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I. INTRODUCTION

Research carried out under the present grant has during the past ycar
been directed to four principal areas: (A) Ferroelectric Films; (B) Organic-
Inorganic Hybrid Materials (POLYCERAMS); (C) Nonlinear Optic Dyes in
POLYCERAM Hosts; and (D) Gradient Refractive Index Lenscs. In all cases,
the research was based upon developing novel combinations of chemistry and
processing to produce novel materials and structures with exceptional
properties and characteristics. Also carried out have been systematic
investigations of important phenomena and modelling of observed behavior.

In each area, important results have been obtained during the past year.
These include fabrication of the first POLYCERAM r-GRIN lenses;
demonstration that POLYCERAM films can be patterned with, e.g,, grating
structures; synthesis and fabrication of POLYCERAM planar waveguides with
exceptionally low attenuations (in one system, less than 0.15 dB/cm); synthesis,
using functionalized dyes, of dye-containing POLYCERAMS with remarkable
thermal stability; synthesis and fabrication of lead titanate-based films with

greatly improved resistance to fatigue and aging; synthesis and fabrication of

amorphous films with exccptionally high refractive index (n>2) and low

attenuation (1 dB/cm), and of polycrystalline ferroelectric films with lower ™ @~
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attenuations than previous single crystal or epitaxial films; and development of
a new model of ferroelectric films whose predictions are in remarkable accord
with experimental data, and which can serve as a highly effective guide for
future investigations.

The results of these investigations have demonstrated that by appropriate
control of synthesis, using selected precursors and chelating agents, combined
with innovations in processing, it is possible to produce ceramic films and
POLYCERAMS with exceptional chemical homogeneity, microstructures and
combinations of propertics. In several cases - e.g., gradient index
POLYCERAM lenses, fatigue resistant ferroelectric films, POLYCERAM and
high index ceramic waveguides and patternable POLYCERAM films - the
results have considerable technological as well as scientific interest; and
contacts have been established with Ijughes, Donn?lly, Corning and YTC
America to pursue potential commercialization of the technology.

In addition, the results obtained during the past two years have pointed
the way to exciting extensions into new areas, including POLYCERAM lasers
based on inorganic lasing ions; spontancous emission lasers based on
combining grating structures with Er POLYCERAM lasers; dye lasers based
on functionalized energy-transfer dye pairs; NANOFERRODEVICES based
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on utilizing the ferroelectric response in films parallel to the film surface; and
novel ferroelectric fllms and electrodes. The proposed work in these areas i

outlined in the appended Progress Report.
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PZT Thin Films," to appear in Proceedings of the IEEE Nuclear and
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IL_PROGRESS IN SPECIFIC AREAS
A, Feroelectric Films
1 A i f the Previous Year (1991-1092)

During the previous year of the current investigation, notable progress
was achieved in obtaining PZT 53/47 fllms with exceptional ferroelectric (FE)
and dielectric properties, notably a dielectric constant, e, as large as 3000,
exceptionally low leakage currents (3x10% A/cm? at 100 kV/cm applied ficld),
high fatigue resistance (up to 10* cycles) and very low aging rates
(<0.5%/decade time). These properties, shown in Table 1 on the following
page, are notably superior to thosc of any other PZT films reported in the
literature, whether prepared wet chemically or by physical vapor deposition
methods, making them particularly attractive for applications in FE memory
and high-density DRAM’s. These high quality PZT films were obtained via
detailed and precise control of not only the synthetic chemistry, including the
complexation of the acetate and alkoxide precursors with diethanolamine, but

also the subsequent post-deposition processing.
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Table 1:  Electrical and Optical Propertics of AML Films and other PZT

Films (1991-1992)
Dielectric | Leakuge Absorption AgingRate | Fatigue
Constant | Current Edge(A) (%/decade) | Resistance
A/em®@ (cycles)
100kY/cm
AMLTiims 3000 Ix10® 2900 1.1-1.4 03 10°
Typlealsol- | 1200 4x10°* 3400 5-20 10%-10°
gol films
Sputtered 200 1%10°7 3500 8-18 108-1010
films
Bulkceramics | 1200 - 3400 ——— 1.0-5.0 -——
— - -

With respect to chemistry, the incorporation of excess PbO in the
precursor solution affects both the microstructure and phase assembly and
results in a 50% increase of ¢, compared to stoichiometric PZT 53/47 films.
In the latter films, firing temperatures of about 750C are required to prepare
pyrochlore-free films, while the incorporation of excess PbO allows the
achievement of single-phase perovskite films at tlemperatures as low as 550C,
even without the addition of nucleating agents. PbO loss in PZT films occurs
from both reaction with the substrates and volatilization loss, and increases
with increasing processing tempcraturcs.. Such PbO loss needs to be

compensated by adding excess PbO in the precursor solutions. Additionally,
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superior dielectric and FE properties due to the large grain sizes and hence
enhanced domain wall mobility.

Process optimization led to the formation of (100) oriented PZT 53/47
films on (200) oriented Pt substrates. This promoted high values of ¢, since
the direction of spontaneous polarization lies along the substrate plane and the
¢ is maximal perpendicular to this polarization direction. The finding here
provided the basis for a patent disclosure which has been prepared.

Further optimization and tailoring of the chemistry involved in obtaining
PZT thin films also cnabled the preparation of PZT fibers, which are rarely
reported in the literature. Tt was determined that these fibers can also be
densified to a high degree and exhibit potential for composite applications.
Additions of H,0 and polyvinylpyrolidone facilitate fiber formation. Similar
to the case for thin films, the incorporation of excess PbO resulted in fibers
exhibiting denser microstructures. Sceding the precursor sol with dispersed
PZT powders gave rise to thicker fibers and enhanced their crystallizaiion to
the perovskite phase.

Attention was also directed to the wet chemical synthesis of a wide
variety of other FE films (beyond the PZT system) which include the
perovskite FE's (e.g., BaTiOj, (Ba,Pb)TiO,, (Ba,Sr)TiO, and KNbO,), relaxor

10
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FE's (c.g, PMN), tungsten bronze FE’s ((Ba,Sr)Niobate, Pb,Ta,0,), layered
FE’s (e.g,, BiTi;O,;), ilmenite FE's (e.g., LiNbO; and LiTaO;) and uniaxial
FE's (e.g., PbsGe;0y;). All these FE films were explored for their second
harmonic generation (SHG) activities. It was found that such films offer
potential in integrated optics in spite of their polycrystalline nature which

affects scattering.

.- Accomplishments of the Current Year

During the current year, attention has focussed on the further
optimization of the electrical and optical properties of sol-gel derived PZT
53/47 films. Significant improvements were obtained in leakage current, aging
rate and fatigue resistance. For example, further tailoring of chemistry and
processing has enabled the preparation of PZT films with leakage currents at
100kV/cm applied field of 1x10® A/cm? compared with values achieved last
year of 310 A/cm?; and fatigue resistance has been extended from 108 cycles
to 1010 qclé;.

In contrast to the focus of the previous year’s effort on PZT 53/47, the

attention this year has been broadened to exploring the diclectric, FE and

optical properties of both PZT and PLZT (lead lanthanum zirconium titanate)

11
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films as a function of the Zr/Ti ratio and the degree of La incorporation. The
microstructures of PZT thin fiims were also investigated using transmission
electron microscopy (TEM) and electron diffraction as a function of excess
PbO content and Zr/Ti stoichiometry.

A highly successful model of Pt-PZT-Pt capacitors has also been
developed. This model is based on the concept of totally depleted back-to-
back Schottky barriers, Excellent agreement has been found between
predictions of the model and actual device characterisitics. This model has
important implications for understanding both normal and relaxor ferroelectric
films, and can aid significantly in designing the next generation of integrated

FE devices.

Mi LC] I

The phase assemblage (whether amorphous, pyrochlore or perovskite
phases) determines to a large extent the t:llm properties, especially the
ferroelectric properties. Many of the FE properties improve with increasing
concentration of the FE perovskitc phase compared to the non-perovskite
phases, notably pyrochlore. A larger concentration of perovskite results not

only in enhanced values of dielectric constant, remanent polarization and
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dielectric loss, but also in lower valucs of coercive field.

Tt has been found, however, that increased content of the perovskite

phase does not lead to optimization of all desired FE properties. A striking
example of this is provided by resistance to fatigue (change in dielectric
properties on cycling the field), a property which is critical for FE memory
applications, While the focus of other researchers has been directed to
optimizing the fatigue resistance of single-phase perovskite PZT films, it was
first discovered (surprisingly) in the previous year of the present program that
the presence of a pyrochlorc phase in conjunction with perovskite can
substantially improve the farigne and aging behaviors and also enhance the
radiation hardness. During the present year, this discovery has been extended
to optimize the phase assemblage and microstructure for resistance to fatigue
and aging; and a patent disclosure has been prepared on the finding.

The firing temperature, soak time and heating rate have all been shown
to affect the phase assemblage in PZT films. There exists a window of
processing conditions in which single-phase perovskite PZT films are obtained.
Higher firing temperaturc and longer soak times favor the formation of
perovskite by allowing more complete amorphous-perovskite transformation

to take place. Films fircd at low temperatures tend to be amorphous when
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deposited on glass substrates and contain pyrochlore when deposited on Pt.
Very slow heating rates (~1C min'!) or fast heating rates (e.g., rapid thermal
annealing) result in films with high perovskite contents. In slowly-heated films,
there is more time for conversion to perovskite; while in rapidly-heated films,
the window in temperature for nucleation of pyrochlore can be bypassed.

In nominally stoichiometric PZT films (i.e., films containing no excess
PbO), the microstructures typically consist of large perovskite rosettes (um’s in
size) and a fine intergrain phase (<100nm). The intergrain phase is relatively
PbO-poor compared to the perovskitc rosctte grains. Such a biphasic
microstructure may result from phase separation in the gel network upon firing
into PbO-rich and PbO-poor microregions: TEM wérk during the present year
has indicated a texture of the amorphous, stoichiometric PZT which may
reflect such phase separation (see Fig. A-2 below), where the respective regions
subsequently crystallize into perovskite and pyrochlore grains on heat
treatment. PZT films containing such microstructures exhibit satisfactory (but
not outstanding) FE properties - e.g., a film heated to 750C exhibits a dielectric
constant (e,) of 1200. It was expected ( and later verified) that a uniform

microstructure containing only perovskite grains would provide superior FE

properties.
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The improvement in film microstructures and dielectric properties
achieved during the present year was obtained principally through controlled
incorporation of excess PbO. The incorporation of excess PbO eliminates the
formation of such biphasic rosette-and-intergrain microstructures by reducing
the tendency to form PbO-rich and PbO-poor microregions, and thus results
in dense single-phase perovskite PZT films.

The excess PbO not only aids in obtaining PZT films with large grain
sizes (which enhances the FE properties), but also promotes crystallization of
the perovskite phase. The larger grains result in higher domain wall mobilities
which increase ¢, remanent polarization (P,) and aging rate, but lower the
coercive field (E.) and switching time.

In recent work, it has been found that when bulk gels are formulated
with excess PbO, an extraneous PbO phase is formed upon firing; but no such
PbO phase is found in thin films formulated with excess PbO. In the case of
films, the excess PbO in the formulation does not produce superstoichiometric
PZT structures (where the excess Pb atoms are incorporated directly in the
perovskite lattices). Rather, the excess PbO is removed upon firing at high
temperatures, both by volatilization (which is important due td the high surface

area/bulk volume of the films) and diffusion into the underlying substrates.
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ceramics as thin films.

The phase assemblages of PLT and PLZT films depend strongly on the
specific composition and firing temperature chosen. The crystallization
behaviors of PLT films deposited on Pt and Corning 7059 glass are quite
similar. PT films on Pt did not convert into single-phase perovskite until fired
at or above 600C. Incorporation of La significantly aided in obtaining
perovskite. In PLT films with La contents of 27 mole %, single-phase
perovskite films were obtained at temperature as low as SO0C. In contrast, PT
films fired to 500C still contained pyrochlore.

PT is highly anisotropic; and the addition of La into its crystal lattice
tends to render the structure more cubic (less tetragonal). The perovskite

‘k TeMNY A"-o ‘—m-

nuclei are cubic. and the naraelectric nurnchlare nhaca fwhi

As an a&ditional intriguing observation, the crystallization of PZT films
on heating takes place at temperatures which are notably higher (ty;pically by
>200C) than those at which crystéllization of bulk gels of the same
composition is observed. Since the films are in contact with a potentially-
nucleating substrate, and since the difference in crystallization temperature can

by no means be explained by the difference in volume of the two forms, these
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and PLZT (lead lanthanum zirconate titanate) - offers a corresponding wide

range of properties, and also of applications. Research activity was therefore
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implication of these observations is the impact of dopant incorporation on
phase formation: lower perovskite crystallization temperatures can he achieved
as long as the dopants (not neccssarily restricted to La) render the perovskite
phase more cubic.

In PLZT films, the phase assemblages are dependent not only on the La
content, but also on the Zr/Ti ratios. The presence of Zr was found to inhibit
crystallization, particularly the formation of the perovskite phase, due to the
diffusion of PbO into the substrate especially at high Zr content. In DTA
studies of PZT and PLZT gels, the crystallization temperatures increased with
increasing Zr/Ti content. In PLZT films with similar La content, single-phase
perovskite was obtained at lower temperature for films with high Ti content (or
low Zr/Ti ratio). For example, a PLZT 12/20/80 film was already single-phase
perovskite when fired to 500C; while a PLZ1 12/65/35 film still contained
pyrochlore even when fired to 750C for 30 min. For PLZT films with fixed
Zr/Ti ratio, the addition of La inhibited perovskite formation, in contrast with
PLT films where La incorporation promoted the formation of perovskite. This
is illustrated by abservations on PLZT x/65/35 films wherc for La content (x)

greater than 7 mole %, the films remained single-phase pyrochlore even when

fired to 750C.
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The microstructures of PZT films havc during the present year been
investigated using transmission electron microscopy (TEM) and electron
diffraction. The microstructures of three sets of thin films with different

chemical compositions were investigated - viz,, PZT 53/47 films with no excess

PbO; PZT 53/47 with excess PbO; and PZT 65/35 with no excess PbO. All

samples were deposited on Pt substrates and were fired for 30 min. at
temperatures from 400C to 700C,

The microstructures of PZT 53/47 films containing no excess PbO, fired
at 450, and 700C are shown in Fig. A-2. The image of the film fired at 450C
is featureless save for faint dark regions about 100 nm in size. As indicated
above, the occurrence of the dark and light regions may reflect phase
separation into relatively PbO-rich and PbO-poor regions. The electron

diffraction pattern (not shown) indicates the film to be amorphous.
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Fig. A-2 Plan View TEM Images of PZT 53/47 Films fired 2: 12) 430C, and (b) 700C

In contrast, the film fired at 700C consists of two distinct crystalline

phases. The phase of higher density, which appears darker in the micrograph,
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has a roughly - spherical morphology and comprises about 80 vol. % of the
film. The selected area electron diffraction pattern, shown in the inset of Fig.
A-2b, is a ring pattern corresponding to polycrystalline perovskite PZT mixed
with a pyrochlore phase (PbTi;O,, cubic). The innermost ring has the highest
intensity, indicating a preferred <100> orientation and likely reflecting an
epitaxial relation with the underlying Pt layer which has <200> orientation.
These TEM results are in good agreement with the X-ray diffraction data,
which show the presence of perovskite and minor traces of pyrochlore.

Fig. A-3a shows a cross-scctional view of the PZT 53/47 film of Fig. 2b.
The film is seen to consist of polycrystalline grains about SO nm in diameter
and >200 nm long. The grains grow along the direction perpendicular to the
interface. The corresponding electron diffraction pattern shown in Fig. A-3b
indicates a perovskite single crystalline pattern viewed along the <110>
direction. The splitting and/or elongation of most diffruction spots reflects

misalignment of the grains along the viewing direction.
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Fig. A-3 Cross-sectional TEM Image (a) and Electron Diffraction Pattern (b) of PZT

§3/47 Film fired at 700C for 30 min.

PZT S53/47 .fil_ms with excess PbO, having a stoichiometry of
Pb, 1sZrg 33 Tig 47045, have significantly different microstructures. Fig. A-4
shows a series of TEM images and corresponding electron diffraction patterns
of such films fired at 400, 450, and 700C, respectively. At 400C, the films are
crystalline and have a small grain size ranging from 30 to 100 nm. Grain
boundarics arc dccoratcd by precipitates, 5-10 nm in diamcter, possibly
reflecting scgregation of the remnant pyrochlore phase or excess PbO. The
corresponding electron diffraction shown in Fig. A-4b indicates the presence

of mainly polycrystalline pyrochlore mixcd with some perovskite.
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Fig. A4 Selected Area Flectron Diffraction Patterns of PZT £2 47 films with excess
PbO, fired at (a) 400C, (b) 450C, and (e) 700C

When fired at 450C, the films have a polvenvstalline structure with a

slightly larger grain size. This sample contains a higher density of decorated
precipitates at the grain boundaries than films fired 3t 300C. The diffraction
pattern, shown in Fig. A-db, indicates that the sumple consists mainly of
perovskite, with some pyrochlore present. At a firing remperature of 700C, the
grains were larger, with a notable decrease in the number of precipitates at the
grain boundaries. The electron diffraction pattern shows only perovskite.
Twinning was observed occasionally in these films; but well-ordered domains
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were not observed in any of the samples.

The effect of excess PbO on the microstructure is iflustrated by
comparing the microstructures of Figs. A-2b and A-3b. The excess PbO
enhances grain growth and hence results in higher domain wall mobility. It
also promotes the formation of single-phase perovskite, which produces a
marked improvement in the dielectric constant - from ¢,~1000 in the films
without excess PbO to €, ~2500 for films with excess PbO, for films fired at
700C. _

The PZT 65/35 films with no excess PbO, fired at 700C, have a
drastically different structurc compared to the other films. They contain
numerous perovskite PZT rosettes embedded in a pyrochlore matrix. Fig. A-§
shows the general morphology of a rosette about 15 um in diameter, much
larger than diamerers of 3-4 um observed in other work [1,2], and very much

larger than the film thickness of about 540 nm.
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Fig. A-S TEM Image and Electron Diffraction Pattern of Perovskite "rosette” in PZT
65/3$ Flim fired at 700C,

The electron diffraction pattern of the rosette, shown in the inset,
indicates a single crystal of perovskite viewed along the <100> direction. The
splitting of the diffraction spots indicates a slight misalignment of the rosette.
Fig. A-6a shows that the matrix of the film is a mixture of two interpenetrating
phases, approximately S0 nm in size. The electron diffraction pattern, Fig. A-

6b. indicates that the matrix contains small grains of a pyrochlore phase. Due

to the preponderance of the pyrochlore phase, the film exhibits a low diclectric

constant of only 600.
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Fig. As6 TEM Image (a) and Eleciron Diffraction Pattern (b) of the Pyrochlore-
containing Matrix of PZT 65/36 Film fired at 700C.

The PZT 53/47 films synthesized with excess PbO exhibit €,=2500 when
fired to 700C and e,~3000 when fired to 750C. The leakage currents of these
films are exceptionally low, typically about 1x10"? A/cm® at an applied field of
100 kV/em. The combination of exceptionally high €. and exceptionally low
leakage current makes these PZT films highly attractive for a range of
applications; and efforts 1o explore some of these applications have been

initiatcd with two companies (see discussion in Section I above).
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The dielectric constants, e’s, of PZT films with varying Zr/Ti ratios

deposited on Pt substrates fired to 700C are shown in Fig. A-7 as a function
of \the Zr/Ti ratio. The e, shows a maximum at the morphotropic phase
boundary (MPB), PZT 53/47, and decreases with increasing Zr or Ti content
away from this composition. This trend follows the behavior of bulk samples
(also shown in Fig. A-7). Note that the ¢’s of the present films are
‘ctently hisher than fthei fing bull .
regardless of the Zr/Ti ratio, attesting to the high degrees of purity and

stoichiometry in these films.

2500 .
. T P
2000 Sutt
g 15001

& 1000
X soof " LI

0520 & 60 80 :00
Mole % Zr Content

Fig. A-7 Dielectric Constants of Sol-Gel derived PZT Films fired to 700C as a
Function of Zr Content. Also shown for Comparison are the Values for Bulk
Ceramics of the same Compositions.
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The remanent polarization and coercive fields of the PZT films fired to
700C are shown in Fig. A-8. Both the remanent polarization and coercive ficld

are highest near the MPB. Being ahtiferroelectric, PbZrO, films exhibit low

values of P, and E,.

3
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Fig. A-8 Remanent Polarizations and Coercive Fields of Sol-Gel derlved PZT Films
fired to 700C as a Funetinn of Zr Content.

Note that the PZT ferroelectric capacitors, being non-lincar dielectrics,
do not cxhibit ohmic or linear resistance - i.e., the resistance depends not only
on the applied field but also on the electrical history, namely the polarization
state. The films show a rapid rise of current ar low voltages and an
exponential dependence at higher voltages, reflecting the presence of a

Schottky barrier at the PZT-Pt intcrfaces.
Fig. A-9 shows the bulk resistivities of PZT films fired to 700C as a

function of Zr content. The resistivities are mostly in the range 10'%-10! Q-
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cm. Such values are notably higher than those reported in the recent
literature, _eg 108 Qcm. and reflect 4 high level of homogeneity/
stoichiometry as well as the large prain size of the present films. The
resistivities increase with increasng Zr content, reaching 2.5 x101! O-cm for a

PbZrO, film, while PbTiO,-rich films tend to be relatively conductive.

1€+12
g 1€+11 Y . s °*
5 18+10]

18+00
18+08 .

0700 %0 60 & 100
Mol % Z¢ Content

Fig. A-9 Bulk Resistivities of Sol-Gel derived PZT Films fired to 700C as a Function
of Zr Content.

The resistivity is a strong function of domain structure and
microstructure. While the PbZrOs-rich films tend to be biphasic, consisting of
rosettes and an intergranular phase, their composite resistivities arc quite high
(10" Q-cm). The PbTiO; films are not fully densified even when fired to
700C; and PbTiO4-rich films develop severe stresses from the highly anisotropic
c/a lattice ratio upon cooling below their Curie temperatures (To)-

Microcracks can occur, leading to conductive paths herween electrodes, The
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microstructures of the PbZrO,-rich (Zr>53 mole %) films contained rosettes
whose size increased with increasing Zr content. The incrcasc of resistivity
with grain size reflects the fact that ‘with larger grains there are fewer grain
boundaries to serve as conduction pathways.

The fatigue and retention behaviors of the PZT films were also analyzed
based on P’ the difference between the maximum polarization in one polarity
and the remanent polarization, P, in the reverse polarity as a funetion of
cycling or time. Note that P* is a strong function of the applied voltage (or
field), since the voltage determines the maximum polarization achieved. The
voltage applied to the films was preset to 8 V. The values of P’ measured for

the films as a function of Zr content and processing temperature, namely 700

and 750C, are shown iIn Fig. A-10.

-
(3 ]

w—ds
Q

Polarization (uC/cm2)

0 20 40 60 80 . 100
Zr Content (Mole %)

Fig. A-10  Values of Polarization (P’) of PZT Films as a Function of Zr Content and
Firing Temperature.
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The polarization P’ reaches a maximum value at the composition of the
morphotropic phase boundary. As expected, the polarization values are higher
for films fired at higher temperature than for those fired at lower temperature.
This reflects the enhanced crystallinity and large grain sizes obtained on firing
at the higher temperature.

Figs. A-11a and A-11b show the effects of cycling, using 8 V amplitude,
100 kHz square waves, on the values of P* for a series of PZT films with
different stoichiometries. The polarizations after fatiguing have been
normalized with respect to the polarization values of the virgin capacitors. It
is seen that films fired to higher temperatures are less susceptible to the
deleterious effects of fatigue, i.c., the monotonically decrease in polarization
with continuous cycling. Tn hoth sets of films fired to 700C and 750C, films
with compositions removed from the MPB display superior fatigue resistance:
PZT 53/47 films exhibit the fastest decrease in polarization with cycling. The
fatigue behavior was superior for films fired at higher temperatures compared

with those fired at lower temperatures.
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Fig. A-11  The Effeet of Fatigue on Values of Normalized P° in various PZT Films fired
to (a) 700C and (b) 750C for 30 min.

For films fired at 700C, rhombohedral PZT films (with high Zr/Ti
content) have supcrior fatigue resistance compared with tetragonal films. In
contrast, for films fired at 750C, the observations are reversed, i.e., tetragonal
films exhibit better fatigue resistance than rhombohedral films. It has been
documented that in PZT films, the partial pressure or activity of PbO increases
with Zr content, and hence leads to more significant PbO loss (arising from
PbO volatility and/or diffusion into substrates) when fired to higher
temperatures. Thus at higher {iring temperatures, the PbO diffusion into Pt
substrates tends to be exacerbated in rhombohedral PZT films and render

these films more conductive due to formation of Pb vacancies.
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The retention behaviors of PZT films fired to 700C and 750C are shown
in Figs. A-12a and A-12b, respectively. The polarizations are again normalized
with respect to their initial values. Films near the MPB composition tend to
exhibit domain structures with the highest domain wall mobility (which

enhances the values of ¢,, piezoelectric coefficients and diclectric loss); hence

the films are expected to show the hlgheét rate of domain relaxation upon
voltage pulsing which then results in poor retention behavior., On the other
hand, PZT films with the highest tetragonal and rhombohedral characteristics
tend to exhibit domain structures which are essentially clamped due to the high

crystal anisotropy which in turn retard domain relaxation or realignment after

voltage pulsing.

s) b)

2 1a | 8 1a

B2 12 /) ——————, j

g 1.1 1.1 !
1.0 o 1.04

E 09 0.9 -—
0.8 0.8

T 07 % 0.7

$ 8i0o Te+01 1E402 1E+03 TE+08 2 Q8350 1E+a1 1E+02 1E+03 1E+0¢
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w8 /18 =o=§0/20 === 53/47

w—— §5/35 —o— 80/20 —=— 53/47
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- 20/80 ~=84/6 =—=33/63

Fig. A12  Retention Behavior of Various PZT Films fired to (a) 700C and (b) 7S0C.

35

S&d Vo 16C6-1C2-C09:0N T3l UlS d<3 aN3 - U/N:dl STivT MHL S6.~CT-Nul )




T /T /| M| M) /| /| S Ty Ty ™

boies. B - I s Bl |

pen |

In addition to investigating thc clectrical properties of PZT films of
various Zr/Ti stoichiometry ratios, PLT and PLZT films obtained via the
incorporation of La were also explored for their wide and fascinating range of
clectrical properties.

The small-signal values of dielectric constant and dissipation factor
(measured at S mV oscillation level) of various PLT films fired to 700C are
shown in Fig. 12. The dielectric constant increased with La content. This is
associated with the shift of T, toward room temperature with increasing La
content. The diclectric constants of the PLT films fired to higher
temperatures, namely 7S0C, exhibited about the same values, except for PLT
28 which reported a decline to 550 (fired at 750C) from 838 (fired to 700C)
due to PbO loss into the Pt substrates. Note that PLT 28 is on the
ferroelectric (FE) - paraelectric (PE) boundary. Such films are expected to be
non-FE, which explains their lower dissipation factors. At higher oscillation
levels (or large signal values), the dissipation factors of the ferroelectric PLT
films with <28 mole % La (~0.12) are about four times the value (~0.03) of a
PLT 28 film. The larger values of dissipation factor at large ac fields reflect
loss arising from partial switching of the domains resulting in domain wall

motion.
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Contents fired to 700C.

The remanent polarizations, P,, and coercive fields, E_, of PLT films are
shown in Fig. A-14. The values of P, and E_ exhibit a steady decrease with
increasing La content, reaching almost zero values ar 28 mole % La. The
decrease in both P, and E, can be explained by the lower tetragonality, c/a

(approaching unity) with increasing La incorporation in the perovskite lattice.
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Fig. A-14  Remanent Polarization, P,,and Coercive Field, E;, of PLT Films with Various
La Contents fired to 700C.

The PE or non-FE nature of the PLT 28 film affected the frequency
response of its dielectric properties. Due to the absence of domains, the
dielectric constant was independent of measuring frequency over the range 500
Hz to 100 kHz, as shown in Fig. A-15. In contrast. as also shown in Fig. A-15,
the dielectric constants of a FE PLZT 1/53/47 film exhibited dispersion, i.e.,
a monotonic decrease in dielectric constant with increasing frequency. PLT
films are attractive for microelectronic applications, where frequency-

independent capacitive devices are required.
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Fig. A-15§  Effect of Frequency on the Dielsctric Constants of PLT 28 and PLZT
1/53/47 Films fired to 700C.

The effects of applied de bias on the dielectric properties are shown in
Fig. A-16. Tor both PEC and I'E films, the diclectric constants decreased at
large applied biases, with the FE films (typified by PLZT 1/53/47), exhibiting
higher sensitivity to the dc bias. For example, the PLT 28 film exhibited only
~40% decrease in ¢,, while the FE PLZT 1/53/47 film showed a 60% decline.
Both films are non-centrosymmetric and polar; hence they are expected to
show dielectric saturation, namely the decline of dielectric constant at high
fields. However, the level of dielectric saturation is lower in PLT 28 than in

the ferroelectric PLT films due to the absence of domains in the PLT 28 films
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(with the presence of domains, domain realignment can take place under an

applied field and results in a lowering of ¢).
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—e— PLZT 1/53/47 —a— PLT 28

Fig. A-16  Effect of DC Bias on the Dielectric Constants (Normalized to Values at OV
Applied Blas) of PLT 28 and PLZT 1/53/4" Films fired to 700C.

A dependence of the dielectric properties of PLT films on electrode
geometry was also observed. The effect of Pt electrode area on ¢, and
dissipation factor of a PLT 28 film fired to 700C is shown in Fig. A-17. ¢, is
seen to increase and the dissipation factor to decrease with decreasing

electrode area. This can be attributed to a higher probability of film defects
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existing in larger area capacitors. However, data obtained on ferroelectric PZT
53/47 films indicated thart the dielectric properties were nearly independent of

electrode area. Work is currently being carried out to reconcile these

obscrvations.

«~ 1200 0.08
55 0,_\\*\\\\.—-~' és
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o '0-04 _O
g 40 — 0.02 g
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Fig. A-17  Values of Dielectric Constant and Dissipation Fucotr of PLT 28 Films fired
to 700C Measured on Capacitors having Different Elecirode Areas.

The leakage current increases with incrcasing concentration of La in the
FE films (scc Fig. A-18). Since La3* is an off-valent donor substituting for
Pb?* in the perovskite phase, its incorporation results in more n-type behavior.
The lowest leakage current was exhibifcd by PLT 28 films, likely because they
are paraclectric and thus free of domalns. The leakage current of the PLT 28

film was about an order of magnitude lower than that of the best FE fiims
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(e.g., PLZT 1/53/47). This suggests the utility of paraelectric films as capacitor

materials in DRAM applications where the leakage current must be minimized.

Current (A)
m
o
()

o 1 2 38 4 & 6
Voltage (V)

—e— 7mole% —a— 15mole% —=— 28mole%

Fig A-18  Leakage Characterisitics of Various PLT Films fired to 700C for 30 min as a
Function of Applied Voltage and La Content.

Also explored during the present year were the effects of post-
metallization annealing (PMA) on the electrical properties of Pt-PZT(53/47)-Pt
copacitors. Conventionally most PZT films afe PMAed, usually at the same
temperatures where the films are fired. To now, however, there has been no

systematic study of the effects of such annealing on the dielectric and FE
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properties of the capacitors. For monolithic Pt-PZT-Pt capacitors, the bottom
Pt-PZT interface has a different thermal history compared to the top Pt-PZT
interface, since the bottom interface underrgoes heat treatment during
crystallization of the PZT film. If no PMA involving comparable heat
treatment is performed, these two interfaces should be quite different in their
characteristics, e.g., barrier heights, degree and extent of interfacial diffusion,
and interface state density. Additionally, when the polarity of the applied field
is reversed on these capacitors, the resulting leakage characteristics may not be
symmetrical due to different Schottky barrier heights at the two interfaces.

X-ray diffraction results indicated that films fired to 700C were single-
phase perovskite, and PMA of these films up to 700C did not produce any
other phase. Optical microscopy showed that films fired at high PMA
temperatures exhibited larger grain sizes (7.5 um at 700C) than films PMAed
at low temperatures (5 um at 100C).

The values of spontaneous polarization, P, remanent polarization, P,,
and e, as functions of PMA temperature are shown in Fig. A-19, These
dielectric properties are seen to decrease with increasing PMA temperature.
The decay of the polarizations and ¢, with increasing PMA temperature cannot

be explained by the larger grain sizes, since FE properties should be enhanced
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in larger grain size films. Rather, the obseved effect can be attributed to Pb

diffusion at the Pt-PZT interfaces, the degree of which increases with

increasing PMA temperature.
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Fig. A-19  Effect of PMA on Remanent Polarization, P,. Spontaneous Polarization, P,
and Diclectrie Constant, ¢, of PZT 53/47 Films fired to 700C.

As shown in Fig. A-20, the bulk resistivities (p) at 8V applied voltage
increased monotonically with annealing temperature. At higher PMAa
temperatures (i.e., >400C), the incrcase in p can be as high as a factor of 10

per 100C. The p’s shown in Fig. A-20 are Jarge-signal values and assume the
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To date, most studies of POLYCERAMS have focussed on their
structural characteristics and thermal/mechanical properties. Relatively little
attention has been directed to the optical properties of this novel class of

materials. In this phase of the present program, we have investigated the
optical properties and waveguiding characteristics of POLYCERAMS prepared
in the form of planar waveguides. The planar waveguide is the fundamental

component which connects the various elements of an integrated optical device.

~ In many applications, ranging from optical data storage to communications, the

planar waveguide forms an important clement in the fabrication of complicated
optical circuits. We have found (to our pleasant surprise) that despite the
disparate chemistry of their constituents, POLYCERAMS exhibit remarkable
waveguiding characteristics with very low optical losses. In addition, the optical
properties of these waveguides - including their refractive indices and
dispersion characteristics - can be varied over a wide range through variations
in chemistry and processing.

During the present year of the grant, a large number of POLYCERAM
systems have been explored. These have been based on the oxides of Si
together with those of Ti, Ge, Ba, Pb, Zn and Zr as the inorganic species, and

MPEOU or PDMS (polydimethyl siloxane) as the organic constituents. In
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The propcrties of these materials can be varied over a wide range by
varying the volume fractions of the constituents as well as their chemistries,
molecular weightg, synthesis conditions, ctc. POLYCERAMS are usually
synthesized from solutions of the constituents and provide exceptional drying
behavior, which permits rhe easy fabrication of crack-free monoliths and films
of arbitrary thickness. As an example, Fig. B-2 shows a POLYCERAM
monolithsynthesized from tetracthoxysilanc (TEOS) and N-triethoxysllylpropyl-
modified poly(cthylene oxide) urethane (MPEOQU). The materials are
processed at low temperatures (typically near ambient), and exhibit - for
example - enhanced thermal and photostability, increased hardness, improved

scratch resistance and exceptional adhesion to inorganic surfaces as compared

with the constituent organic species.
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Fig. B2 Monolithic TEOS/MPEI polyceram.
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Fig. B4 Linear increase of the index of refraction with TiO, content of
§i0,-TiO,-MPEOU POLYCERAMS incorporating 80 % volumc

MPEOU.
The variation of the refractive index with Si0,-TiO, molar ratio of the
inorganic component was also investigated for POLYCERAMS containing 60
vol. % polymer. As illuslratcd in T'ib. B-5, the refractive index again increases

approximately linearly with increasing TiO, content. As expected, the indices

of refraction of POLYCERAMS containing 60 vol. e MPEOU are higher than
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previous years, we investigated POLYCERAMS synthesized with other

polymers, but these did not exhibit the high optical clarity of those synthesized

using MPEOU or PDMS. In recent weeks, exploration has been initiated of

POLYCERAMS based on a number of acrylic polymers.
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capacitors are ohmic at both Pt-PZT interfaces. If the capacitors are non-
ohmic, such bulk p’s are physically meaningless, since the current would depend

on the rectifying intcrfaces and hence on the voltage. A more useful

== T3

parameter Is the leakage current at fixed voltage or field.

1E+12

16411

g 16410

16+09

1E+08

1E407

0O 100 200 300 400 600 600 700
POSTMETALUZATION TEMP(C)

Fig. A-20  Effect of PMA on the Resistivity and Leakage Currents (8V) of PZT 53/47
Films fired to 700C.

The leakage currents of such capacitors PMAed at various temperatures
are shown in Fig. A-20. It Is clear that the resistivity and leakage current

increase and decrease respectively with increasing PMA temperature. It was
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found, however, that in films containing high concentrations of Zr, the leakage

currents increase with post-metallization annealing temperature. This is shown

in Fig. A-21 for a PZT 35/65 film. Upon post-metallization firing to 700C (the

same temperaturc at which the films were originally fired), the leakage current

increases by about 4 orders of magnitude, while lower firing temperatures (i.c.,

100C-400C) resulted in insignificant changes. In films containing higher

concentrations of Zr, the increase in leakage current is exacerbated even at

lower PMA temperatures {e.g., 400C). This is due to the diffusion of 'b into

the Pt electrodes - an effect which becomes more significant with increasing Zr

content. Such diffusion not only affects the PZT-Pt interfaccs, but also renders

the PZT films more conducting due to Pb vacancies resulting from the Pb loss.

Fig. A-21
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Effect of Post-Metallization Anncaling Temperature on the Leakage Current

of Sol-Gel Derived PZT 35/65 Films fired to 700C.
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Fig. A-22 shows the I-V characteristics of the Pt-PZT 53/47-Pt capacitors
PMAed to 100C and 700C at both polarities (the positive and ncgative voltages
applied with respect to the Pt substrate). The currents decreased dramatically
with higher PMA temperature; and the I-V characteristics tended to be more
symmetric (less polarity-dependent) when the capacitors were fired to higher
temperatures. Inthe capacltbrs fired to 100C, the currents were quite polarity-
dependent, with the currents at positive voltages being higher than when
negatively poled. PMA temperatures >400C are sufficient to render the

capacitors symmetric electrically.

1E05
1E-08
IlODC. +ve

1E-07
g {E-08 100C,ve
g ieo
8

1E-10 700C, +ve

e

82— 15 % 28 3 35
VOLTAGE (V)

Fig. A22 L.V Characteristics of Pt-PZT 53/47-Pt Capacitors
The fatigue behaviors of PZT $3/47 and PZT 35/65 films fired to 700C

are shown in Figs. A-23 and A-24, respectively, before and after PMA at 400C
47
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for 30 min. For PZT 53/47 films, post-metallization annealing seems to be

deleterious to the overall fatigue behavior: for an unanncaled film, the

polarization decreased to only 0.93 f its initial value after 108 cycles, whereas

for an annealed 53/47 film, the polarization dropped to 0.67 of its initial value

after the same number of polarization reversals. The fatiguc behavior of PZT

films with stoichiometries different from PZT 53/47 appear less affected by

such post-metallization annealing.

Fig. A-23

Fig. A-24
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Fatigue behaviors of PZT 35/65 films fired to 700C.
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Optical Characterization

The optical characteristics of sol-gel derived PLZT films on Corning 7059
glass were also explored in some detail. The results of these explorations have
yielded high quality crystalline and amorphous waveguides. Crystallization of
the films is heterogeneously nucleated at the interface with the substrate as
indicated by the (100) oriented films obtained on (200) oriented Pt substrates.
The crystallization of both pyrochlore and perovskite phases is enhanced on
crystalline substrates (e.g., Pt) and hindered on amorphous substrates (e.g.,
Corning 7059 glass).

The presence of La dramatically increased the overall transparency of the
PLT films compared with PT films. The latter PT films become opaque on
crystallization since the refractive index anisotropy of the crystallites is fairly
large (An = -0.011), and results in significant scattering. Additionally, the
concomitant large anisotropy in lattice parameter (c/a ratio = 1.063) often
leads to microcracks within the films on cooling (particularly for thick films),
further enhancing the scattering. The addition of La decreases the lattice
anisotropy, lowers the c/a ratio as well as the anistropy in refractive index, and
results in less cracking and scattering. Hence the transmission improved

systematically with increasing La content. While the index difference between
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stress becomes compressive when Pt is used.

The refractive indiese n af PZT §3/47 and PI.T 28 films on Cornine

pyrochlore and amorphous or perovskite phases remained large, none of the
pyrochlore-containing films were opaque or translucent since the amount of
pyrochlore in most of the films was miniscule.

While crack-free films (~2500A) of PT and PLT can routinely be
obtained on Corning 7059 glass, Zr-containing films tended to crack, especially
when fired above SO0C. In contrast with films on Corning 7059 or fused SiO,,

crack-free films of any PZT composition up to 1 um thick can be routinely

obtained on platinized Si wafers by multiple coating. The reason for the

cracking lies in the mismatch in thermal expansion coefficient between the

P7T filmse and the snhetrates The tharmal svnancian rnaffiriant insraacac urith




Similar behavior was observed in other non-Zr-containing films; while
films containing Zr such as PZT, P1.Z or PLZT displayed maxima in n (usually
at 400-4S0C) before decreasing at higher firing temperatures (>450C),
reflecting PbO loss from the films. The incorporation of La into PT and PZT
to form PLT and PLZT usually resulted in lower values of refractive index due
to their lower densities.

The refractive indices of various PZT films fired to 450C are shown in
Fig. A-26 as a function of Zr/Ti ratio. The indices showed a monotonic
decrease from 2.33 in a PT film down to 2.10 in a PZ film. Except for the PT
film (which consisted of biphasic perovskite and pyrochlore), the rest of the
PZT films in Fig. A-26 were amorphous. The refractive indices of these
amorphous films were lower than those of thelr crystalline ceramic
counterparts (2.67 and 2.42 for PT and PZ respectively). The trend of
decreasing n with increasing Zr content in PZT films has been reported by

others, and reflects a decrease in density with increasing Zr content.
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Fig. A-26  Variation of Refractive Index With Zr Content of PZT Films fired to 450C

Fig. A-27 shows the UV-VIS transmission spectra of the Corning 7059
substrate, a PbO-infiltrated Corning 7059 substrate obtained by firing a PbO
film to 600C and diffusing the entire film into the substrate, and PLZ 28 and
PLT 28 films fired to SO0C. Note that PLT 28 exhibited the highest UV cutoff
at about 3200A; while the cutoffs for PLZ 28 and PbO-infiltrated 7059 glass
occur at shorter 1’s, - 2800 and 2700A respectively. The UV cutoff of PZT
§3/47 films shifted to shorter wavelengths (<2900A) at higher firing
temperature (Fig. A-28). The absorption edge of bulk pyrochlore PbTi;O, and
as-sputtered PZT films has been reported to be in the range 3800-4500A. Bulk

PZT ceramics exhibit an absorption edge at 3400A.
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Fig. A-27  UV-VIS Transmission Spectra of a) Corning 7059 Glass: b) PbO Film
Defused into Corning 7059 Glass Substrate: and ¢) PLT 28 and d) PLZ 28
Films fired to 500C un Curning 7059 Glass.
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Fig. A-28  Variation of UV Absorption Edge with Firing Temperature for PZT 53/47
Films,
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The effect of film thickness on the refractive index and absorption edge
of PZT 53/47 films is shown in Figs. A-29a and A-29b, respectively. The
refractive index increased and the' absorption edge dccreased in A with

decreasing thickness below 20004, but tended to saturate in thicker films.

24
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Refractive Index
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Fig. A-2¢e  Variation of Refractive Index with Film Thickness n for PZT 53/47 Films
fired to $00C.
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Fig. A29b  Variation of Absarption Edge withFilm Thickness for PZT 53/47 Films fired
to 500C.
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The dependence of the optical properties of PZT films on fiim thickness
(paniculérly in thinner films) can be attributed in large measure to interfacial
reaction between the films and the'substrate. PZT film-substrate interaction
has been documented for ITO and even Pt. It is postulated that PbO from the
films diffuses into the substrates during firing, especially at higher processing
temperatures. The pan}al pressure of PbO over the PZT films increases in the

following order: PZ > PZT > PT. This trend indicates that the PbO diffusion

is worse in materials with higher Zr contents. Such an expectation is validated
by the results in Fig. A-30, which shows the transmission spectra of Corning
7059 substrates where the top PT, PZT 80/20 and PZT 53/47 films (fired to
S00C) have been acid-etched away. The spectra shown in Fig. A-30 have been

normalized to that of a Corning 7059 substrate.

100;

5 o |==
[ 60.
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g 40
=
291
9% 400 600

Wavelength ( nm )

Fig. A-30  Normalized Transmission Spectra of Corning 7059 Substrates (with Respect
to that of a Virgin Substratc) efter Etchning away PT, P2T 53/47 and P2T
80/20 Fllms fired at S00C.
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The transmission of a substrate initially coated with PT is seen to be flat
over the range of wavelength investigated, while that of substrates initially
coated with PZT 53/47 and 80/20 films (but later etched away) indicated fairly
strong absorbance at 2600-2700A. This absorption can be attributed to PbO
within the substrate (see Fig. A-27). Thus PbO diffusion was negligible from
the PT film, but became significant from Zr-containing films. In thinner films,
the interfacial layers would dominate the overall optical properties of the films.
Since Corning 7059 is an aluminoborosilicate glass, thcrc may be diffusion not
only of PbO into the glass, but also diffusion of B or Al into the PZT films.

In Zr-containing films, the exacerbation of these interfacial layers led to
a downward shift of the absorption cdge and lower values of refractive index
resulting from significant diffusion of PbO from the films. The resulting PbO-
poor films were difficult to crystallize, especially into the desired perovskite
phase. In contrast to the PbO film on Corning 7059 glass fired to 600C, which
had completely diffused into the substrate, a similarly treated PbO film
remained on fused SiO,, demonstrating the lower degree of PhO diffusion into
Si0,. Correspondingly, a PT film on SiO, was single-phase perovskite when
fired at 550C, a notably lower temperature than that (600C) needed to obtain

single phase perovskite PT film on Corning 7059 glass.
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It is seen that the presence of Zr in the films is deleterious to overall
film properties. Zr not only exacerbates PbO diffusion from the films into the
substrates but also retards crystallization and increases the tendency of
cracking. For thin film applications, the choice of PLZT composition should
in many cases be limited to the PLT series, which offer films with enhanced
transparency compared to PT but reduced reaction with the substrate
compared to PZT. In cases where crystalline Zr-containing PLZT films are
required ( e.g., to achieve large electrooptic coefficients), suitable barrier layers
toward PbO diffusion or intermediate epitaxial films such as PLT should be
employed. Rapid thermal annecaling can also be used so that the kinetics of
crystallization are much faster than the kinetics of PbO diffusion into the
substrates. However, amorphous Zr-containing films can be used as passive
waveguides since the notable absence of either grain or domain boundaries can
lead to low losses.

Attenuation measurements of the PZT waveguides on Corning 7059 glass
are shown in Table A-2. In the case of a PZT 53/47 film fired to 650C, which
was amorphous, the loss was only 1.1 dB/cm. In amorphous PZT films, the
losses are expected to be fairly low due to the absence of domain and grain

boundaries (the discontinuities in index at domain and grain boundaries in
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be rectifying is in the presence of surface states (arising, e.g.,, from absorbed
oxygen at the PZT surface and/or termination of the PZT crystalline lattice at
the metal contacts). These surface states with a density of D, and a neutral
energy level at E, result in band bending near the contacts and barrier heights
of ¢, at the interfaces. If it is assumed that the barrier heights are similar at
both interfaces, the capacitor should exhibit symmetric electrical behavior - i.c.,
the behavior should be independent of the polarity of the applied voltage. If
it is further assumed that the PZT film is depleted throughout its thickness,
Poisson’s equation can be solved to evaluate the charge distribution (p), electric
fleld (E), potential (¢) and energy band diagram. The results of such
calculations are shown in Fig. A-31 for the equilibrium case with no applicd

voltage.

63

it s 174 S ——————

~ @Ed S9EH 1626~123-cB9:0N T3l UlS dA3 9N3 -~ B-nN:dI SS:vT NHL S6.~CT-Nol




oos BlEee Jlinee Bl B B T S B R I R

D J

o ——

Fig. A-31

' 12d S9EH

fnterface oy 1%

—
L T . |

be” J

\Y Interface It

td

Solutions to Poisson’s Equation for a wholly depleted PZT Film, showing the
Charge Distribution (p), Electric Field (E). Potential (¢) and Energy Band
Diagram at Equilibrium.
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As scen in this ﬁgﬁre. there exists a built-in field within the film, whose
magnitude depends on the distance within the film. The field is zero at the
center of the film and is of different signs at the contacts. The maximum fields
arc found at the interfaces. The presence of such a field can affect
significantly the ferroelectric properties of the film. For example, assuming N,
(acceptor concentration) = 10'%/cm3, ¢ (film thickness), = 0.5 um, and epzy
(dielectric constant) = 1000, it is calculated that E, (built-in-field) = 45.2
kV/cm. The magnitude of this field is comparable to the E. (coercive field)
values (~20-60 kV/cm) measured on PZT films prepared in our laboratories.

The coercive fields for similar bulk ceramics is about 1 kV/cm. Hence
the higher values of E, found in ferroelectric films compared with their bulk
counterparts can likely be attributed to the built-in field which needs to be
overcome to switch the domains. Since E, is linearly dcpcndent on N,, a high
purity PZT film with a low value of N, is expected to yield a low value of E_.
Note, too, that if the acceptor concentration is not uniform throughout the film
(resulting perhaps from variations in Pb content), the uneven field distribution
can lcad to asymmetric values of E, as are frequently encountered in
ferroelectric films.

Such an uneven built-in field gives rise to different regions within the
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film with different Curie temperatures, which in turn leads to a transition in
the FE properties over a range of temperature, an expectation which is well
documented for the dielectric constants of FE thin films as a function of

temperature,

Additionally, the presence of such a built-in field can smear out the FE
properties of films of relaxor fcrroclcetrics (c.g., lead magnesium niobate or
PMN: PbMg, ;3Nb, ;0,) which are much more sensitive to electric fields than
are films of normal ferroelectrics such as PZT. The presence of the built-in
field leads to a prediction that the dielectric constants of thin films of relaxor
FE’s should be much lower than those of their bulk counterparts.

Prior to this modeling, the observation of substantially smaller dielectric
constants for relaxor thin films (typically e~1000) compared with bulk samples
(typically €~10000) had remained a puzzle; and significant research effort had
been (mis)directed to processing films of relaxar FE’s with properties closer to
those of bulk specimens. For 1um thick relaxor films, econtrol of N, down to
10%/em? is necessary to achieve an E, of 1 kV/cm. Since N, is closely related
to Pb vacancies, this calculation illustrates the critical need to control precisely
the PbO content in PbO-containing relaxor films. Control to the indicated

level is not presently possible.
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For FE films thicker than the depletion width, the overall capacitance
(and hence dielectric constant) will be dominated by the depletion capacitance
unless the films are thick enough that the majority of the voltage drop takes
place in the.bulk or neutral portion of the film rather than in the depletion
zones. As a first approximation, assume that bulk capacitance will dominate
when the film thickness is ~10 times the depletion width (typically 0.5-1 um)
or 5-10 um. The transition to bulk behavior for FE flims is then not expected
unless the films are thicker than 5-10 um. Thus the use of relaxor films for
high density DRAM applications is not feasible due to this thickness
requirement.

In terms of the model, for an applied voltage, Va, the current, J, is

proportional to exp [ﬁﬁ?ﬁ [sinh .‘!x.",l:] where q = electronic charge, E,
[}

= threshold voltage, t = film thickness, k = Boltzmann’s constant and T =
temperature (Fig. A-32). At fields higher than the threshold field, E,, the
current is limited strictly by Intcrface I (Fig. A-33), since the barrier to electron
flow at Interface IT will then be much much larger compared to 4, at Interface

I. For constant ¢, (assumed indepcndent of applied voltage), the current is

then constant with applicd voltage, namely Ja exp (-g$,/k7) , where ¢, =
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Fig. A-32  Solutions to Poisson’s Equation for a whally depleted PZT Plim showing the
Eleatric Fleld (B), Potentlal (#) and Energy Band Diagram at an Applied
Bias V, < E,,.
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33 The Solutions to the Poisson’s Fquation for a wholly depleted Film showing
Fig. 43 th:Electrlc Field (E), Potential (¢) and the Energy Band Diagram at an

Applied Bias V, > E,,
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A general plot of the current-voltage (I-V) behavior according to the
proposed model is shown in Fig. A-34a. The predicted behavior is found to
agree cxceptionally well, both in form and magnitude, with observed [V

characteristics (Fig. A-34b). Also shown in Fig. A-34a are the current-voltage

characteristics expected on the basis of conventional models which treat
partially depleted Pt-PZT-Pt capacitors. The behavior expected on the basis
of previous models based on a partially depleted capacitor is dominated by the
reverse bias current of a Schottky barrier and is essenrially independent of

applied bias, in contrast to the observed behavior in real capacitors.

1E-12
1E-12
pantuly st
! 1:'13 ‘W g . °
‘) b) o ead® o¥
= / E 1619 PRY »
o .
B ey 7 e 8 !
iy 5 1814 .
N
1848 '
(] s X
Vakagr 113 3v°“-' V)‘ ¢
i

Fig. A-3¢  1-V Characteristics of a Pt-PZT-Pt Capacitor with Similar Barrier Heights at
both Interfaces: a) Predicted for Totally Depleted and Partially Depleted

Films; and b) Measured.
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By considering the thickness dependence of the current, it is predicted
that for thin films, the current and saturation yoltage should increase and
decrease, respectively, with decreasing thickness. Since the saturation current
is determined by the current at Interface I (Fig. A-32), the magnitude of the
saturation current is expected to be independent of film thickness, assuming
the othcr parameters are constant, namely N, and epz1. On-going work is
being performed to validate the independence of the saturation current on film
thickness and to determine 'the effect of temperature on the leakage currents.
Comoplications arisc from the dependence of epzp on film thickness and the
fact that N, may vary in films of different thickness due to varying amounts of
PbO diffusion during processing.

Further refinements of the present model based on fully depleted PZT
films indicate that the leakage characteristics depend on the barrier heights of
the Pt-PZT interfaces; and the symmetry of I-V characteristics in both
polarities is determined by the difference of the barrier heights at both
interfaces.

Within the context of this model, the observations on post metallization
annealing (PMA) made in the present study (see above) can be explained.

With higher PMA temperatures, more PbO diffused into the substrate and top

)
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electrodes. ‘These PbO losses lead to the observed inferlor dielectric and
ferroelectric properties. The observed increase in resistivity and decrease in
leakage current with increasing PMA temperature can be correlated with
increased PbO diffusion into the substrate and top electrodes, giving rise to
higher barrier heights at the interfaces. With higher PMA temperatures, the
barrier heights at the two interfaces are higher due to the PbO diffusion; but
the difference between the barrier heights at the two interfaces is then smaller
due to the smearing effect of the PMA on thec PbO profilc; and hence the
capacitors were more symmetric electrically with much smaller leakage
currents.

Finally, the time-dependent effects seen in the dielectric properties of
capacitors fired at lower PMA temperatures subjected to a voltage pulse can
be attributed to surface states present at the interfaces giving rise to dielectric
relaxation after application of the voltage. Such surface states pin further the
equilibrium Fermi level, leading to a larger surface potential compared to the
bulk (midfilm). This potential pins the domains unless they are pulsed by an
external voltage. During voltage pulsing, the surface states undergo relaxation,
which in turn modifies the domain relaxation and dielectric behavior. In

capacitors fircd to higher temperatures, the density of these surface states is
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lower due to diffusion at the interfaces. Hence the relaxation effect of the
surface states on the domain structure of the films during voltage pulsing is
weaker, and the dielectric behaviors of the devices are essentially time-
independent. The density of the surface states and their location in the
electronic structure of the films, as well as their dependence on microstructure
and processing, require further clucidation.

In brief, ; i PZT-

quantitatively as well as qualitatively, In light of this success, and the potential

of the model for addressing other phenomena, its extension to new areas

seems highly desirable.
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B. Qeanicl i Hybrid Materials (POLYCERAMS]

POLYCERAMS, also known as ORMOSILS or CERAMERS, are

polymer-modified ceramic materialé in which the organic and inorganic

components are combined on a molecular or near-molecular level. Fig. B-1
shows a schematic view of 2a POLYCERAM in which the organic components

are chemically bonded into the inorganic network.

Region 1 Region 2
#%= coupled organic polymer
M= Si

Fig. B-1 A schematic structure of a POLYCERAM.

The properties of these materials can be varied over a wide range by

varying the volume fractions of the constituents as well as their chemistries,
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those of POLYCERAMS containing 80 vol. % MPEOU due to the presence

of more TiO, per volume in the former. Note that refractive indices as high

as 1.685 were obtained in the POLYCERAMS containing 60 vol. % polymer.

'1.760
1.720-

Index of Refraction

Fig. B-5

1.800

1.6801
1.640
1.600-
1.5601
1.520+
1.480+

1.440+

1 .4000_ o 6.0

20.0 30.¢ 40.0 50.0
Weight % TiO2

Linear increase of the index of refracsion with TiO, content of

Si0,-TiO,-MPEOU POLYCERAMS iacorporating 60% volume

MPEOU.

POLYCERAMS with & SiO,/TiO, molar :atio of 1:2 in 60 vol. %

polymer tended to crack. In addition, films conzaining 40 and 20 vol. %
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polymer cracked at all $iO,/TiO, mole ratios. These results suggest that a
$i0,/TiO, molar ratio of 1:2in POLYCERAMS containing 60 vol. % polymer
is the limit of TiO, content for forming crack-free films in this system.
Cracking at high TiO, concentrations reflects rapid condensation of the
inorganic network, producing rigid strucrures which are unable to relax
sufficiently and to accomodate drying stresses. Hence POLYCERAMS
containing 80 vol. % polymer were chosen for further tailoring of chemistry
and proeessing and detailed characterization of the optical attenuation.
Attenuation in the POLYCERAM films was measured using a prism
coupling technique. A prism was positioned tightly on the film in order to
couple laser light into a waveguide mode and to obtain 2 streak in the
waveguide. A coherent fiber bundle was then used as an imaging system to
transfer the scattered streak intensity distribution to a photomultiplier tube
(PMT)/precision slit assembly. The PMT/slit combination was driven by a
stepper-motor, and was automatically scanned across 1 cm of the imaged
streak. The de signal was converted to a voltage and sent to a digitizing
oscilloscope where it was continuously time-averaged to reduce electrical and
optical noise. The resulting voltages were converted to a logarithmic scale and

least-squares curve-fitted to yicld loss in dB/cm. The measurements were made
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using a Helium-Neon laser (A =632.8 nm).

For many applications, the optical loss of a waveguide should be less
than 1 dB/em. Optical attenuation in waveguides can result from scattering
of the guided mode due to surface roughness or variations in refractive index
through the volume (density fluctuations/inhomogeneities or defects such as
grain boundaries, pits, cracks, dust, etc.). Table B-1 reports the losses of
MPEOQU-Si0,-TiO, POLYCERAM waveguides comprising 80 vol. % MPEOU.
Loss measurements were conducted for the TE; mode. Electromagnetic waves
propagating in a plane arc called TE waves (mode) if the E vector is
perpendicular to the plane and TM waves (mode) if the B vector is
perpendicular to the plane. The modc number is added to this notation. Fig.
B-6 shows the different mode structures in an infinitely long film. TEj is the
lowest order transverse electric mode in a waveguide and thus is the most

confined within the film.
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TE TL, TE, TE,

Fig. B-6  Mode structure in the Y direction for an infinitely long film (in the
X direction).
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Table B-1; Refractive Index, Thickness and Loss of Partially Hydrolyzed (2
moles H,0) MPEOU-SiO,-TiO, POLYCERAMS (80 vol. %
MPEOQU) as a Function of Composition.

Molar Ratio of | Refractive Index Thickness Loss + st. dev.
si0,:TiO, (microns) (dB/cm)
1:0 1.495 3.23 0.69 = 0.10
1:05 1543 262 1.68 + 0.21 I
1:1 1571 2.89 1.39 £ 0.15
1:1.5 1.601 2.86 0.53 = 0.12
I 1:2 1.634 294 1.49 = 0.19 I
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It is seen that for all cc;mpositions the losses are near or below 1.5
dB/em, with no apparent trends with composition. These films were multi-
modc_; and hence a portion of the losses may be due to inter-modal scattering
where energy Is lost in propagating other modes as well as the lowest order
mode. It is expected that the losses will be even lower for single-mode
waveguides.

The degree of hydrolysis directly affects the extend of reaction. The
effects of the degree of hydrolysis on the propertics of POLYCERAM films
were explored by preparing solutions with H, contents varying from 2 to 8
moles of H,O per mole of TEOS, following the processing sequence shown in
Fig. B-7. It was obscrved that increasing H,O content resulted in greater non-
uniformity and increased surface roughness. Bllipsometry measurements could
not be conducted on films hydrolyzed with H,O contents greater than 4 moles

due to scattering and absorption of the laser beam,
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TEOS + H,0 (0.15 M HCl) + EtOH

partial hydrolysis
step 1 (2 moles of H0/1 mole of TEOS)
v
MPEOU + TIP .
v

H,0 (0.15 M HCL)

step 3 hydrolysis
(2,4,6 or 8 moles of H;0/1 mole of TEOS)
v
step 4 550, - Ti0, - polycerams

Fig. B-7  Schematic illustration of the synthesis of partially (steps 1,2 & 4),
and fully hydrolyzed (steps 1,23 & 4) silica-titania-MPEQU
POLYCERAMS.

Table B-2 compares the optical properties of a partially hydrolyzed (2
moles H,0) MPEOU-SiO,-TiO, POLYCERAM with those of a fully
hydrolyzed (4 molcs H,0) POLYCERAM. The films had a §iO5:TiO; mole
ratio of 1:1. Although the refractive index is substantially independent of H,

content, the attenuation is notably lower for films prepared using partial

hydrolysis compared with those synthesized using complete hydrolysis.

87




Table B-2: Refractive Index, Thickness and Optical Attenuation of Partially
Hydrolyzed vs Fully Hydrolyzed POLYCERAM Films. Vol. %

&= D /™

MPEOU = 80; SiO,/TIO, (molar) = 1/1.

Hydrolysis Refractive | Thickness Attenuation at
Index (microns) | 632.8nm £ st.
dev. (dB/cm)
8iO,-TiO,-MPEQU 1.571 2.89 1.39 += 0.15
partial hydrolysis

(2 moles H,0)

8i0,-TiO,-MPEOU 1.569 2583 216 = 020
il hydrolysxs
(4 moles H,0)

Consistent with these findings, the modal strcak fanned rapidly in the

plane of the waveguide, indicating in-plane scatter attributable to volume

density fluctuations in the films.

It can thercfore be concluded that additional water beyond some modest

amount increases the level of inhomogeneity in POLYCERAM films.

Additional water apparently causes rapid hydrolysis/condensation of the Ti

species resulting in localized inhomogeneity, and may also increase the polarity

of the solvent, thus changing the solubility of the reacting species, particularly

that of the polymer. A patent disclosure bascd on this finding is presently

being prepared.

The homogeneity of the POLYCERAMS was investigated with Small

Ehd S9EH 16C6-123-Ca3:0N "3l
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Angle X-ray Scattering (SAXS). Fig. B-8 shows the SAXS profiles (in the form

pogen |

of Guinier plots) for SiO,/MPEOU samples compared with those of parrially
hydrolyzed (2 moles H,O per mole of TEOS) and fully hydrolyzed (4 moles

-

H,0) MPLOU-Si0,-TiO, POLYCERAMS. The sample films had a
$i0,:TiO, molar ratio of 1:1. The scattering from the POLYCERAMS

indicates materials having a high degree of chemical and physical homogeneity.
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1.8- k /b) 8102-Ti02-MPEOU partial hydrolysis
3 —
e AN , ; -
2 1.0 ¢) Si02-Ti02-MPEOQU full hydrolysis
g _
0.5- \ a) SI02-MPEQU
0-0 1 L) 1 1 ] A ¥ ] L] T
0.0 1.0 20 .. 3.0 4.0 5.0 6.0
M}(M/208=20)
Fig. B8  SAXS profiles of a) hydrolyzed polymer, b) partially hydrolyzed (2

moles H,0) §i0,-TiO,-MPEOU POLYCERAM (SiO,:TIO, molar
ratio of 1:1) and ¢) fully hydrolyzed (4 moles H,0) SiO,-TiO,-
MPEOU POLYCERAM (5i05:TiO, molar ratio of 1:1). The
POLYCERAMS show a higher degree of scattcring then the
hydrolyzed polymer.

It is observed, however, that the SAXS intensities from MPEOU-SIO,-

TiO, POLYCERAMS are higher than those from MPEOU-SiO;

POLYCERAMS. This indicates that the incorporation of TiO, increases the

fluctuations in electron density within the network.
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Tt is also observed that the SAXS intensities from partially hydrolyzed
POLYCERAMS (2 moles H,O) are slightly higher than those from fully
hydrolyzed POLYCERAMS (4 moles H,0). This observation stands in
contrast to the data on aptical attenuation, which indicate lower losses for films
prepared under conditions of partial hydrolysis than for those prepared using
full hydrolysis. The origin of this apparent discrepancy is presently being
explored using electron microscopy-coupled with more extensive SAXS data.

Atomic Force Microscopy (AFM) was used to study the submicron scale
surface morphology of partially hydrolyzed (2 moles H,O per mole of TEOS)
and fully hydrolyzed (4 moles H,0) MPEOU-SiO,-TiO, films. On a scan area
of 1 x 1 um?, the addition of watcr from 2 moles to 4 moles has found to
increase the average roughness from 1.148 A to 11 A, and the root mean
square roughness from 1.436 A to 13.91 A The additional water produces a
more cross-linked structure, as exhibited by the high viscosity observed in the
high-H,O solutions. Viscous solutions yield films with poor relaxation
characteristics after spin-coating, resulting in increased surface roughness of the
films.

It thus appears that increased water in the solution, at least over the

indicated range, increases both the volume inhomogencitics and surface
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roughness of films produced therefrom. Both of these changes should lead to

increased optical attenuation in the films.

One of the advantages of wet chemical synthetic methods is the
capability which they provide for tailoring the structures of materials - ¢.g., by
modifying the functionality of the reactive groups through the use of chelating
agents. During the present year, attention was directed to the effect of TIP
chelated with 2,4 pentancdione on fully hydrolyzed (4 moles H,0)
POLYCERAMS having a SiO,:TiO, molar ratio of 1:1 and a volume fraction
MPEOU of 80%. AI'M showed that the addition of 2,4 pentanedione aids in
obtaining POLYCERAM films with notably smoother surfacc contours.
Smooth surfaces are desired for reduced surface scattering in planar
waveguides. Fig. B-9 shows AFM micrographs of fully hydrolyzed MPEOU-
$i0,-1i0, POLYCERAMS with and without 2,4 pentanedione. It is seen that
the addtion of 2.4 pentancdionc decreases the average roughness from 11 Al

to 3 A and the root mean square roughness from 13.91 Ato 401 A The
chelating agent decreases the degree of cross-linking of the network, allowing
eusier relaxation and thus resulting in smoother films. Consistcnt with this
view, the chelated solutions exhibited longer gelation times than similar

solutions without the chelating agent.
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Fig. B-9

Lbd SSEH

AFM micrographs of fully hydrolyzed (3 moles H,0) SiO,-TiO,-
MPEOU POLYCERAM without a) and with b) chelating agent
2,4 pentancdione at 80 % by volume MPEOU and a SiO,/TiO,
mole ratio of 1/1. The surface roughness decreases with chelate.
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It was found that although 2,4 pentanedione decreased the surface
roughness of fully hydrolyzed films, the surface roughness of partially
hydrolyzed films was still the lowest (Table B-3). With this in mind, it was
decided to explore the effect of chelate on the surface roughness of partially
hydrolyzed POLYCERAMS. Since it was observed that the addition of 2.4
pentanedione yields orange-colored materials due to absorption by residual Ti-
acac complex, and since it is important for waveguides to have minimal
‘absorption. experiments were conducted with acetic acid, a chelating agent

which did not contribute significant absorption.
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Table B-3: Surface Roughness of MPEOU-§i0,-TiO, POLYCERAMS Films

Containing 80 vol. % MPEOU and synthesized with different
amounts of H,O and with different chelating agents.

B5d SSEH

16C6-1C9-C09:0N T3l

Average Raat Mean
$i0,-TiO,-MPEQU Roughness Square (RMS)
(RA) Roughness
partial hydrolysis 1.148A 1.436 A
(2 moles H,0)
nochelaton | |
full hydrolysis 11.0A 13.01 A
(4 moles H,0)
no chelation
full hydrolysis 3.0A 4.006 A
(4 moles H,0)
2,4 pentancdione
chelation
partial hydrolysis 0975 A 1222 A
(2 moles H,0)
acetic acid
chelation
96
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Acetic acid in a TiO;:AcAc molar ratio of 1:1 was added to a partially
hydrolyzed (2 moles H,0) solution of MPEOU-SiO,-TiO, with a SI0,:TIO,
mole ratio of 1:1 and a vol. % polymer of 80 %. AFM studies revealed a small
decrease in the surface roughness. Acetic acid decreased the average roughness
from 1.148 A to 0.975 A and the root mean square roughness from 1.436 A to
1222 A on a scan of 1 x 1 um? Such levels of surface roughness are
sufficiently small that waveguide losses from surface scattering should be
unimportant.

Optical loss measurements were performed on the chelated
POLYCERAM films described above (see Table B-4). As expected, the
attcnuation of a partially hydrolyzed (2 moles H,0) MPEOU-8i0,-TiO, film
with a SI0,:TiO, mole ratio of 1:1 chelated with 2,4 pentanedione was much
higher than the loss of the same film chelated with acetic acid. The higher loss
is due absorption associated with the Ti-acac complex (orange color). The
acetic acid film, on the other hand, exhibited low scatter, low absorption and

Jow optical attenuation.
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Table B-4: Refractive index, thickness, and optical loss at 632.8 nm of partially

hydrolyze

d (2 moles H,0) POLYCERAMS MPEOU-S§i0,-TiO,

chelatcd with 2,4 pentanedione and acetic acid. The compositions
have a SiO,:TiO, molc ratio of 1:1 and a vol. % polymer of 80.

Chelate

Refractive

Index

Thickness
(microns)

Loss = st. dev.

(dB/cm)

2,4 pentanedione

1569

3.0

1195 £ 0.29

Acetic Acid

1.568

3.2

0.48 £ 0.13

The effects of cross-linking were further explored in a study of solution

aging, i.e., the time span between synthesizing the solutions and spin-coating.

Although the index of refraction did not show a notable variation, the optical

loss increased significantly with aging time, from 1.39 = 0.15 dB/cm on

immediately coating after synthesis to 4.00 + 0.413 dB/cm after 51 hours of

aging (see Fig. B-10). With increased aging time, more cross-linking leads to

increased size of the oligomers in the solution and greater width in the size

distribution of the oligomers which in turn leads to greater index

inhomogeneities in the films, and thus to increased optical loss.
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Fig. B-10 A study of the effect of aging of solution on the index of refraction

£Sd S9EH

and loss of POLYCERAMS with a $i0-:TiO, mole ratio of 1:1.
‘The loss increases with aging time.
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UV-Vis transmission spectroscopy was used to obtain the absorption
edge of the POLYCERAM films (see Table B-5). The absorption edge is seen
to increase with increasing TiO, content. The absorption edge of SiO, (1600
A) is lower in wavelength than that of TiO, (3500 A); as the amount of TiO,
increases, POLYCERAM films with the same polymer content incorporate
more of the TiO, characteristics, thus resulting in an absorption edge located
at longer wavelengths. The change in absorption edge with increasing TiO,
content is consistent with homogeneous incorporation of the constituents in the
POLYCERAM films. This homogencity is supported by the SAXS data

mentioned above.
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Table B-S: Absorption edges of POLYCERAM films vs. Si0,.TiO, ratio

Polyceram Composition Absorption Edge (A)
1:0.5 2900
1:1 2950
I 1:15 3000

L 12 3050

In sol-gel chemistry, the processing procedure and sequence of steps is

often important in tailoring the properties of the resulting materials. Hence,
the order of mixing of the components and the refluxing time of the solutions
were explored in tcrms of their effects on the index of refraction and optical
loss. Table B-6 reports the optical properties of POLYCERAMS synthesized
using four different processing sequences. In all cascs, thc H,O was added at
the beginning of the reaction. The variation in refractive index remained within
experimental error; and all measured losses were below 1 dB/cm. Streaks in
films produced following the processing scqueni:es C and D, however, were
more uniform and had noticeably fewer hot spots. In processing sequences C

and D, MPEOU and TEOS were refluxed together, while in scquences A and
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B, MPEOU and TEOS were added at different times. The joint refluxing of
MPEOU and TEOS apparently leads to more uniform hydrolysis/condensation
reactions. When one component at a time is added during refluxing, reactants
may undergo self-condensation, in addition to co-condensation, thus causing

decreased homogeneity of the network.
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Table B-6: The effect of processing sequence on the index of refraction,
thickness and loss of partially hydrolyzed (2 moles H,0)
POLYCERAMS. All compositions have & SiO,:TiO, mole ratio of
1:1 and a vol. % polymer of 80.

Processing Sequence Refractive Thickness Loss ¢ st.
(reflux time) Index (microns) dev.
(dB/cm)
A) MPEOU (1S5 min) --> TEOS 1.570 2.90 0.52 £ 0.15
(15 min) —-> TIP (1 hr)
B) TEOS (15 min) --> MPEOU 1.578 285 0.51 = 0.23
(15 min) --> TIP (1 hr)
C) MPEOU + TEOS (30 min) 1571 2.89 <025
I -> TIP (1 hr)
) MPEOU + TEOS (15 min) 1573 2.95 0.85 = 0.04

«> TIP (1 ht)

To evaluate whether the optical attenuation is principally associated with

the bulk or the surface of the film, loss measurements were conducted on

different TE modes. The film chosen was a partially hydrolyzed (2 moles I1,0)

POLYCERAM with a §i0,:TiO, mole ratio of 1:1 and a vol. % polymer of 80.

This film supported S modes (TE;*TE,). Measurements were conducted on

the TE,, TE, and TE, modes. Fig. B-11 shows that the optical loss decreases

with increasing mode number: The loss decreased from 1.39+ 0.15 dB/cm for

TEq to <0.25 dB/cm for TE,.

4Sd SOEH
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Fig. B-11 Optical loss values of TEy, TE, and TE, modes of a
POLYCERAM with a SiO,-TiO, mole ratio of 1:1. Loss decreases

with increasing mode number.
To understand why the loss decreases with mode number, the electric
field profiles of the film were calculated. Fig, B-12 shows the transverse electric

field profiles of the TEy, TE, and TE, modes. As the mode number increases,
the electric field amplitudes at the two waveguide interfaces increases, and the
portion of the mode energy propagating outside the guiding region also
increases. Thus, the higher modes tend to probe the surface regions of the

guide to a greater extent than the lower order modes, which have low field
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amplitudes at the interfaces, and generally have nearly all of their modal
energy confined wilthin the guiding film layer. Hence, since the attenuation
decreases with increasing mode® number, this implies that volume
inhomogencitics or absorption within thc coating arc thc dominant loss

scattering mechanisms in these films.

4l
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Fig. B-12  Electric field profiles of TE,, TE, and TE, of a POLYCERAM
with a SiO,-TiO, mole ratio of 1:1. As the mode number increases,
the profiles are less confined within the film.
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Based on the SAXS data, which indicate a high level of homogeneity, it
is somewhat surprising that the attenuation data indicate that most of the
scattering results from bulk inhomogeneities. It is premature to conclude
whether the loss is due principally to density fluctuations in the POLYCERAM
network or to particles within the film. An index inhomogeneity of 0.001-0.003
is sufficient to causc the measured attenuation. The films used in the SAXS
and loss studies were processed differently: The bulk films used for SAXS
characterization were cast in a petri-dish and allowed to dry in air for one to
two weeks, while the thinner films used for the loss study were spin-coated
through a 0.1 um syringe filter and dried in vacuum at 125C for three days.
Sincc a longer gelation period usually corresponds to a higher level of
homogeneity, it is expected that the bulk (SAXS) films would be more
homogeneous than the thin films. More experimentation is needed, however,
to determine the principal source of optical attcnuation in these films. For
example, smaller pore size filters may eliminate more of the dust particles and
thus decrcase the loss. Such investigations are presently underway.

In addition to the ability to tailor the refractive index of POLYCERAM
materials, we have also observed that the hardness and thermal stability can

be significantly enhanced compared to those of the neat polymer. Table B-7
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reports the Knoop hardness of POLYCERAM films as a function of increasing

TiO, content. The analyzed films were 5 um thick; and the indicated values
represent the average of hardness measurements down to a depth of 2 um
(hardness masurements dccper than 2 um include the effect of the quartz
substrate). The hardness is seen to increase by nearly a factor of 1.7 between
the polymer film (45.4 Knoop) and the POLYCERAM flim with a 1:2
$i0,/TiO, molar ratio and a vol. % polymer of 80 (76.1 Knoop). The
incorporation of SiO, - and even more so the incorporation of TiO; - in the
structure serves to decrcase the compressibility of the network, thus enhancing

the relative hardness.
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Table B-7: Knoop Hardness of POLYCERAM Films

I Composition Knoop Hardness I
100% polymer 454
polyceram SiO,:TiO,; = 1:0.5 65.2
l polyceram ;iOZ:TiOZ = 1:1 65.6
I polyceram SiO,:TiO, = 1:1.5 67.8
Iilic-e:am 510, TiO, = 1:2 76.1
]

TGA indicates that the present POLYCERAMS also have a higher

thermal stability than their organic constituents. Table B-8 shows that the

temperature of onset of decomposition of the MPEOU polymer is about 150C;

that of the hydrolyzed polymer is about 185C; and that of an MPEOU-SIO,-

TiO, POLYCERAM (vol. % polymer = 80; $i0,:TiO, mole ratio of 1:1) is

about 250C. The marked increase in thermal stability indicated by these data

expand the range of utility of the POLYCERAMS. Its origin is presently being

investigated.

€3d SOEH 16C6-1C9-C@9:0N T3l UlS dx3 aN3 - U-n:dl 81:ST MHL S6 «—ET-I*EJI




e

™ ™

i |

s

Table B-8: Decomposition Temperatures of MPEOU, Hydrolyzed MPEOU
and MPEOU-SiO,-TiO, films containing 80 vol. % polymer of
§i0,/TiO, (molarf= 1/1.

Composition Temperature of Decomposition

©

MPEOU 150

Hydrolyzed MPEOU 185

$i0,:TiO,;:MPEOU 250 I

For most waveguide applicatons in integrated optics, a low dispersion

(index of refraction vs. wavelength) is desired. Measurements of dispersion as
a function of composition were therefore carried out using A =»632.8, 514.5, 488
and 457.9 nm._ The results indicate that the refractive index and dispersion both
increase with increasing TiO, content. Fig. B-13 shows the refractive index of
refraction of partially hydrolyzed (2 moles H,0) MPEOU-SiO,-TiO,
POLYCERAMS as a function of composition; and Fig. B-14 shows the change
in refractive index (An) vs. TiO, content, where An is the difference in refractive

index between A =632.8 nm and A =457.9 nm.
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Fig. B-12 Index of refraction of POLYCERAMS with composition at

¥Sd SOEH

wavelengths 632.8, 514.5, 488 and 457.9 nm.

110

+ 1 e cmtm——————L
T6T6-123-C@9:0N T13L UlS dx3 9N3 - U/N:idl @T:ST NHL S6.-CT-Nof




3 =3

? |
8
8
(7]
(=}
[+
d
0.000% 50 10.0 180 . 200 280.
Walght % TIO2
Fig. B-14 Dispersion (An) of POLYCERAMS with weight % TiO,.
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Dispersion increases with TiO, content.
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These dispersion values can be fit using a Sellmeier oscillator relation
to find the Abbe number (v,) of each composition. Abbe numbers and the n4
vs vy rclationship for glasses are well established whilc that of
organic/inorganic hybrids are substantially unknown save for the work of
Schmidt and his co-workers. The Sellmeier dispersion relation can be
expressed:

{p)P-1)1= A3+ B
where the constants A and B were determined in a least-squares fit from the
indices ng(A) measured at the four wavelengths given above. The results of the
above fits were employed to find the Abbe number (v4) of each composition
where
va = (e 1)/(npenc)

and n, ng and n. are the indices of refraction for the helium d line (587.6
nm), the hydrogen F line (486.1 nm) and the hydrogen C line (656.3 nm),
respectively. Table B-9 reports the Abbe numbers of the POLYCERAMS as
a function of composition. A high Abbe number corresponds to a low
dispersion. It is seen that the POLYCERAM with no TiO, has the highest
Abbe number (lowest dispersion), while the POLYCERAM with the highest

TiO, content has the lowest Abbe number (highest dispersion). A higher TiO,
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content increases the index of refraction and dispersion, and decreases the
Abbe number. The dispersion values obtained here promise a high degree of
flexibility in tailoring the ny vs v4 relationship: The dispersion and refractive
index values of POLYCERAMS fall on both sides of the ny vs. vy relation for
optical glasses. To obtain a POLYCERAM with a desired Abbe number, it is

sufficient to change the density of the structure by incorporating the correct

amount of selected inorganics. Simply stated, the refractive index and the Abbe

number of POLYCERAMS can easily be customized, and include a range of

novel combinations of n-v values.
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Table B-9: Abbe numbers of MPEOU-8i0,-TiO, POLYCERAMS containing
80 vol. % MPEOU and various Si0,/TiO, molar ratios.

N

Molar Ratio of Weight % TiO, v, (Abbe number)
SI0,:TiO, I
| 1:0 0 112.73 I
| 1:0.5 119 2535 I
1:1 181 23.85
1:15 219 1752 J
12 245 16.16
I
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The successful fabrication of MPEOU-based waveguides with
exceptionally low optical losses has led us to synthesize a wide range of
POLYCERAM materials, composed of a variety of organic and inorganic
components. Of particular interest were POLYCERAMS comprising of GeO,,
ZrO,, Ta,04 BaO and ZnO with SiO; as the inorganic components and
PDMS (polydimethylsiloxane) as the organic component. SAXS studies were
carried ont on all of these POLYCERAMS and indicate a high level of
homogeneity. Determinations of refractive index and optical attenuation in
planar waveguides prepared from these POLYCERAMS yiclded the results
shown in Table B-10. Since the synthesis and processing of these materials
were by no means optimized, the results are quite encouraging - particularly
those on PDMS-SiO,-TiO, waveguides, where attenuations <0.15 dB/cm were
obtained. Further, as illustrated by the data on n vs. v shown in Fig. B-15, it
is possible to tailor the index-dispcrsion of POLYCERAMS over a wide range

by expanding the chemistry involved.
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Table B-10:

Refractive index and attenuation at 632.8 nm of

POLYCERAMS containing 80 vol. % polymer and
oxide/Si0, = 1/1.

I_. Composition Index of Refraction Loss + st. dev.
(dB/cm)

I MPEOU-Si0,-GeO, 1507 208 + 057
MPEOU-Si0,-Zr0, 1.562 327 = 0.20
MPEOU-SI0,-T3,05 1631 1mzo2s |
MPEOU-$i0,-BaO 1525 609 + 0.480

rMPEOU-Sioz-ZnO 1.495 502 + 051

I PDMS-5i05-TiO, 1514 < 0.5 I
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Fig. B-15 A map of ngvy of POLYCERAMS with different compositions

| showing a wide tailoring capability.
Work is presently being focussed on optimizing the chemistry and
processing of waveguides with this broader range of chemistry to produce
materials with losses in the sub - 1 dB/cm range. In addition, the attenuation

will be determined as a function of wavelength to provide further Insight into
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the mechanism of loss in these materials.

mmmmcwm_wmwdﬂmn_bﬁ carried out using very
makes POLYCERAMS highly attractive for such applications. Patent
disclosures are being prepared with respect to these developments.
T ionally | . hieved in 1} POLYCERAM
. .I T lll e l-ll Ell l-l] _lo I vlc ’
ical ies of thei ; The data implv 2 high d E
chemical and physical homogeneity down to almost the molecular level,
In addition to having a low loss, it is important for the optical waveguide
to be connected to other optical componcnts. Surface corrugation waveguide
gratings have been demonstrated successfully as efficient and rugged

interconnects between planar waveguides and external optical components,
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such as sources and detectors. In addition, waveguide gratings can provide
efficient coupling (near 100%) between guided-wave components, detectors,
and diode lasers in planar integratcd optic circuits. With this in mind, we
undertook an investigation of the ability of POLYCERAMS to hold the shape

of waveguide gratings. Because of the extensive relaxation demonstrated by
POLYCERAMS, it scemed i priori unlikely that waveguide gratings could
successfully be embossed in these materials.

The patterning of POLYCERAMS was conducted using an embossing
technique. A surface-relicf master grating was transferred to the gel film by
creating a line pressure contact as the master is pressed into the film.
Surprisingly, it was found that POLYCERAMS in the $i0,-TiO,-MPEOU
system can be embossed to produce gratings with a peak-to-trough dcpth of
200 A - and this exploration is still in its infancy. It was also found (also
surprisingly) that the maximum depths are obtained with no heat-trcatment
prior to embossing: Pre-heating for 5 - 10 min. at 125C stiffens the structure
and rcduces the ability of POLYCERAMS to be embossed. ¥ig. B-16 shows
AFM micrographs of surface corrugations on POLYCERAMS with peak-to-
trough depths of 40 A and 200 A. It is seen that the embossed gratings are

periodic and show no apparent flaws. The lateral and longitudinal shrinkage
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as well as the periodicity of the gratings are currently being studied optically
through measurement of the grati.nx diffraction efficiencies (with the gratings
used in transmission). These measuréments are being conducted with different
heating cycles to determine the shrinkage characteristics of the POLYCERAM
and their relation to the grating structurcs which are obtained. In addition, the

pressure and time of embossing are being dptimized to produce deeper

gratings.

Lo SiUZ=i? MDEQU. B2 . - L.

-Surfac

Fig. B-16a Surface profiles of embossed waveguides. Part 2) shows a 40 A
peak-to-trough depth and part b) shows a 200 A peak-to-trough
depth.
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Perhaps the most exciting potential application of POLYCERAMS is in

the area of active waveguides, where they can be used as hosts for various
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lasing elements or dyes. The low losses (<0.15 dB/cm) obtained in the present
POLYCERAMS, coupled with the ability to tailor their chemistry and
properties, indicate that they are attractive candidates for such purposes.
Inorganic lasing ions being incorporated in thesc materials include Nd*3 and
Er*3. To obtain a suitable lasing medium, it is important to disperse
homogeneously the lasing ions (Nd*> and Er*?) in the host. Clustering of ions
can cause concentration quenching of the fluorescence. Thus, the present
approach represents an attractive technique for producing homogeneous lasing
media containing arbitrary concentrations of the lasing ions. In work carried
out to date a number of MPEOU-§8i0,-TiO, and MPEOU-SiO,-Al,0,
POLYCERAMS have been synthesized with different compositions of NdCl;
salt. Collaboration with Dr. R. Zanoni at the Center for Laser Research at
Oklahoma State University is currently underway to explore the luminescence
propertics of such POLYCERAMS. Thus far, a 5 us fluorescence lifetime has
been obtained in a MPEOU-Si0,-TiO; POLYCERAM doped with 3 wt %
NdCl;. Current work is directed to optimizing the chemistry and the processing
of the films to obtain longer lifctimes. Residual hydroxyl bonds are known to
decrease fluoresence lifetime in lasing media. Thus, it is important to dry

thoroughly the films to ensure fewer such bonds. In order to ¢liminate the jon
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clustering problem, we have recently synthesized Nd alkoxide for use as a
precursor in place of Nd salts. Use of this alkoxide should increase the level
of homogeneity through hydrolysis/condensation processes, thus enhancing the
lasing propertics of the POLYCERAMS. Finally, the incorporation of Al,O,
in the POLYCERAMS seems promising in light of previous lasing studies of
optical glasses, which indicated that Al decreases concentration quenching.
Different concentrations of Al,O; are being used to determine the reguired
composition for optimal lasing properties.

We have also reecntly synthesized a number of MPEOU-§i0,-TiO,
POLYCERAMS doped with 0.5-3 wt % Er,0; as thin films as well as bulk
forms. It has been observed that prism coupling in a thin film of
POLYCERAM doped with 1 wt. % Er,0; results in a 100 uV fluorescence
signal. This composition corresponds to 2 concentration of 10" Er*3/emd. In
Er-doped glasses, a concentration of 10" Er*3/cm? is found to be the
maximum limit before clustering of ions becomes detrimental to fluorescence
signals; and POLYCERAMS containing these and higher concentrations are
presently being synthesized.

Experiments are also being conducted on Er-doped POLYCERAM films

covered with a cladding layer of a lower index. The cladding layer will cnsure
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better confinement of the streak within the Er-containing layer. Since ytterbium
(Yb) is known as a good sensitizer for Er - i.e., Yb has absorption bands in the
regions where Er does not absorb, and is capable of transferring energy to the
lasing Er - we have synthesized Yb alkoxides to be co-doped with erbium in
order to increase the fluorescence intensity and lifetime.

In slab waveguides, the streak often begins to fan out after a few cm in
the film. A longer streak is preferred because absorption of the input cnergy
by Er ions increases with increasing path length. It is desired to confine the
streak laterally, thus preventing its fanning out and loss of energy. Work is
currently underway in fabricating Er-doped c;hannel waveguides with lateral
dimensions of 1 to 10 um. Both sides of the channel must be polished in order
to minimize energy losses from the edges. Collaboration is underway with the
Optical Sciences Center at the University to determine the lasing properties of

these Er-doped POLYCERAM waveguides.
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contact or corona discharge poling. Corona poling of thin films is preferred

because a top electrode is not required, poling can be achieved over larger

areas, and microscopic shorts do not occur due to defects in the film.

POLYCERAM hosts for NLO dyes offer several advantages over

polymer hosts. These include improved orientational and thermal stability,

higher laser damage thresholds, and ability to tailor properties (e.g,, refractive

index, optical transparency) through variations in composition and processing.
During the present year, 2-methyl-4-nitroaniline (MNA) and N-(3-triethoxysilyl-
propyl)-2,4 dinitrophenylamine (TDP) NLO dyes have been incorporated in
8i0,:TiO, POLYCERAMS. The structure of these dyes is illustrated in Fig.
C-1. MNA was chosen as an example of a small molecule with high NLO

coefficients, and TDP as cxample of a functionalized dye with attractive NLO

coefficients which can he bonded directly into the inorganic matrix. Bonding
to the matrix was expected to provide greater orientational stability as well as
thermal stability, and should allow greater concentrations of dye to be

incorporated in the host without aggregation. High concentrations of

TS T4, T T Tm T ™M™ ™

appropriate dyes with high degrees of chromophore alignment should provide

high values of NLO und electro-optic coefficients.
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Fig. C-1  Structure of NLO Chromophores

The POLYCERAMS synthesized to date in this phase of the
investigation were prepared from tetraethoxy silane (TEOS) and titanium

isopropoxide (TIP) in a SiO,/TiO, molar ratio of 1,2. Conditions of partial
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hydrolysis (H,0/TEOCS = 2/1 molar) were employed to produce
POLYCERAMS with low attenuation  (see Section B above).
Triethoxysilylpropyl-modified poly(ethylene oxide)urcthene (MPEOU) was
used as the polymer constituent, and was employed at 80 vol. %
concentrations. After refluxing and incorporation of the respective. dyes in the

solutions, films on Corning 7059 glass coated with 2 transparent conductor
(ITO) were preparcd by spin casting.

To achieve orientation of the dyes in the POLYCERAMS, the flims were
subjected to a corona poling treatment. The apparatus shown schematically in
Fig. C-2 was employed for this purpose, using a tungsten ncedle as one
clectrode and the ITO layer as the other. The discharge current was
monitored; and the temperature of the film was raised for some samples to

accelerate drying and to freeze the oriented molecules in place.

Fig. C2  Schematic of Corona Poling Setup
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The absorption spectra of SiO,/MPEOU and SiOzzTioz/MPBOU
POLYCERAMS are shown in Fig. C-3. The $i0; POLYCERAM has 2 uv
cutoff at 255 nm. The addition of TiO; resulted in an absorption peak at 290
am. Absorption only in the UV region of the spectrum explains the high
transparency in the visible region of the spectrum (380-780 nm) for these
POLYCERAMS. The addition of MNA resulted in an absorption peak at 375

am. The addition of TDP resulted in two absorption peaks: one at 350 nm

and a smaller oné at - 410 nm. The absorption peaks of these aromatic dyes

can be attributed to excitation of the m-molecular orbital (M' transition).

3'00
© 2.00 $i02:Ti02 1:2 808 MPEOU Polveesr:
Q
c
W]
L
)
Q
n
o)
< 1.00
[ $i02 80% MPEOV Polycere~
0.0%g 00 900

200 5 ]
wavelength (7

Fig. C-3  Polyceram adsorption spectra
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The degree of orientation of the dye molecules was measured by
evaluating the change in the absorprian spectrum before and after poling. The

order parameter, which measures the degree of orientation, is given by:

A
=] - =t
¢-1 A,

where A, is the magnitude of the absorption peak before poling, and A, is its

tamn Jvee e

magnitude after poling. A derivation of this order parameter is provided in
Appendix A following this section.

Corona poling was performed on the samples during drying to provide

the largest degree of mobility of the NLO chromophores to orient. Corona
poling of previously dried POLYCERAM films resulted in little orientation

gy |

and a large degree of damage to the film surface. Dried and condensed films

=

offer little free volume for the dyc molecules to orient during poling. Poling

-

at elevated temperatures of wet films resulted in a large degree of orientation

in TDP POLYCERAMS. Due to sublimation of MNA from the host at

elevated temperatures, corona poling of MNA POLYCERAMS was performed

owa |

at room temperature.
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Usiﬁg the ordcr parameter as a guide, optimum corona poling conditions

were determined. Fig. C-4 is a plot of the absorption spectra of TDP

-

POLYCERAMS poled at different discharge currents.

1.30
Net Poled

3 1.00 Poled 1 ua phim, 186
c \M Poled 3 uA phi=.241
8 Poled 5 uA Dhiw.333
[ ;|
(@]
(72}
L
<9,

Fig. C-4  Orientation vs. poling discharge current.
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It is scen that poling at larger discharge currents results in larger degrees
of orientation. The increase in orientation of the dye with increase in
discharge current is attributed to larger charge accumulation on the film
surface, resulting in a larger field across the film. Somc samples were poled at
8 wA and 10 uA, which resulted in significant damage to the film surface; and
the order parameter was not measurable. Poling at discharge currents of 5 uA
and below resulted in optically clear films.

Fig. C-5 shows the order parameter of TDP POLYCERAM films poled
for different times. Increase in the poling time beyond 20 min. did not provide
any further orientation. Apparently the drying and condensation of the films
at 120C within 20 min. result in a sufficient decrease in the free volume to

prevent any further orientation.
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Fig. CS  Order parameter vs. poling time.

As indicated above, the MNA POLYCERAMS were polcd at room

temperature. Very high degrees of orientation were obtained (P =.626). To
the hest of the investigator’s knowledge, this is the highest order parameter

reported to date for any dye/host system. The high degree of oricntation is
attributed to the high mobility of the chromophore in the wet POLYCERAM

film.
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To confirm that the change in thc absorption spectrum of the TDP
POLYCERAM films after poling was due to chromophore orientation and not
dye loss or decomposition during heat treatment to the films, a thermal
stabllity test was performed. UV-Vis absorption spectrum was measured on a
sample after consecutive heat treatments at 75, 125, 175, 200C for 25 hrs. at
cach temmﬁtun. As seen in Fig. C-6, heat treatment at temperatures of
125C and below produced little or no change in the absorption spectra.
Between 125 and 175C, loss or decomposition of the dye resulted in the
abserved decrcasc in the absorption spectrum. From these results, it is
confirmed that the change in the absorption spectrum from poling at 120C
reflects an orientation of the TDP in the film and not loss or decomposition

of the dye.
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The orientational stability of the films at room temperature was
evaluated by measuring the absorption spectrum at different times after poling:
see Fig. C-7 for a poled TDP POLYCERAM fiim. Two months after poling,
no observable relaxation is seen. This is the highest degree of orientational
stability seen for this dye in any host, and one of the highest such stabilities
seen for any NLO dye in uny host. The present results confirm the potential

of combining functionalized dyes with POLYCERAM hosts and appropriate
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processing to achieve structures with exceptional degrees of orientational

stability.
T1-28-1 TDP Si02:Ti02 MPEQL Polyceram '
1.50
Before Poling
100
Q [ .
c . months ofler poling
_8 i 0 houre after poling
b o
o o
v !
a) [
<0580 F
0.0% 0 406 500 Pl 0
Wavelength (nmi:
Fig. C-7

Due to MNA loss from the films through sublimarion, orientational

stability of the poled MNA POLYCERAM films could not be evaluated
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accurately. Ten days after poling, the absorption peak showed an increase (Fig.
C-8), suggesting that relaxation is taking place. A sample that was not poled

showed, however, a significant decrease in the absorption peak in ten days (Fig.
C-9). These results suggest that two processes are taking place in the MNA

POLYCERAM films upon aging: loss of MNA by sublimation and relaxation
of the ariented dye molecules. The results also support the desirability of using

functionalized dyes to achieve permanency of the dyes in the structure as well

as high orientational stability.

T193 MNA Si02:Ti02 on ITO

1,00
0.80
Not Polad
S
c 0.80
3
2
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After 10 days
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0.20
0.08.65 g0 T 0

00 N
Wavelength {(n~
Fig. C-8 »
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Fig. C-9

The index of refraction of the dyc doped POLYCERAMS was evaluated
using ellipsometry at 633 nm. As shown in Table C-1, the refractive index of
the undoped POLYCERAM was 1.63. Addition of 27 wt % TDP increases the
refractive index to 1.688. A poled film with the same dye content has a
refractive index of 1.63. Orientation of the dye perpcndicular to the film
surface resulted in the reduction of the refractive index of the fiilm. The

ellipsometric measurements made on the poled samples had a larger degree
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of error than that in measurements on samples which were not poled. This is

TS /™S ™=

attributed to the induced birefringence caused in the POLYCERAM by poling
(i.e., the film is no longer isotropic) as well as index inhomogeneity around the
highly poled area of the film.

Refractive index measurements of the MNA-doped POLYCERAMS

showed different results. Addition of 3.6 wt. % MNA to the POLYCERAM

resulted in a decrease in the refractive index to 1.56. Poling of the MNA-

doped POLYCERAM resulted in an increase in the refractive index to 1.626.

139

-

)

£6d SogH 16C6-129-C09:0N 131 ULS da3 BN3 - Y/N:dl 9£:ST MHL S6 .—ét—nliér



% T3 TR OTDY OTTY ™D

™™ )

Table C-1: Properties of NLO Dye doped POLYCERAMS

Dye/Host | Concentration | Process | Refractive | Thickness P
Index
TDP/ 27 wt% Not 1.688 1.348um Not
Polyceram Poled mesasur-
able

TDP/ 27 wt% Poled 1.630 1.358um N/A
Polyceram I
TDP/ 1S8wt% | Poled - - 33
Polyceram
MNA/ 3.6 wt% Not 1.557 83%um N/A
Polyceram Poled
MNA/ 3.6 wt% Poled 1.626 867Tum 626

| Polyceram

The origin of this difference in behavior is presently being explored,

analytically as well as experimentally. Kramers-Kronig analysis of the change

in the absorption spectrum before and after poling has been used 1o describe

the change in refractive index due to orientation as a function of wavelength.

Because of the great interest in developing active waveguides for electro-

optic and NLO application, effort was undertaken during the present year to

fabricate planar waveguides of the dye-doped POLYCERAMS. Because the

higher index of the ITO layer was higher (1.73) than that of the

POLYCERAM films (1.63-1.68), waveguiding in the POLYCERAM-on-ITO

V6d SSEH
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configuration is not possible. The use of different substrates and buffer layers
was therefore investigated to fabricate waveguides. Since direct poling is
possible on substrates if the resistivity of the substrate is fairly low, Pyrex and
soda lime glasses were explored as substrates. Corona poling was successful on
these substrates; but the degree of orientation was not very good (®<.20).
This is attributed to a lower potential drop through the POLYCERAM film
with a Pyrex or soda-lime glass substrate. (Part of the total potential drop
takes place through the substrate)) Higher voltages were applied during
corona poling; but this resulted in film damage or substrate breakdown.

The usc of buffer layers with a lower refractive index proved more
successful, such as POLY(methyl methacrylate) (PMMA) (n=155) and
MPEOU-SiO, POLYCERAM (n=1.495). In the case of the PMMA buffer
layers, prism coupling waveguide measurements revealed good waveguide
characteristics (e.g., sharp TE and TM m-lines and visual light streaks seen
across whole film). Corona poling of such samples was unsuccessful, however,
due to problems with cracking of the POLYCERAM films, likely due to
differential shrinkage and/or differences in thermal expansion. Preliminary
results obtained with the MPEOU-Si0O, POI.YCERAM as a buffer layer also

indicated good waveguide characteristics. This approach provides higher
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degrees of dye orientation than use of the Pyrex or soda-lime glass substrates
or PMMA as a buffer layer. The orientation achieved in these preliminary
studies is, however, lower than that obtained when the dye-doped
POLYCERAM is directly contacted with the ITO. Further work is presently
being directed to improving both the orientation and waveguide characteristics

of configurations with a dye-doped, high index POLYCERAM active layer on

an undoped, low index POLYCERAM buffer layer.

current work, the chemistry and processing are being optimized to improve the
optical quality of the corona-poled, dye-doped POLYCERAMS for
waveguiding. Special attention is being paid to improving surface roughness of
both the dye-doped fllms and the buffer layers through the addition of

chelates.
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: fix A: Derivation of Order P I

The following derivation of the order parameter is performed to show
that the degree of orientation of the dye molecules can be measured by a
change in the absorption spectrum of the dye/host material before and after
poling. If the interactions of the guest molecules is negligible (l.e.,
homogeneous mixture of dye), a rigid oricntated gas model (ROGM) can be
used to describe the system. First, a mathematical description of the degree

of orientation is obtained. Then its relationship to the optical absorption is

described.

In the ROGM, the dye molecules are described as cylindrical rods having
a stati;: dipole moment within an isotropic host medium (Fig. CA-1). Initially
the dipole moments are randomly orientated within the host material. The
direction of a particular dipole moment (r) is described in spherical
coordinates. The cartesian and spherical coordinate system are described with

respect to the film in Fig. CA-1. The degree of alignment can be described

by a distribution function:

£(6,4) 40
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where d(} is the solid angle which is defined as:

dQ) = sind dé do

The distribution function can be thought of as the probability of finding a
molecule in a small solid angle. When ¢ylindrical symmetry of the system is
assumed, the distribution function becomes independent of ¢. The distribution

function simplifies to the following:
£(8) sin6 dé

For a random distribution of dye molecules the distribution function is

described as follows:

£(8)54n0 o = % sind o

Plotting £(8) vs 8 for the random case, results in é straight line, indicating that

there is equal probability of finding the dye molecules in all directions.
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Fig. CA-1: Schematic of random distribution of Dye molecules in host.

Upon application of an electric field (E,) parallel to the z-direction, the
energy that forces a particular dipoles to orientate parallel to the field is

described as:

by " By = |uyg] |E)| cos @
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where y; is the dipole moment for the ith dye molecule and E, is the local
electric field in the z-direction which acts on the dye molecule. Since the
distribution function is very difficult to determine experimentally, a single
parameter can be defined which describes the degree of orientation. Such a
quantity is the canonical ensemble average of the cosine of the angle between
the dye dipole moment direction and the z-axis (i.e. cos 8). This quantity is

described as follows:

f. *cos0 £(B) sind @
L " £(8) sind 40

<coadd =

Unfortunately this quantity vanishes due to symmetry reasons. Therefore a
higher order term which corresponds to the quadruplc moment is defined as

the order parameter (8) which does not vanish.

¢= %ucos'e-l -%(3“:'0)-1)

The order parameter can vary from 0 to 1. When 8 is 0 (i.c. when the
direction of the dipole moment of the molecules and the applied field are

parallel) then the order parameter is equal to one, indicating perfect order
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(Fig. CA-2). When there is random oricntation the order parameter is cqual

to 0. The distribution function for these two cases is illustrated in Fig. CA-3.

+4 €
- T .. Dye molecules
f/.

__—~ Film host

"~~~ Substrate

Fig. CA-2: Schematic of perfectly aligned dye/host system.

f (6) b a (a) =0

(b) &=1

Fig. CA-3: Plot of Distribution Function
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Now that a single parameter has been defined which describes the
orientation order of the dye molecules in a host has been derived, a way must
be determined to measure this quantity experimentally. The order parameter
can be related to the inherent dichroism of the dye molecules. The static
dipole moment of most organic dye molecules are parallel or have a small
angle with the transition dipole moment for optical absorption. Therefore one
can assume for this modcl that thc optical absorption transition moment is
essentially parallel to the static dipole moment. Also, if the induced dipole
moment is negligible upon the application of electric ficld, then the parallel

and perpendicular dichroisms can be defined as follows:

A .

3
r <s8ini8>

Njw

—= = 3<co8®>

where A, is the absorbance in an isotopic medium (when dye molecules have

random orientation), A; is the absorbance measured with the electric field
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polarization of the incoming light parallel to the poling field direction, and A,
is the absqrbanoe measured with electric field polarization of incoming light
perpendicular to the poling field direction. Note that these absorbance values
are at the wavelength at which optical transition takes place (i.e. absorption
maximum).

By equating the order parameter and absorbance equations above with

some trigonometric substitutions, the order parameter is determined as:

A
é=1 5

In order to measure the order parameter, only the absorption maximum before
poling (A,) and after poling (A,) is needed. It is expected that the absorption
peak will decrease upon poling since the optical transition moment is aligning
parallel to the surface of the film and light is passing perpendicular to the film.

Due to the number of assumptions made in deriving the order

parameter, the order parameter is used as a semi-quantitative evaluation of the

amount of oricntation taking placc.
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Fig. CA-1: Schematic of random distribution of Dye molecules in host.

Upon application of an electric field (E,) parallel 1o the z-direction, the
energy that forces a particular dipoles to orientate parallel to the field is

described as:

by By = |Byl |E;| cos 8
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where d(} is the solid angle which is defined as:
dQ) = sind dé d¢

The distribution function can be thought of as the probability of finding a
molecule in a small solid angle. When cylindrical symmetry of the system is
assumed, the distribution function bccomes independent of ¢. The distribution

function simplifies to the following:
£(6) sin6 dé

For a random distribution of dye molecules the distribution function is

described as follows:

£40)5ind o = -’5 gind e

Plotting £(8) vs 6 for the random case, results in a straight line, indicating that

there is equal probability of finding the dye molecules in all directions.
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D. GRADIENTREFRACTIVE INDEX LENSES FROMPOLYCERAMS

Gradient refractive index (GRIN) optical devices - especially lenses - are
important in many present and emerging optical applications. GRIN devices
contain a refractive index variation in one or morc dimensions of a material,
thereby enhancing the imaging and processing abilities of optical materials
while simultaneously reducing the aberrations formed in traditional (single-
index) optical materials. Notable examples of optical GRIN devices include
multi-mode optical fiber waveguides and couplers, integrated optic waveguides,
microlens singlets and arrays, and macro-scale lenses. Of particular note, large
diameter (5-75 mm) GRIN lenses have been highly desired for numerous
applications including photocopiers, film and video cameras, laser printers,

scanners, and night-vision goggles.

GRIN materials utilize the direct relation between refractive index and

the velocity of light propagating through a material, ic:
veac /n

where v is the velocity of light in a medium with index of refraction n and ¢ is

the speed of light in a vacuum. Further, as the refractive index of 2 material

varies, the direction of light propagation changes according to Snell’s law:
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where 0, is the angle of transmission, 8, is the angle of incidence, and n, and
n, are the refractive indices of the incident and transmission regions,
respectively. As light passes through a GRIN material, the change in refractive
index (An) effectively curves the light path while simultaneously retarding or
accelerating the light velocity.

The most common optical GRIN device is the radial (r-GRIN) lens,
schematically shown in Fig. D-1. The r-GRIN lens contains a symmetrical 2-D
refractive index gradient about the cylinder axis. By using a suitable parabolic
refractive index profile, all light rays incident on the end face of the lens
propagate through the lens with a constant period due to the slower velocity
of light near the center and faster velocity (lower index) near the lens edge.
The constant period of the light allows a range of processing, including
collimation into a parallel rays, focusing (down to a point), or magnification,
as indicated in Figs. D-2 and D-3.

Conventionally, GRIN lens structures are formed by the surface
modification of glasses, porous sol-gels, or polymers. However, such techniques

and materials are very limited in the depth, profile, and magnitude (An) of the
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refractive index gradient that may be introduced into a material. The surface
modification processes used in the commercial production of r-GRIN glass
rods--from which r-GRIN lenses are cut--can be both time-consuming and
expensive because of the ion exchange process employed to develop the index
profile. The K-for-T! exchange is carried out in a fused salt bath at
temperatures exceeding 450 C; and the requirement for reasonable times of
such exchange (1~30 days) has limited the available size of r-GRIN lenses to
approximately 1 cm in diameter. Further, the magnitude of the available An
from conventional processing is restricted to about 0.01.

The application of new POLYCERAM materials in the formation of
GRIN structures appears to offer an outstanding opportunity for creating large
diameter lenses with exceptional control over the depth, shape, and magnitude
of the refractive index profile. The optical properties of POLYCERAM
materials are comparable to those of optical glasses; and the ease of formation
and thermal stability of POLYCERAMS make them highly attractive for
forming GRIN lenses.

The processing of POLYCERAM materials provide a highly attractive
method of incorporating refractive index-modifying oxides or polymers into the

structure. As indicated in Section B above, for example, refractive index
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changes as large as 0.23 may easily be produced by varying the chemistry and
volume fraction of the inorganic components in MPEOU-SiO,-TiO,
POLYCERAMS. This An is much larger than that achieved by any other
GRIN processing technique. Further, the ability to form POLYCERAM
materials without the deleterious cracking associated with the drying of sol-gel-
derived oxides, makes it particularly attractive to explore POLYCERAMS for
a rangc of GRIN devices.

Over the past year, the PI team has developed the ability to form large
diameter r-GRIN lenses having a large An from POLYCERAMS. The results
obtained to date have been highly encouraging; and a number of patent
disclosures will shortly be prepared on the concept and preferred

embodiments.

POLYCERAM r-GRIN Material Svnthesi

POLYCERAMS offer the potential for large variations in refractive
index, depending primarily upon the oxide constituents and to a lesser extent
on the organic-modifying component. An initial survey was therefore carried
out of several polymers combined with SiO,» and SiO,/TiO,- oxides.

Resulting from this work, MPEOU was sclccted as the initial polymer of choice
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because of the low levels of small angle x-ray scattering exhibited by
POLYCERAMS containing this polymer.

Based upon previous results on POLYCERAM optical waveguides (see
Section B above), a standard synthesis route was utilized, as indicated in Fig
D-2. Particular to the formation of precursor solutions for forming GRIN rods
was the use of a stirring step for 24 hours to obtain coating solutions with
stable viscosities. The solutions were stored in tightly capped bottles at 0°C

prior to use.

Formatjon of GRIN Lenses
Coating Concept and Procedurc

The dip-coating technique was selected for the formation of
POLYCERAM r-GRIN lenses because of its relative simplicity and ability to
alter uniformly the An of the GRIN lens as a function of increasing radius. To
achieve the desired variation in refractive index, two POLYCERAM solutions
were used, typically with the addition of a low-n SiO,-based solution to 4 high-
n Si0,/TiO, solution. A computer-controlied peristaltic pump was used to
uniformly add the secondary solution to the primary bath in a manner such

that a desired refractive index profile was created. By the serial dipping of a
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thin POLYCERAM bait-rod into the solution bath, a bulk POLYCERAM rod
was formed.

A machine was constructed to form r-GRIN rods by serial dip coating.
As indicated in Fig. D-5, the relevant features of the apparatus constructed
include a computer-controlled vertical stepper motor and peristaltic pump,
rotator motor, oven, protective quartz tube, solution bath, stirrer, and air-tight
enclosing superstructure.

The use of a computer-interfaced stepper motor allows accurate
positioning (better than 1 um) and a vertical travel of 36 cm; similarly, the
computer-interfaced peristaltic pump has a resolution of 1.5 ul. A small motor
was used to rotate the sample during drying in a 20 cm high, 10 cm diameter
oven maintained typically at 120°C. Located approximately 25 cm below the
oven was a water cooled base, magnetic stirrer, and POLYCERAM solution
bath. The water cooled bath was maintained at a constant 18°C to minimize
solvent evaporation during the coating process; a magnetic stirrer allowed the
solution to be agitated and homogenized continuously. Adjacent to the bath
was the peristaltic pump and secondary solution container.

As indicated in Fig. D-6, the coating process consists of repeating only

7 steps. Thc sample is initially lowered toward the solution bath at high speed
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while the solution is stirred. Prior to immersion in the solution, the stirring
and sample rotation cease. Immersion and withdrawal occur at a slow speed
(< 1 mm/sec). Withdrawal is followed by dispensing controlled additions of
the secondary solution and resuming sample rotation and solution stirring.
The sample is rapidly raised into the oven to dry the addéd coating layer; and
the process is repeated to complete the desired number of coatings.

The computer control provides consistent immersion of the GRIN rod,
so as to form a uniform cylindrical rod. This is achieved by considering the
volume depletion of the solution bath (in forming the coating) and addition of
secondary solution to the bath. Further, the computer allows precise control
and variation of the time and rate of the heating, drying, cooling, immersion,
and withdrawal parameters. A list of coating machine parameters is given in
Table D-1.

GRIN rods were typically formed using tailored and varying amounts of
$i0,/TiO,-MPEOU (Si/Ti = 2, n = 1.634) and Si0O,-MPEOU (n = 1.495),
both containing 60% MPEOU by wt. A 250 coat (~ 1 cm diameter) lens was
typically formed in about 12 hours, the fabrication time depending primarily

upon the drying time between each layer.
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For the formation of self-focusing lenses, the refractive index must be
high at the center of the lens and decrease parabolically. Initially, the lens
coatings are formed from the high index $iO,/TiO,-MPEOU POLYCERAM
solution, which dries within about 30 seconds. During this drying time, the
POLYCERAM solution bath is diluted with the computer-controlled addition
of the SiO,-MPEQU solution. The drying of layers containing higher
percentages of SiO, requires longer times. Hence, the drying time is increased
from 30 to 120-240 seconds as the composition is varied.

The tcmperaturc of drying has been found to have a significant impact

on the optical and mechanical properties of the final GRIN rod.

Temperatures in the range of 80-175°C have yielded suitable lenses when the
material is dried for a long enough time to remove the solvent phase and
densify the material, and not so long as to degrade or decompose the polymer
when higher temperatures are used. In current practice, temperatures of 100-
120°C are being utilized to remove the solvent relatively slowly and densify the
material without cracking.

After fabrication and final drying of the overall body, the rod is sectioned
to form lenses. The lenses are polished with diamond and alumina water-

based slurries to a 0.06 um finish. Under polarized light, the small changes in
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refractive index of the individual coating layers can be revealed (when they are
present) and a change of color (due to the polarization) is observed as the
refractive index varies with the coating radius. Examination of the surfaces of
POLYCERAM lenses in the scanning electron microscope indicates (as
expected) that the successive deposition process does not form observable
physical interfaces between layers.

Research in this program area was initiated only in the past 10 months.
Work during this period, besides demonstrating the feasibility of the concept,
has indicated the importance of various processing parameters in obtaining
high quality GRIN rods. For example, if the material is not thoroughly dried
during the deposition process, then catastrophic cracking will occur within
several days due to shrinkage stresses. Similarly, heating the lens to a very
high temperature or for too long a time results in a highly brittle material,
which typically cracks during sectioning or polishing. With appropriate choice
of processing parameters, however, dense POLYCERAM rods have been
formed which are not subject to cracking or attack by water.

In exploring details of the coating process, it was found that individual
layers as thick as several um or as small as 10’s of nm can be deposited by

varying parameters such as the solution concentration and withdrawal speed.
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In the case of solutions containing high concentrations of Ti alkoxides, an
unexpected relation between withdrawal speed and coating thickness had been
observed. Since the solutions are typically rather dilute and exhibit Newtonian
rheological behavior, a lincar decrease in thickness with increasing withdrawal
speed was anticipated. It was found, however, that at a limiting speed near 1
mm/sec, the thickness increases rapidly, apparently without bound, as indicated
in Figure D-4. Research is currently underway to elucidate this phenomenon.

Finally, during the process of developing a computer-controlled
deposition system, a model was developed to describe and predict the
formation of POLYCERAM GRIN lenses by varying the concentrations of two
or more separate solutions. The model has been incorporated into the
software driving the computer-controlled deposition system (see above). Of
present note, the model--and results of runs carried out to validate the model--
indicate that an arbitrary index profile can be formed in POLYCERAM bodies
using the present process, subject only to the available range of An between
different end members. This flexibility will provide heretofore-unbelievable

flexibility to the optical designer.
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Self-Focusing r-GRIN lens
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Refractive Index
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Cross Section - Side View

Figure D-1 Diagram of Self-focusing r-GRIN lens formed using a parabolic
refractive index function over the lens radius.
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Figure D-2
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Schematic side-view of focusing/collimating r-GRIN lens.
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Figure D3
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Schematic side view of magnifying r-GRIN lens.
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Partial hydrolysis w/
H50 (0.15 M HCI)

A
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and EtOH
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Reflux 15 min
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|
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Concantrate

l |

Store at0°C

Figure D4 Synthesis Procedure for GRINPOLYCERAM Precursor Solutions.
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Figure D6 Diagram of dip coat cycle.
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Figure D-7 Coating thickness versus withdrawal speed for a high index
MPEOQU. Si0,/TiO, POLYCERAM solution.
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Table D-1. Dip Coat Machine Parameters.

Vertical velocity ~0 to 10 mm/sec
Rotational velocity 3 rpm T
ﬁuimum GRIN rod size up to 60 mm di#meter,
6 c¢m height
Drying oven RT to >150° cylinder, 20 cm

height, 10 cm diameter, ~ 5 cm

linear portion

Humidity Typically 2%
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