar
Rockwell International Science Center
Thousand Oaks, California 91320

ABSTRACT

Tungsten bronze ferroelectric materials have very large electrooptic coefficients
which makes it possible to produce compact, low-voltage modulation and
switching devices for applications in communications, signal processing and
sensing. ~ Waveguides produced using the static strain-optic effect have
demonstrated much lower optical losses than those fabricated by diffusion
techniques. Results on waveguides and modulators in strontium barium niobate
(SBN) and barium strontium titanate niobate (BSTN) are described.

INTRODUCTION

Guided-wave electrooptic devices are widely used with optical fibers for
applications in communications, signal processing and sensing [1,2]. The
realization of low-loss single-mode optical waveguides is critical to the practical
implementation of these devices, and it is desirable to use substrate materials with
large electrooptic coefficients to achieve low voltage performance. Ferroelectric
oxide crystals have generally been a popular material of choice for this technology.
The most widely used among these have been LiNbO3 and LiTaOj3 crystals in the
ilmenite family, primarily because of their ready commercial availability, and
established methods for fabricating optical waveguides in each [3-6]. Significant

To the extent authorized under the laws of the United States of America, all copyright interests in this publication are the property
of The American Ceramic Society. Any duplication, uction, or r?ublicaﬁon of this &ublialion or any part thereof, without
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interest, however, lies in producing optical waveguide devices in other ferroelectric
materials with higher electrooptic coefficients which could be used for making
compact low-voltage electrooptic modulators and switches, as well as tunable
wide-band wavelength filters. The tungsten bronze family of ferroelectrics
provides an attractive choice for such needs because their linear electrooptic
coefficient r33 is generally much greater in magnitude than that in LiNbO3 or
LiTaO3 [7]. Advances in growing large diameter tungsten bronze crystals of
optical quality [8] combined with the recent development of low-loss optical
waveguides in these materials [9], make the realization of a variety of practical
devices in tungsten bronzes a feasible possibility. This overview gives a summary
of the performance of guided-wave devices that have been demonstrated in these
materials. Pertinent material properties are highlighted. The use of the static
strain-optic (SSO) effect in producing low-loss channel waveguides in tungsten
bronze Srj.yBayNbyOg (SBN) and Bal_xerTinbz_yO6 (BSTN) crystals, as
well as in the conventional LiNbO3 and LiTaO3 ilmenite materials is described.
Results on electrooptic modulators in SBN and BSTN as well as a polarization
converter and a tunable wavelength filter in LiTaOj3 are also presented.

MATERIAL CONSIDERATIONS

The interest in ferroelectric crystals for optical applications stems from the ability
to change their refractive index by altering the spontaneous polarization in the
material through various external means. In electro-optics, the external control
signal is an electric field and its influence on a lightwave propagating in the crystal
is exerted via the electro-optic effect. This makes it possible to control the
behavior of a guided-wave light beam and has led to the realization of various
practical commercial devices.

Because of the anisotropic nature of ferroelectrics, optical properties of a crystal
are generally described in terms of its index ellipsoid (or indicatrix). In uniaxial
crystals, ny =np = nq (ordinary index, for light polarized normal to the optic axis),
and n3 = ne (extraordinary index, for light polarized along the optic axis). The
electro-optic effect is closely connected with the optical anisotropy of the material
and strongly depends upon its crystalline structure. The change in refractive
indices that is caused by the application of an electric field is characterized by
changes in the coefficients of the index ellipsoid. They include terms that vary
with the applied field in a linear fashion (Pockels effect), or quadratically (Kerr
effect). The Pockels effect exists only in noncentrosymmetric crystals, i.e., that do
not posses inversion symmetry [10], and is the basis for nearly all guided-wave
electro-optic devices. There is no restriction, however, on the non-linear Kerr
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effect. The linear term in the index changes, due to an arbitrary applied electric
field E of components E|, Ej, E3 (or Ey, Ey, E;) along the principal axes of the
crystal, is expressed as:

3
A(;{;) =2 GE  (i=12,..6) (1)
i _|=l

where rjj represents the 6x3 elements of the third rank linear electro-optic

coefficient tensor in reduced notation. The direction of the applied electric field
determines whether an index increases or decreases. The electric field in the
crystal is established by applying a voltage across electrodes placed on the surface.
Upon substitution of the electro-optic tensor rij of a crystal in the above equation,

the resultant six values in the refractive index changes, Anj;, can be written as the
elements of a symmetric 3x3 matrix which is referred to as the perturbed refractive
index matrix. Utilization of the diagonal elements of the resultant matrix leads to a
change in phase for an incident optical wave polarized along a major
crystallographic axis as it traverses the crystal. This is useful for the design of
modulators and switches. Changes in the off-diagonal elements, however, induce
conversion (or mixing) between orthogonal polarization states of an optical wave
propagating in the crystal. This is utilized in the design of polarization control
devices and optical filters. In any of these applications, it is desirable to use
materials of large r coefficient values, and to arrange the crystal orientation and
device design to achieve the index change with the least possible applied electric
voltage. Values of rij for many useful electrooptic crystals are available in the

literature [11]. Because of piezoelectricity in such crystals, the values are
customarily listed as "clamped” or "unclamped®, relative to frequencies above or
below the natural resonances of the crystal, respectively.

The inherent response time of the electrooptic effect is typically in the range of
10-135 In practice, however, the response of a device is limited by circuit delays
that result from the capacitance across the electrodes through which the
modulating voltage is applied. This limitation can be overcome to some extent by
using a properly designed "traveling-wave" electrode geometry. But other factors
such as uncompensated phase-velocity mismatch between electrical and optical
signals, as well as dispersion and losses in the microwave transmission line
eventually impose an upper limit on the frequency response in practical devices.
For wide rf-band needs, preference is therefore given to choosing materials of
relatively low dielectric constant.
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Guided-wave devices based on the linear electro-optic effect have been developed
in various ferroelectric crystals including LiNbO3, LiTaO3, Srg.6Bag 4NbyOg
(SBN:60), Bal_xerTinbz_ Og (BSTN), and KTiOPO4 (KTP). In all of these,
the linear component” of the electro-optic effect dominates and the largest
coefficient is r33. Table I lists relevant properties of these materials. Only KTP is
a biaxial crystal, all the others are uniaxial. A figure of merit useful for comparison
is M = (¢/n6r2), which is a measure of the switching energy required for a n-radian
phase shift in a modulator or switch. The tungsten bronzes SBN and BSTN are
distinguishable by their relatively low values which are about a factor of 5 smaller
in comparison to all the others. Other factors that must also be considered in the

Table I. Relevant Properties of Some Ferroelectrics (at 0.633 um wavelength)
Crystal T¢ r33 £33 n M

(°C) (pm/V) (1020 v2/2)
n1=2.2866
LiNbO3 1195 31 28 ny=ny 2.55
n3=2.2028
‘ ni=2.1786
LiTaO3 620 30 43 np=n; 4.41
n3=2.1833
nj=1.7634
KTP 965 35 15 ny=1.7717 2.90
n3=1.8639
ny=2.3103
SBN:60 78 420 900 ny=nj 0.40
m=2.2817
n}=2.3012
BSTN 116 218 440  |ny=n, 0.66
n3=2.2778

course of selecting the substrate material for making a guided-wave device include
low susceptibility to photorefractive effects - "optical damage", and low sensitivity
to pyroelectric effects. Both of these effects produce undesirable index changes
that could lead to instabilities in device operation. Optical damage is attributed to
the presence of photoionizable impurity centers and crystal defects (12], and means
to minimize its effects in LiNbO3 have been suggested [13,14]. Fortunately,
optical damage is much smaller in the infrared, where most interest for guided-
wave devices lies, than at visible wavelengths [12).
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At the Rockwell International Science Center, efforts have been concentrated on
the development of optimal (rij, €) performance tungsten materials, and several
bronzes have been identified including SBN, BSKNN, BSTN, SCNN, and KLN.
These crystals are being grown in large sizes and high optical quality for electro-
optic and photorefractive application needs. Figure 1 illustrates such atypical
tungsten bronze crystal based on SBN composition. This technology is developed
to produce > 6 cm diameter crystals. As such they hold a good promise for
various commercial applications.

Fig. 1. SBN:60 single crystal grown by Czochralski technique.
OPTICAL WAVEGUIDES

Optical waveguides are formed by producing a localized high index region in a
substrate of lower refractive index. In ferroelectric crystals, this has often been
accomplished by changing the composition or stoichiometry by processes such as
out-diffusion [15], ion exchange [4,5], or in-diffusion from a metal film [3] as well
as vapor phase [6]. A simple method for making waveguides has been developed
recently using strain induced from a surface film deposited at an elevated
temperature [16]. In this technique, waveguides are produced without altering the
composition of the substrate. The use of in-diffusion technique (film or vapor)
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produces index increases, An ~ 0.005 - 0.01, for both the ordinary and
extraordinary polarizations [17]. The most commonly used metal film for diffusion
in LiNbO3 and LiTaO3 is Ti [18,19]. The diffusion is performed in an open tube
furnace at temperatures ranging from 950 - 1200 °C. In the alternative vapor
diffusion method, impurities are introduced into the substrate from gaseous phase
in a sealed ampule, and the process is typically carried out near 8000C
temperature. Elements that have been used for vapor diffission in ferroelectrics are
sulfur (S) in SBN [20), zinc (Zn) in LiTaOj3 [21] and also in SBN [22]. The ion
exchange technique offers a low temperature approach which makes it attractive,
however, the increase in refractive index is realized only for the extraordinary
polarization. Molten benzoic acid has been a popular choice for the exchange of
proton (H" ions) with Lit* ions in LiNbO3 [23] and LiTaO3 [24]. The proton
exchange process is carried out at temperatures in the range of 200 - 250 OC by
immersing the sample in the melt. Neither metal film in-diffusion or ion exchange
have been successful for making waveguides in tungsten bronze crystals, and the
propagation losses of vapor diffused waveguides in SBN:60 are rather high (> 10
dB/cm). This drawback has been overcome, however, by the recent development
of strain-induced method from a surface film to adjust the index in ferroelectric
substrates through the static strain-optic (SSO) effect.

To produce strain-induced waveguides, a thick SiO7 film (~ 3 um) is deposited on
a substrate at an elevated temperature (~ 300 9C), then cooled down to room
temperature. This induces a compressive strain in the film because of the large
thermal expansion mismatch between the substrate and film. By selective etch
patterning, straight channels are next delineated in the SiOy by reactive ion
etching. Formation of a channel makes it possible for the edges of the film to
expand towards the center of the etched pattern, as shown by the inward pointing
arrows in Fig. 2. The process of strain relief in the film results in a localized
compressive strain in the substrate in the vicinity of the channel. This induces an
index increase in the crystal via the strain-optic effect. Channel waveguides have
been produced by this method in x-cut (a-plate) LiNbO3, LiTaO3, and BaTiO3
substrates using the longitudinal S3 strain component, and in z-cut (c-plate)
SBN:60 and BSTN substrates using the longitudinal Sy strain component. The

refractive index changes from the strain-optic effect, Anis°, with i =1, 3 are given
by [16]
An:® = -(n;/2) pjj S; @)

1

where j = 1 or 3 for z- or x-cut substrates, respectively, and Pjj is the relevant
strain-optic coefficient. In addition to the strain-optic effect, the net refractive
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index change also includes an electrooptic contribution due to electric fields in the
strained region produced by the piezoelectric effect and by surface charge
redistribution. A finite element relaxation model was used to determine the strain
profiles illustrated in Fig. 2. The constant strain contours are drawn normalized
relative to the strain value at the surface of the substrate in the center of the
channel. As indicated in the figure, the maximum strain occurs near the edges of
the channel and is compressive in the channel but tensile beneath the film.

X

|
= w |

t film

_ —
-0.4
-0.2
\ 0

substrate

Fig. 2. Normalized constant contours for the longitudinal S3 strain component.

Propagation losses < 1dB/cm have been measured in strain-induced waveguides on
SBN:60 at 1.3 um wavelength [9]. These are considerably lower than in SBN
waveguides produced by vapor diffusion [20, 22], and approaching those
attainable in LiNbO3 technology. Losses for strain induced waveguides in the
other materials are comparable. The low propagation loss values are evidently a
result of the low temperature process used in making the waveguides, and the
absence of diffused impurities which may introduce scattering centers.

GUIDED-WAVE DEVICES
A large number of guided-wave devices have been produced in birefringent

ferroelectric crystals using various external control means. Only electro-optic
devices that utilize the SSO effect will be described.
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Electro-optic Modulators in Strain Induced Waveguides

Polarization intensity modulation has been realized via the linear Pockels effect on
strain induced waveguides in SBN:60, BSTN, and LiNbO3 substrates [16,9]. To
impress an electric field, planar electrodes are delineated on the surface using
photolithography. Figure 3 is a schematic of a final device configuration produced
on a z-cut SBN:60. The strain inducing film was formed by depositing 4.4 um

Electrodes

Buffer
oxide

SiO; film

Optical
SBN:60 z waveguides

Fig. 3. Strain induced channel waveguide electrooptic modulator in SBN:60.

thick SiO film at 320 ©C. The crystal was repoled before delineation of the final
electrode pattern. Propagation losses of 0.7 dB/cm and 1.6 dB/cm were measured,
for the extraordinary and ordinary polarizations, respectively, at 1.3 pm
wavelength.  Electro-optic modulation was realized through the use of the
effective electrooptic coefficient r; = r33 - (n)/n3)3 ry5. A half-wave voltage V. =
34 V was obtained for electrodes separation of 400 um, interaction length of 5.5
mm, and a waveguide of 9.4 um width. Using re = 330x10-12 qyv [9], a value of
0.77 is calculated for the electrical-optical overlap factor.  Electro-optic
modulation at frequencies greater than 100 MHz has been observed in SBN-60 as
well as BSTN. On a similar SBN modulator structure but with a reduced gap
separation of 70 um, a value of Vr =9.5 V was obtained. Lower values can be
expected with further reductions in the gap. A record low voltage-length product
of 0.48 V-cm was achieved by this group, with a push-pull interferometric
modulator of 7.5 um electrodes gap on vapor diffused waveguides in SBN:60

224 Crystal Growth of Novel Electronic Materials




through the use of the large r33 (420x10-12 m/V) linear electrooptic coefficient
[22].

Electro-optically Tunable Polarization Converter

The SSO effect has also been used to induce polarization conversion in birefringent
ferroelectric crystals [25,26]. For a wave propagating in a diffused channel

waveguide, phase matched coupling between TE (horizontally polarized) and TM

(vertically polarized) modes may be induced by static shear strain from a spatially

periodic surface film. The phase match condition imposed by the crystal

birefringence is highly wavelength selective. Wavelength tuning for maximum

conversion can be realized by adjusting the birefringence in the waveguide electro-

optically via the linear Pockels effect.

A schematic for an electro-optically tunable polarization cbnverter is shown in Fig
4. The strain inducing SiOy surface pads are patterned with a spatial period A
along the waveguide, where A is the polarization beat length for the waveguide.

Channel waveguide

Electrode

Fig. 4. Electrooptically tunable strain induced polarization converter.
Polarization conversion in the waveguide is caused by the off-diagonal element n

of the refractive index, which is produced by the shear-strain component Sg, and is
given by
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ns = “(’%) P41 S¢ &)

with n = (n] ny)" and P41 is the relevant strain-optic coefficient. This contrasts
with the previously described strain-induced channel waveguide modulator where
changes in the diagonal elements of the refractive index tensor were produced by
the principal strain component S1 in the substrate. ‘

Spectral data for an electro-optically tunable polarization converter in LiTaO3 are
shown in Fig. 5. The channel waveguide was formed by Zn vapor diffusion, and
the strain produced from a 1.75 pum thick SiO7 film deposited at 300 °C and
patterned at room temperature with A = 100 um. Tuning of the peak wavelength
from 616 nm to 654 nm was realized with an applied voltage of 60 V. The tuning

100 T Y

conversion ratio(%)
3 ]

n»n
o

wavelength(nm)

Fig. 5. Spectral response of polarization converter at V =0 and 60 volts.

is controlled by adjusting the waveguide birefringence through r. electro-optic
coefficient [26]. The 17 nm full width of the pass band between the first minima is
obtained through a 5.5 mm long tuning region.

Electro-optically Tunable Channel-Dropping Filter

The use of polarization coupling by the SSO effect can be extended to produce a

channel-dropping electro-optic tunable filter (EOTF) using a four-port
interferometer configuration. The use of SSO effect for polarization coupling
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makes it possible to combine the electro-optic birefringence section region with the
polarization coupling region. This leads to a more efficient utilization of the
crystal length for tuning compared to devices where polarization coupling is
achieved electro-optically [27].

A schematic diagram of a four-port polarization independent EOTF [28] is shown
in Fig. 6. It consists of two polarization splitters (PS) near the input and output
ends that are joined bya pair of tunable SSO converters in the center. If the

Electrode
l— Strain Pads

' |:; ]
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Zn:LiTa03

Fig. 6. Polarization independent electrooptically tunable channel-dropping filter.

wavelength of a light beam entering at one of the input ports (e.g., #1) satisfies the
phase matching condition of the converter section, the TE and TM components
which get separated by the PS undergo polarization rotation then recombine and
emerge from port #4 at the output. The induced off-diagonal index ns responsible
for coupling is given by (3), as before. Wavelength tuning can be accomplished by
adjusting the birefringence electro-optically in the converter section through r,
coefficient.

Optical test results for an EOTF produced in LiTaO3 are shown in Fig. 7. The
waveguides are fabricated by Zn vapor diffusion. The strain-inducing pads were
produced from a 1.9 pm thick SiO; film deposited at 300 °C and patterned at
room temperature with a spatial periodic separation of 100 um. The spectral
response is shown for the untuned (0 V) and tuned (60 V) filter conditions. A
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Fig. 7. Spectral response of EOTF at V = 0 and 60 volt.

total shift of 37 nm for the peak wavelength with an applied voltage of 90 V was
achieved. The incomplete extinction is due to the splitters providing only 95%
separation between TE and TM polarizations, and the TE-TM polarization
conversion being limited to 96%. Narrower wavelength passbands could be
realized in LiTaO3 through an increase in the converter section, or by the use of
substrates with larger birefringence (e.g., BSTN with An = 0.0235 in contrast to
LiTaO3 of An = 0.0035). - The use of tungsten bronze crystals with large 133
coefficient, such as SBN or BSTN, could also provide a means for increasing the
tunable bandwidth.

CONCLUSION

The usefulness of ferroelectric oxide crystals in electro-optics technology is
apparent in the large variety of devices that have been produced in these materials.
Although LiNbO3 based devices are now commercially available, a large interest
lies in producing guided-wave devices in materials with higher linear electro-optic
coefficients. The tungsten bronze family of ferroelectrics offers several attractive
choices for such needs with exceptionally large r33 coefficient values. Advances in
growing large-diameter optical-quality tungsten bronze crystals of various
composition, coupled with the recent development of low-loss optical waveguides
in several of these crystals, makes their use for commercial applications a feasible
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possibility. The waveguides are produced using the static strain-optic effect. The
static strain results from the large thermal expansion mismatch between a substrate
and a thick film of SiO that is deposited at elevated temperature and patterned at
room temperature. Longitudinal strain has been used to produce low-loss optical
waveguides in SBN:60, BSTN, LiNbO3, LiTaO3 and BaTiO3. Propagation losses
< 1 dB/cm in SBN, < 2 dB/cm in BSTN, and electrooptic modulation in both
crystals at frequencies > 100 MHz at 1.3 um wavelength have been demonstrated.
A value of Vr <1 V has been achieved in SBN at 0.81 um wavelength, which is a
record low for guided-wave modulators in ferroelectrics. The SSO effect from
shear-strain has been used in Zn diffused LiTaO3 waveguides to produce electro-
optically tunable polarization converter and channel-dropping filter. The use of
tungsten bronze SBN and BSTN crystals for making channel-dropping EOTFs is
an attractive possibility as the large r33 coefficients in these substrates will make it
possible to access a large number of channels through birefringence tuning.
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