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FOREWORD

The research described in this report was conducted under Contract No. N00014-83-K-
0321 with the Office of Naval Research under the technical cognizance of Dr. W.A. Smith.
Research was conducted in the Turner Laboratory for Electroceramics, School of Materials
Engineering and School of Electrical Engineering, Purdue University, West Lafayette, Indiana
under the direction of R.-W. Vest and G.M. Vest. Contributing to the project were Messers.
G.L. Skiles, K.D. Sutton, R.C. Wu, J. Xu and Ms. L.C. Veitch. This annual report contains
results of basic research on metailo-organic systems which are applicable to all dielectric films,

plus the results of studies of three particular types of films.
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1. INTRODUCTION

The metallo-organic decomposition (MOC) process is a technique for producing
inorganic films without processing in vacuum or going through a gel or powder step. The
processing starts with metalio-organic compounds of the desired elements Jdissolved in an
approprate solvent. These solutions of individual metallo-organic compounds are then mixed
in the appropriate ratio to give the desired cation stoichiometry for the final tilm to produce a
formulation, which is itself a true solution. This formulation is deposited on a substrate by any
of a variety of techniques to produce a wet film, which is then heated to first remove any solvent
that did not evaporate during the deposition step and then to decompose the metallo-organic
compounds to produce an inorganic film. A significant volume change occurs in going from the
wet film to the inorganic film; if the inorganic film produced by a single pass through the
process 1s not as thick as desired, the deposition and pyrolysis steps can be repeated as many
times as necessary to produce a multilayer film of the required thickness. After the desired film
thickness 1s achieved, the filins are often subjected to a further heat treatment to control features

such as oxygen stoichiometry, grain size or preferred orientation.

The advantages and limitations of the MOD process were discussed in the previous
annual report [1]. Also covered in the previous report was some of our basic research on

metailo-organic systeats, including selecticn .nd synthesis of coinpounds aod sclva

N

considerations. This report covers some basic research on MOD processing, mcluding siadies
of film deposition, pyrolysis and annealing, and also discusses results obtained for MOD filins

of PZT, PMN. PNN, PEN and LiNhQ;.
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2. MOD FILM PROCESSING

2.1 Film Deposition

In principle, the formuiation solution can have any desired viscosity and surface tension
by use of appropriate <alvents and additives, which means that any rechnicue that has ever been
uved to deposit a licuid on a solid surface can be used to deposit the formulation solution on the
substrate. A number of printing methods for patterning during the deposition step can be used,
but the primary interest for the dielectric films of concern for this project are methods of
depositing a uniform film over the entire substrate. Several of the advantages of MOD
processing require that the formulation deposited on the substrate be a true solution, so the
deposition method must not cause any segregation of the metallo-organic compounds.
Regardless of the solvent system used, the different metallo-organic compounds in a given
formulation solution will have different solubilities, so if there is any evaporation during the
deposition step it should be very rapid so as to minimize segregation. A desirable feature of any
deposition method is the ability to control both the magnitude and uniformity of film thickness
because many physical and structural properties of MOD films are related to the single layer

thickness.

The methods that have been used to deposit a uniform coating of the formulation solution
on a substrate are generally those which have been developed for depositing photoresist in the
microelectronics industry and include spinning, dipping or spraying techniques. Dipping with a
controlled rate of withdrawl is the deposition method recommended by Nippon Soda’k for

depositing solutions of their metallo-organic compounds of Si, Ti, In, Zr and Ta. They

*  Nippon Soda Co., Ltd., Shin Ohtemachi Bldg., 2-2-1 Ohtemachi, Chiyoda-ku, Tokyo, Japan.
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recommend deposition by submerging the substrate in the metallo-organic formulation and then
withdrawing at speeds from 10-40 cm/min. For example, in their trade literature they show that
starting with a formulation solution that will produce 8 wt.% SiOZ, the fired film thickness can

be varied from 150 to 250 nm by varying the withdrawl speed from 10 to 40 cm/min.

By far the most common technique that has been used to deposit a uniform film of the
formulation solution on a substrate has been spin coating. The substrate is placed on a turntable
and a premeasured amount of formulation solution is dispensed onto the substrate. The
spinning is initially done at a slow rate to assure complete coverage of the substrate, and this is
then followed by fast spinning for a longer duration. In order to avoid dust streaks in the film
the spinning should be carried out in a clean environment, preferable class 100 or better. A
fluid dynamics analysis of the spin coating process derived from the Navier-Stokes equation in
cylindrical coordinates was reported [2] for a simple system of a nonvolatile Newtonian fluid,
and included the contribution of interface slip between the liquid film and the rotating disk.

This approach resulted in the following equation for the time rate of change of film thickness h:

dh = —-—2?—;?}]—2- (h+3%) M
where py is the liquid density, ® is the angular velocity, 1 is the viscosity of the liquid and A is
the slip coefficient. The second term in Eq. 1, which represcnts an increased flow due to
intertaciaft slip, is generaliy negligible because the siip coefnicient ts very smialt for tost ngurd-
solid couples. If the slip term is neglected. Eq. 1 can be integrated to give:

h, o

h= , —
(1+4p;w?h2y3n)'/?

where h,, is the liquid film thickness at t = 0, which represents the time at which fast spinning is

initiated. Some typical values for spin coating of formulation solutions are:




P =1 g/cm3

1 = 10 mPa-s

@ =7.5x 10° radians/s (2000 rpm)
hO =6 um

t=230s

A

T acbece e b e e in the denominaor in Ba 209 R2 X 167, which is certainly
much greater than 1, and Eq. 2 reduces to
he (2N 3)
20 it
One consequence of Eq. 3 is that the final liquid tilm thickness is independent of the initial ilm
thickness or the amount of formulation solution transferred to the substrate. The thickness of

the solid tiim after pyrolysis (hy) can be calculated from:

ho=hle “)

S

where pg 1s the density of the solid film and C is the concentration of the formulation solution (g

solid film/g solution). Combining Eqs. 3 and 4 gives

ho=_C 2P (5)
20p, t

An equimolar formulation solution of lead neodecanoate and titanium di-methoxy-di-
neodecanoate in xylene solvent was used to collect experimental data |3] to compare with Eq. 5.
The thicknesses of the fired PbTiO3 films were determined for various formulation solution
concentrations and viscosities, and for the spinning parameters of speed and time. Figure la
shows the experimental and calculated fired film thickness as a function of spinning speed at

fixed spinning time and solution viscosity. At the lower spinning speed the calculated thickness
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agrees very well with the experimental values. With increasing spinning speed the shift of the
values calculated by Eq. 5 from the experimental results was larger, and at a speed of 3,000 rpm
the discrepaney reached 30%. This may indicate that the assumption of Newtonian behavior of
the solution at high shear stress (high spinning speed) is not a good one. The calculated and
experimental results of the change of fired film thickness with solution viscosity at tixed
sprning speed and e e we snown i bigs b Acall poinis i Figl {ol the tilm thickness
caivulated from kg & s owess i e experimental value, winciomdy e aue wosome solvent
evaporation: both C and 1 will increase with evaporation of the xylene solvent, and this will
tend to increase the fired film thickness over that calculated by Eq. 5. However, the agreement
between the predictions of Eq. 5 and the experimental results shown in Fig. 1 is reasonably

cood, and Eq. 5 has proven to be very uselul for predicting thickness of the fired MOD films.

2.2 Pyrolysis

After deposition of the formulation solution onto a substrate, the next step in MOD
processing is to increase the temperature so as to remove any remaining solvent that had not
cvaporated during the deposition step and o convert the metallo-organic compounds into an
iorganic film. The pyrolysis must always be carried out under temperature and oxygen partial
pressure conditions that are oxidizing to carbon. In most cases, the pyrolysis step is the most
critical one in all of MOD processing because this is where the initial microstructure of the film
is developed. A large volume change occurs during pyrolysis and this may lead o cracks in the
fired film. The volume change associated with films deposited by spin coating are invariably

greater than 10, and sometimes as high as 30.

Thermogravimetric analyses can be used to determine the minimum temperature required

in arder to remove all of the carbon from the film, and to suggest appropriate heating rates in
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different temperature ranges. Figure 2 shows a thermogram of a formulation solution to
produce PbTiO: [3], and the decomposition temperature (Ty) is seen to be slightly above
300°C. Theretore. the pyrolysis step can be carried out at any temperature greater than 300°C.
The rate of heating from room temperature to T > Ty is always very important in producing
good quality tilms, but untortunately no ceneral rutes can be given. Looking at (he themmogtam
in Fig. 2 would suggest that the hieating rate should be quite low during the solvent evaporation
phase below 100°C, and also that rather slow heating rates seem in order between 100 and
300°C where the compound decomposttions are occurring, and for most systems studied a slow
heating rate the order of 10VC/ain to the decomposition temperature 1s preferable. However,
the case of indium-tin oxide (ITO) tilms just the opposite was observed {2]. and nonuniformities
i the films were always present if slow heating was used. It is believed that this effect was due
to a wetting phenomena because both the indium and tin 2-ethylhexanoates used in the
formulation solution are very viscous liquids at room temperature. One of the requirements for
an 1deal metallo-organic compound for MOD processing is that it decomposes without melting,
but ideal compounds cannot always be found. The viscosity of both compounds used in the
ITO formulation decrease with increasing temperature until thermal decomposition initiates,
and in the temperature range where the compounds are still liquids the viscosity becomes
sutficiently low that they will assume their equilibrium contact angle with the substrate: in the

cove e SO e sabstrates this reauired!

The Lim DECdhiite o o e 0 i e o

entean FTO Ol o cocwed ar e the e conditions on b8 Aid pot show the

Hormitiey

individual dropices, bat raihier showed intercongected regions of thiacker T Ny
havinyg stull different appearances were observed tar SIS Ol sinpee VI e o0 0 4

substrates. Since the contact angle of a liquid on a solid surface depends on the liquid-sohd and
solid-vapor intertacial encrgies in addition to the surface tension of the liquid, different

behaviors would be expected on different substrate materials. It was determined that the degree
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Figure 2. Thermogram of a xylene solution of an equimolar mixture of lead

2-ethylhexanoate and titanium di-methoxy-di-neodecanoate.
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of nonuniformity in the ITO films decreased as the heating rate increased, and that the best
quality films were obtained by inserting the substrates directly into a muftle furnace at 550°C.
Using this very rapid heating rate, very unmitorm and transparent films were obtained. It was
tfeared that the very rapid heating rates required to keep the films from segregating prior to
decomposition woultd fead o rough tilms due to the tapid release of the organe matenads. Tha
was not the case, however, and the films fired by placing them directly into a 550°C muffle
furnace had a surface roughness equivalent to that of the substrate. The direct pyrolysis was

also found to be advantageous for LiNbO; films, as will be discussed in Section 5.

The thermochemistry which applies during the pyrolysis step is very complex. Figure 3
[3] 1s a thermogram of lead 2-ethylhexanoate which shows that Ty is about 380°C, and Fig. 4
shows a Ty of about 375°C for titanium di-methexy-di-neodecanoate although a small
additional weight loss 1s observed between 3752 and 500°C. When these two compounds
dissolved in xylene are mixed to give a PbTiOy formulation solution, the thermogram of Fig. 2
is obtained, which shows that Ty is lower than for either of the individual compounds. This
result indicates that some type of "domino effect” is operative in the decomposition of a mixture

of compounds.

The most likely pyrolysis mechanism for carboxylates M(RCOOQ), involves a rate

deterimining free radical generation by thermal fission, followed by a fast fragmentation of the

redicr oad o very Pt oxadative chain reaction. The free radicat mechianam wouls voooum
for the osenvd "domino effect”. If this is the mechanism, then the decomposition temperature
vho gl deerease as the chain length of R increases. as the oxygen partial precenre increncey and
as the degree of branching of R increases. These predictions have been found 1o be valig in
many. but not all cases. A study {5] of the decomposition temperature for five different silver

carboxylates with R containing 3 to 9 carbon atoms, and with branching varying from primary

to secondary to tertinary, showed that the decomposition temperatures of all compounds were

h
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Figure 3. Thermogram of lead 2-ethylhexanoate solution in xylene.
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Figure 4. Thermogram of (CH30), Ti(CoH,9COO); solution in xylene.
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-0 - . . . .. . - .
57°C of each other; this result indicates that it is the silver-oxygen bond that fractures first

with
to initiate the decomposition, and that the nature of the organic radical is immaterial in affecting

the decomposition temperature. The thermochemustry involved in pyrolysis of this class of

metallo-organic compounds is a fertile area for more basic research.

One of the advantages of MOD processing is illustrated by comparing Figs. 3 and 2. The
decrease in weight above 800°C in Fig. 3 1s due to vaporzation of PbO, which 1s a common
problem during processing of lead containing ceramics. However, when the lead 2-
ethvlhexanoate is mixed with titanium di-methoxy-di-neodecanoate the reactivity during
pyrolysis is so high that crystalline PbTiO3 is formed below 500°C [6] and no lead loss is

observed at higher temperatures (Fig. 2).

2.3 Annealing

If the MOD films are fired to temperatures only slightly above the decomposition
temperature during the pyrolysis they usually show an amorphous x-ray diffraction pattern, as
shown in Fig. § for the PbTiOz film fired at 435°C for one hour [6]. Annealing at higher
temperatures develops the crystallinity of the film as indicated for the 475 and 494°C anneals in
Fig. 5. The increase in grain size with increased annealing temperatures can be followed by
using x-ray line broadening techniques, and an example of such results [7] for BaTiO5 films are
shown in Fig. 6 for one hour anneals at temperatures from 780° to 1200°C. The extent of grain
size control by annealing is often limited by substrate-film interactions. For example, the grain
size data in Fig. 6 for temperatures of 1 100°C and below were taken for films deposited on ITO
coated silicon wafers. When these films were annealed at temperatures above 1100°C, the x-
ray diffraction patterns showed some new peaks which were not characteristic of BaTiO,, ITO

or silicon, which indicated that a new phase or phases had formed due to interactions in the
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Figure 5. X-ray diffraction patterns (with CuK) for films (1 pum) fired on
Pt foil at various temperatures.
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15
film-electrode-substrate system.

While MOD films are always polycrystalline, it is sometimes possible to achieve
preferred orientation during the annealing step. The x-ray diffraction pattern in Fig. 7 [3] for a
MOD platinum film on a (111) silicon substrate shows a very strong degree of (111) preferred
orientation, which is probably due to an epitaxial effect. Figure 8 [3] shows x-ray diffraction
patterns for PLZT, Pbggalagog(ZroesTipss)oesOs, films on (1010) sapphire substrates
annealed at two different temperatures compared to the x-ray diffraction pattern of powder
having the same composition. The pattern of the film annealed at 650°C was identical to the
power pattern, indicating random orientation of the grains in the film, but the pattern of the film
annealed at 750°C shows that the grains were oriented with (001) planes parallel to the
substrate surface. This preferred orientation cannot be due to an epitaxial effect because there is

a large lattice mismatch between (1010) sapphire and (001) PLZT.
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Figure 7. X-ray diffraction pattern of thin (60 nm) MOD Pt film on (111) Si
wafer.
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Figure 8. Comparison of x-ray diffraction patterns of PLZT films annealed
at 750°C on (1010) sapphire with powder of the same
composition.
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3. PZT FILMS

The potential applications of ferroelectrics for the nonvolatile storage of information have
long been recognized because the polarization state can correspond to binary digital
information. However, the direct application of a ferroelectric capacitor as a memory cell
requires a near square loop configuration with a well defined coercive field, which led to
research on materials such as KNO3. The more recent approach to ferroelectric memories has
been to integrate the ferroelectric memory capacitor into a random access memory (RAM)
circuit, in which the capacitors are only activated to store data upon loss of powder and restore
data upon regaining power. In this way the current RAMs can be converted to a nonvolatile
form while maintaining the same monolithic architecture simply by adding the ferroelectric
capacitor to the top of the chip. This application requires that the ferroelectric be present in thin
film form, and the film must be very uniform over the surface of the integrated circuit so that the
ferroelectric capacitor associated with each memory cell is the same. One of the advantages of
MOD processing of ferroelectric films is the ability to achieve uniform films over large areas as
demonstrated with our results on lead titanate [6]. The matenals of choice for the ferroelectric
memory capacitors at the present time are PZT or PLZT. Given our success in preparing films
of PT [6] and PLZT [1] by the MOD process, it was decided to undertake a feasibility study of

producing PZT films suitable for memory applications. ;

It was decided to use the same precursor compounds as were successful for preparing
PLZT, as described in the previous annual report [1]. These compounds were: lead 2-
ethylhexanoate (Pb(C;H;5COQ),), zirconium n-propoxide (Zr(OCs;Hyy,), and titanium di-
methoxy-di-neodecanoate ((CH30),;Ti(CoH;9COO);). The composition chosen was PbZrg,
Tigg O3. Figure 9 shows a thermogram for the PZT formulation solution with xylene solvent.

The formulation solution was completely converted to PZT by 330°C and produced
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approximately 22 wt.% of the inorganic phase. The substrate selected was silicon wafers with
10-20 nm evaporated Ti plus approximately 300 nm evaporated Pt. The formulation solution
was deposited on the substrate by spinning at 1500 rpm tor 30 seconds. The wet films were
then fired using a variety of heating rates and maximum temperatures. Capacitors for tests were

prepared by sputtering a Pt top electrode followed by annealing at 750°C in oxygen.

In order to be useful as memory capacitors, the PZT film must be crack free and pin hole
free. The cracking of the films is related to both the wet film thickness and the heating rates
used to the pyrolysis emperature. Preliminary experiments showed that almost any heating rate
could be used if the concentration of precursor compounds in the formulation solution was

reduced to a point that 16 wt.%c or less of PZT was formed on thermal decomposition.

Our previous work with PT [6] found that a metastable pyrochlore phase formed under
certain processing conditions, and this was also found to be a problem with the PZT films.
Figure 10 shows x-ray diftraction patterns of single layer (160 nm thick) films fired at
temperatures from 400 to 185°C compared to a powder having the same composition. The
indicated peaks in Fig. 10 are due to the pyrochlore phase. However, it was determined that all
peaks corresponding to the pyrochlore phase disappeared from the x-ray diffraction pattern if
the tilms were annealed for 5 hours at 450°C. Heating the films to 465°C in 15 min. or less
followed by anncaling tor 10 hours also produced films with no indication of the metastable

pyrochlore structure.

The circuit shown schematically in Fig. 11 was used to evaluate the switching
characteristics of the films. This circuit 1s similar to one described by Camlibel [&]. A voltage
pulse to produce an electric field Ef across the film, a value in excess of the coercive field, was
applied to the film capacitor (Cy) in series with a reference capacitor (C,), and the voltage (V,,)

across the reference capacitor film was measured with an oscilloscope. The voltage pulses were
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Figure 10. X-ray diffraction pattern for films 0.16 um thick fired on Pt-Si foil at various

temperature. The indicated peaks are not characteristic of tetragonal PZT.




Figure 11. Circuit for evaluating switching characteristics of ferroelectric
capacitors.




23

+ 5 volts s0 as to be compatible with silicon technology. Typical values for the pulse duration
and the time between pulses were s and 50 ps, respectively. If the film was in the negative
polarization state a positive pulse would switch it 1o the positive polarization state, whereas it
the film was i the pesttive polarization state a positive pulse would produce charge
representative ot the linear polarizanon oily.  [he same considerations apply tor a negative
pulse. The pulse experiments can be related to the change in polarization state depicted on the
idealized hysteresis loop shown in Fig. 12, In the absence of a pulse, the ferroelectric tilm is in
polarization state P> or Py, depending on the polarity of the most recent pulse. In a typical
experiment, a ncgative pulse was applied to set the film in polarization state Pz. This was
followed by two positive pulses, the first of which switched the film from Py to P; while the
seccond switched the film tfrom P, to Py. Then two negative pulses were applied to switch the

tilm {iest tiom Pa 1o Py then from Paoto P, The results of these experiments are given in Table

1.
Table 1. Results of voltage pulse experiments.
{Switching Mode V,C, (nC, ;

P: — P, 5.44

Py, —» P 1.42

P2 —> P4 5.47

P3 — Py 1.69
] ,,", . e 1 L U e : ‘:, “"-f}”'i;, ) RS . ‘A ~ s (R
or Do T e T SN ST b Toaee opnt T e el electrode

polatization. The aveiage <hea o vt Terred hning polarization reversal was 546 nCLand that
during 4 pulse with the same polarity as the capacitor polarization was 1.56 nC. This Laer
value corresponds to the charge transferred during a sensing pulse which would be used to
determine it a cell is in a given polarization state. The ratio of switched charge to sensed charge

for the PZT film was 5.46/1.56 = 3.5, which is sufficiently high for memory applications.
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Figure 12. Polarization states during pulse experiments.
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The results of the pulse experiments were analyzed by first writing the polarization as the

sum of the linear plus spontaneous terms:

P =Py, + Py = (K1) g,E + P, (6)

wherp K 18 tre dislecirie constant £ s the permittivity of vocuum and Fois che electric field.

The charge (Q) stored in the file capacitor during a switching pulee is given by

Q=DA = Ale,E + P} = Ale E + e ,E(K-1) + 2P ] )

Q = A(g,KE + 2P, = A(g, KV{/d + 2P,) )

where D is the dielectric displacement, A is the cross-sectional area of the film capacitor and d
is its thickness. The spontaneous polarization is multiplied by 2 in Egs. 7 and 8 because the

experiment calls for switching from —Ps to +P +Py;, or from +P_ to —P.+Py;,,. The charge on

. . . .
> D L TLA L TR T T : i~ LR~ SN T
cither CApadlandd o g b o g g, BT Ty T ) . 2

CoVolA =€, KV /d + 2P, ©

g N 2 . v . .
Krewnrg TV, Tokle toand A 0% im?y 1he querace of the toml switched polarization for

both positive and negative switches was calculated to be 54.6 uC/em?® If a pulse is applied with

the same polarity as the capacitor polarization, then Eq. 9 reduces to:

(10)
V,Co/A = e, KV/d.
i
capscitor an heooop SN DO L e G e . e
UOVem for e KV W e e s aoduriostan A B O el st a L altteieinee
\ ¥ o Tart o B ; oy

betwoon the vt oo

divided by 2, which gives 1.5 uCluin’. This is a reasonable valus of spaptapeons polarization
E f“l’ + )

for PZT.

Overall, the results of this feasibility study were quite encouraging. Films with good
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switching characteristics were produced and the MOD processing employed is much simplier
than sputtered films or sol-gel films. Of course, there are may other questions that must be
answered before the vitality of MOD films for ferroelectric memory applications can be

extablished. These include questions of retention, fatigue, aging, cte.
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4. RELAXOR FILMS

4.1 Background

The lead-based ferroelectric relaxors have the general formula Pb(M;,M,)0; where M,
is typically a low valence cation, e.g., Mg*?, Zn*?, Fe*3, or Ni*?, and M, is a high valence
cation, e.g., Nb** Ta*> or W*®. The earliest and best known lead-based relaxor,
Pb(Mg ,Nby3 )O3 (PMN), was first synthesized by Smolenski and Bokov [9,10]. These
relaxors have the perovskite structure with the large cations on the corners of the cell, the anions

in the centers of the faces, and the smaller cations in the body-centered position

Studies of the dielectric properties of PMN as well as other relaxors in this group have
shown that these compounds exhibit a broad maximum in the dielectric constant as a function of
temperature due to a diffuse phase transition, which is different from the sharp maximum for
more common ferroelectrics such as BaTiO,. The properties [11] of relaxor ferroelectrics such
as very high dielectric constants (up to 30,000) and broad dielectric maxima have made them
promising candidate materials for capacitor dielectrics, and their large electrostrictive [12] and
electro-optic [13] effects make then interesting candidate materials for other device
applications. However, relaxors are extremely difficult to process without producing a stable
pyrochlore phase, which will degrade the dielectric properties of the relaxors. Two major
factors which make it difficult to form single perovskite phase relaxor ferroelectrics have been
identified. These are the sluggish solid state reaction among the ingredient oxides at low
temperatures and the loss of PbO by evaporation at high temperatures. The metallo-organic
decomposition process was investigated for processing the lead-based relaxors because the high
reactivity achieved at low firing temperatures insures that stoichiometry can be controlled to a

greater extent than in conventional powder processing. Thus, it was anticipated that the

:“
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conditions should be more favorable towards the formation of the perovskite phase. This
anticipation was based mainly on the resufts of our previous study of MOD processing of
PbTi0; tilms [6]. which demonstrate that the pyrochlore phase could be completely avoided in

this system by the proper selection of processing conditions.

The results presented in last years annual report [1] indicated that the relative amounts of

perovskite and pyrochlore phases formed depended on at least nine variables;

—

The type of metallo-organic compounds used;

I

The solvent system used;

The concentration of metallo-organic compounds used in the formulation solution;

)

4. The type of substrate used;

5. The type of electrodes used;

6. The number of layers of films deposited;
7. The time-temperature profile during firing;
8. The maximum firing temperature; and

9. The atmosphere during firing.

Studies | 1] showed that suitable precursor compounds for the individual elements to form PMN,
Pb(N1;sNb;1)O3  (PNN), or Pb(Fe;,Nby)03 (PFN) were lead neodecanoate,
Pb(CyHCOO),, magnesium  neodecanoate, Mg(CyH;9COO),, iron neodecanoate,
Fe(CyHgCOO)3.  nickel neodecanoate, Ni(CyH;9COO); and niobium tri-methoxy-di-
necodecanoate, Nb(OCH1y)3(CgH¢COO),. Synthesis procedures for these compounds were
described in [1]. The only one of these precursor compounds which presented any particular

problem was the magnesium neodecanoate, which was found to react with moisture in the air to
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form a precipitate of magnesium hvdroxide. It was necessary to synthesize and store
magnesium neodecanoate under moisture free conditions.  The solvent system used can
influence the phases tormed if the metallo-organic compounds havg significanty ditferent
solubtlities. This can fead 10 segregation prior to pyrolyvsis, which may favor formation of the
pyrochlore phase. 1Mie v ey narrowed the choice of selvent 0 xvlene or tetrabiydreluran
(THE), and there was insigmiticant difterence between the solvency of these twe. However, the
higher volatility of THF resuited 1 undesirable changes in the concentration and viscosity of
the formulation solutiens during processing, so xylene was selected as the solvent for
formulations to be deposited by spinning. It was determined that the solubility of the metallo
organic compounds in xylene was such that the maximum amount of PMN produced upon
decomposition of the saturated formulation solution was approximately 16 wt% . Formulations
with concentrations near this limit are undesirable because evaporation of solvent leads o
precipitation of the compounds with the lowest solubility, and hence changes the stoichiometry
of the solution. It was determined that formulation solutions of a concentration to produce
approximately 11 wt7% of PMN were stable over extended periods of time, and this was
considered to be a suitable concentration to eliminate this factor as a variable in influencing the

relative amounts of pyrochlore and perovskite phases produced after thermal processing.

Studies using heating rates that varied from 1°C/min. to - 300°C/min. showed that this
variable had no intluence on the amount of pyrochlore and perovskite structures produced. Of
course. the heating rate can influence film quality. The eftect of the number ot Lavers of film on
the phases formed was studied by depositing up to 25 favers, each 0.1 - 0.2 um thick. The
amount of perovskite phase present in the films was found to increase as the number of layers
was increased from [ to 10, but additional layers did not change the phase composition for tixed
firing temperature and atmosphere. Therefore, all subsequent studies of phase formation were

conducted using films with 10 or more layers.
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4.2 Experimental Procedures

4.2.1 Processing and Characterization of MO Compounds and Formulation Solutions

Neodecanoic acid was the organic acid selected for synthesizing the MO compounds.
When 2-ethylhexanoic acid was used, there was some precipitation noted in the magnesium and
nioblum metallo-organic solutions. Both 2-ethylhexanoic and neodecanoic acids have been
utilized in synthesizing the lead metallo-organic precursors. However, better mixing was
observed with the other MO precursors when the neodecanoic acid was used in producing the
lead metallo-organic solution. Thermogravimetric analysis (TGA) was utilized to determine the
metal content of the xylene solutions of MO precursors. Table 2 lists the decomposition
temperature (Tq4), which is the temperature where all organics have been removed for a given
heating rate, and the weight percent for each of the precursor solutions. The TGA was also used
to study the thermal decomposition behavior of the formulation solutions, and these results were
later utilized as guidelines in determining firing temperatures for the films. The decomposition
products were identified by x-ray diffraction using Cu K, radiation, and these results are also

given in Table 2.

Table 2. Results of TGA for individual MO precursor solutions.

MOD solution T4 (°C) Weight loss (%) Resulting Compound*
Lead neodecanoate 380 12.8 PbO
Magnesium neodecanoate 420 1.8 MgO
Niobium tri-methoxy- 380 15.2 Nb, Os
di-neodecanoate

Nickel neodecanoate 325 50 NiO

Iron Il neodecanoate 300 4.8 Fe, 04

*As determined by x-ray powder diffraction

The weight loss data from the TGA plots of the individual metallo-organic solutions were
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used in calculating the stoichiometric formulation solutions. After the MO precursors for the
formulation solutions were mixed together, the formulation solutions were stored in @ brown jar
already containing molecular sieves. The TGA was performed on each of the formulation
solurions and the thermograms are shown in Figs. 13-15. The decompositicn temperatures were
368°C for PMN, 335°C for PEN, and 340°C for PNN. It is interesting t0 note that Ty for the
PMN formulation solution is lower than the Ty of all three precursor compounds. This

observation is in agreement with the free radical mechanism discussed in Section 2.2.

4.2.2 Substrate and Electrode Selection

The basic requirements for the substrate and electrode materials were:

a. the linear coefficient of thermal expansion for the substrate should be a close match to the

ferroelectric films;

b. there should be no detrimental reactions between the electrode, substrate and the MOD

ferroelectric films; and,

¢. the electrode should be smooth and have good adhesion to the substate.

The thermal expansion of PMN is unusual in that is shows almost no change in length
from room temperature to 100°C, an increasing strain from 100 to 300°C, and a near linear
change in strain with temperature from 300 to 500°C [14). The mean coefficients of linear
thermal expansion calculated from the strain data are: 3.8 ppm/oC from 25 to 300°C; 5.1

0 0 .
ppm/OC from 25 to 400°C; and 6.2 ppm/OC from 25 to 500°C. Good adhesion between the
relaxor films and the substrates was experimentally determined to occur in the range 450 to
550°C. Therefore, the ideal thermal expansion for the substrate should be ~ 7 ppm/OC so that

the film will be under a slight compressive stress. The substrate materials evaluated, in order of
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decreasing coefticients of thermal expansion, were platinum, sapphire, 96% alumina, silicon,
cordierite. and S10; glass. Of these, sapphire and alumina were closest to the ideal considering

only thermal expansion matching between film and substate.

All substrate materials other than platinum had to be provided with a conducting film
electrode. The electrode materials evaluated for the conducting film were platinum deposited
either by sputtering or by MOD technology, gold deposited by MOD technology, and ITO
(indium-tin oxide) deposited by MOD technology. It was established early in the project that Pt
substrates (1.25 mm thick) were non-reactive with the MOD relaxor films, and films prepared
on them were subsequently used to compare with films produced on other substrate-electrode
combinations. Relaxor tilms prepared on the cordierite and SiO, glass with any of the 3
electrode tilms and on Si with ITO electrode film showed more pyrochlore phase compared to
tilms processed identically on Pt substrates. It was determined that firing temperatures ~ 800°C
were required to produce relaxor films with near 100% perovskite phase; at these temperatures
platinum silicides formed when Pt electrodes on Si were used, and Au ditfused into the S1 when
gold electrodes were used. It was determined that the surface roughness of the alumina was too
great to give satisfactory MOD relaxor tilms, but no chemical interactions were detected. In
addition to platinum, the only substrate-electrode combination found to be completely non-
reactive with the MOD relaxor films was MOD gold film on sapphire; all of the film studies

discussed in Section 4.3 were conducted using one or the other of these two substrates.

4.2.3 Film Formation

The wet film thickness and uniformity was controlled by the concentration of the
formulation solutions as well as spinning speed and spinning time. The spinning speed and time

throughout the film studies were 1200 rpm and 10 seconds, and the concentrations of the
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formulations were between 10 and 15 w/o. The formulations tended to precipitate if the total
metal content exceeded 15 w/o. The concentrations, then, were adjusted with the addition of

xylene in order to bypass the precipitation problem.

The wet films were usually dried initially at 150°C and then at 325°C in order to remove
the xylene and most of the organics. Several variations in drying the films and then pyrolyzing

the films were investigated.

4.2.4 Perovskite-Pyrochlore Phase Analysis

Previous studies have used a weighted fraction of peak intensities of the most intense
pyrochlore and perovskite peaks observed in the x-ray diffraction analyses to determine the
percent perovskite in those samples. This relation is given by:

——-———-———Ipemv x 100 an

% perov = I

perov T lpyro

Equation 10 is wrong since it only gives a relative compariscn of the volume fraction of the
perovskite phase in the samples by using the peak height. The correct relation to account for
the amount of perovskite present can be derived by using the integrated intensities of the

perovskite peaks. The equation for the integrated intensity [15] is given as:

(1+cos2(20)) eM (12)

LAVl ¢t
((sin?@)(cos)) 2

—— (lF])?
32nr  16n% m? v? (IFI%p)

where 1 is the integrated intensity per unit length of diffraction line, I, is the intensity of the
incident beam, A is the cross-sectional area of the incident beam, A is the wavelength of
incident beam, r is the radius of the diffractometer circle, J, is the pe meability of free space, ¢
is the charge of an electron, m is the mass of the electron, v is the volume of the unit cell, F is

the structure factor, p is the multiplicity factor (the number of planes in a given family of




37

planes, 1.e., for (111), p = 8 and for (100). p = 6), 8 is the Bragg angle, e M is the femperature

tfactor (usually 1), and [ is the linear absorption coefticient. If K is used to represent constants
associated with a given machine, and R to represent a given compound and a particular (hkl) in
Eq. 12:

LAV g (13)
32nr  16nt m?

1 2 1+c¢ 226 )
R=— (|F|%p) & c’os oM (14
v sin“Beosf
The integrated intensity then simplifies to:
[ = KR (135)
2u

Equation 15 can be used in considering a mixture of 2 phases o and 3 with volume fractions V,

and V. Concentrating on a particular diffraction line of each phase, gives:

Vv .
I(x:KR(x 5 x (16)
<Hm
and
M (17)
IB = KRB 3
2ty

where L, 1s the linear absorption cocfficient of the mixturc. Division of these equations yields:

| RuVaq (18

Iy RpVy

This gives a ratio of the volume fractions of the two phases.

s ——




38

For the case of lead based ferroelectrics, two phases are dominant, Pb3NbyO;3, a cubic
pyrochlore phase, and the perovskite phase, in different concentrations for a given sample. If
the integrated intensity of the perovskite peak is considered for a sample containing some
amount of pyrochlore and the integrated intensity of the perovskite peak for a sample containing

only perovskite, Eq. 18 reduces to:

Iperov( wipyro) Vperov (w/pyro)Hperov (19)

Ipcrov(wlo—pyro) Vpelrov( w/o—pryo) Mperov+pyro

since Rperov(w/pyro) @Nd Rpero (wio-pyro) TEPTesent the same 6, hkl, and substance. The linear
absorption coefficients can be assumed to be equal since there is only a small difference in the
composition of the perovskite and pyrochlore phases. Equation 19, then, gives the volume

fraction of the perovskite phase present in a sample.

Equation 19 was used in the phase analyses for the lead based relaxor MOD powders and
films. X-ray diffraction using Cu K, radiation was used to identify the phases present. The
ingetrated intensities were automatically calculated by the software package for the x-ray

diffractometer.

4.3 Results
4.3.] Phases Formed in Relaxor MOD Ferroelectrics

4.3.1.1 Powders

The development of the perovskite phase in relaxor ferroelectric powders produced from
the MO formulations was studied. Lead magnesium niobate was chosen for this study because
of its popularity and relative ease of fabrication compared to the other relaxors. The effects of

various heating rates, atmospheres and temperatures on the phases formed for PMN powder
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produced tfrom ~ 3 mg of formulation solution were determined. The samples were heated at
different rates from room temperature to T, held at Ty, for 5 minutes, then cooled to room
temperature at 20°C/min. The phases were identified with X-ray diffraction using Cu K
radiation, and the total amount of product produced was determined by weighing. Table 3 gives
the results of these experiments in air and in O, atmospheres. The lowest temperature where
perovskite PMN was identified was 700°C for the different heating rates and atmospheres. Two
pyrochlore phases, PboNb2O4 and PbyNb; Oy, were both present for the 500°C Trax with the
5°C/min. heating rate in air, but PbyNb, Oy was the only pyrochlore phase detected for all other
conditions. Lead oxide, both litharge and massicot, was detected for several of the different
heating rates and maximum temperatures. The only significant difference in the phases formed

in the two atmospheres is the increased amount of PbO observed in the O, atmospheres.

It was noted during the x-ray analysis that no compound containing MgO was detected
between 500-650°C for both air and oxygen atmospheres. Above 650°C, the perovskite PMN
was identified and thus, the "missing” MgO had to be present in order to form the stoichiometric
PMN. To search for the missing MgO, TEM samples were prepared by spinning the PMN
formulation on NaCl substrates, I cm x 1 cm x 0.1 cm. Each PMN-coated NaCl substrate was
dried at 150°C for 15 min., held at 325°C for 15 min., and then heated from 325°C to either
400°C or 600°C at 5°C/min. The NaCl substrates were then dissolved to give the samples used
for TEM studies. For the sample fired to 500°C, the EDX analysis showed only Pb and a small
amount of Nb. For the sample fired to 600°C, the EDX analysis identified Pb, Nb and Mg. The
areas where Mg was dominant were small crystallites on the order of 50 nm. Electron
diffraction patterns were obtained for both of the TEM samples. There were more diffraction
rings and spots for the 600°C sample than the 400°C sample, indicating that there were more
crystalline phases present in the 600°C sample. It was not possible, however, to identify

specific phases. The TEM analysis did confirm the existence of all of the constituents necessary
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Table 3. Yield and phase analysis for PMN powders.

Air Atmosphere O, Atmosphere
Troan Heating Rate Yield Phases* Yield Phases*
(OC) (OC/min.) (WLY%e) (W LA)
500 5.0 14.0 Pb3Nb,Og - -
PbyNb, Oy
2.5 14.8 Pb3;Nb,Og - -
PbO
550 10.0 14.2 Pb3;Nb,Og - -
5.0 14.0 Pb7Nb,Og - -
PbO
2.5 14.4 Pb3; Nb, Og - -
PbO
600 10.0 12.4 Pb3;Nb,Og 15.6 Pb;Nb,Og
PbO Pb3 04
5.0 13.2 Pb3;Nb,Og - -
PbO
2.5 15.2 Pb;Nb,Og 16.0 Pb3Nb, Og
PbO
650 10.0 12.0 Pb3;Nb,Og 15.8 Pb3;Nb, Og
PbO
5.0 13.9 Pb3Nb3Og 16.0 Pb3Nb,Og
PbO PbO
2.5 14.0 Pb3; Nb,Og 16.0 Pb;Nb, Og
PbO PbO
700 10.0 13.2 PMN 14.8 PMN, PbO
5.0 13.8 PMN, PbO 15.8 PMN, PbO
2.5 14.2 PMN, PbO 16.2 PMN, PbO
750 10.0 12.8 PMN 14.0 PMN, PbO
50 13.6 PMN, PbO 15.2 PMN, PbO
2.5 14.0 PMN 15.2 PMN, PbO
800 10.0 12.8 PMN 14.4 PMN
5.0 13.2 PMN 15.8 PMN
2.5 13.9 PMN, PbO 15.8 PMN, PbO

*[dentified from x-ray diffraction analysis.

in forming perovskite PMN, and demonstrated that these oxides, when fired at temperatures

below 700°C, were present as particles too small to be detected by x-ray diffraction techniques.

From the data in Table 3, it can be observed that the yield increased with decreased

heating rate in both atmospheres, but that the effect of heating rate was less in oxygen than in
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air. The yield also increased when going from an air to an oxygen atmosphere at a fixed heating
rate. Both of these observations suggest some evaporation of one or more of the metallo-
organic compounds prior to thermal decomposition because, in general, the decomposition
temperature decreases with decreasing heating rate and with increasing oxygen partial pressure.
The presence of PbO was detected more often at the slower heating rates and in the O,
atmosphere at the same heating rate, but there is no unambiguous interpretation of this
observation. The increase in PbO detected with decreased heating rate for Tp,,, of 500-650°C
could be interpreted as a preferential evaporation of lead neodecanoate prior to thermal
decomposition. But, the increased amount of PbO detected along with PMN for decreased
heating rates and in the O, atmosphere for the same heating rates for T, of 700-800°C
suggests that the magnesium and niobium compounds preferentially evaporated leaving an

excess of lead.

The SEM observations of the ~ 100% perovskite powder produced by heating at 59C/min.
in air to a Ty, of 800°C showed a wide range of particle sizes. There were sub-micron
particles that appeared to be equiaxed, and particles up to 10 um or greater which showed a
growth habit of triangular platelets. The specitic surface area of that powder, as measured by
BET nitrogen absorption, was 0.54 m?/g. Using this value of the specific surface area and
assuming an average value of 5 um for the diameter of the triangular platelets, the thickness of
the platelets was calculated to be 0.56 um, which is consistent with the SEM observations. The
SEM observations of the ~ 100% perovskite powder produced by heating at 10°C/min. in air to
a Thae of 700°C showed particles that appeared to be sub-micron, but they were heavily

agglomerated.
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4.3.1.2 Films

Wet films of PMN, PFN and PNN were prepared by spinning (1200 rpm for 10 s) the
formulation solutions onto the substrates. The substrates were either platinum or sapphire with
MOD gold because these had been shown to be non-reactive and to not influence the phase
formation, as discussed in Section 4.2.2. The wet films were dried at 150°C for 10 minutes and
pyrolyzed at 325°C for 20 minutes and 380°C for 30 minutes. A large number of different
drying and pyrolysis schedules were investigated, but they produced no significant differences
in the phase formation. Some differences in phase formation were noted if subsequent layers of
film were deposited after complete firing of the film as opposed to depositing subsequent layers
after the 380°C pyrolysis step. This led to the investigation of two different processing cycles.
For processing cycle A, the next layer was spun on after the 380°C pyrolysis and given the
same drying and pyrolysis treatment. After the tenth layer had been applied, the furnace was
ramped from 380°C to Thax at 5°C/minute in either air or 0, and either with or without PbO
pellets surrounding the sample, held at T,,,, for 1 hour, and cooled to room temperature over a
period of several hours. Processing cycle A produced films ~ 1 um thick. For processing cycle
B, each layer went through the same drying, pyrolysis, and firing schedule. After the 30
minutes at 380°C pyrolysis step, the furnace was ramped from 380°C to 800°C at 5°C/minute
in either air or O, and either with or without PbO pellets surrounding the sample, held at 800°C
for 1 hour, and cooled to room temperature over a period of several hours. The next layer was
then spun on and the complete drying, pyrolysis, and firing schedule repeated. A total of 15
layers were deposited. The only Tp,,, used for processing cycle B was 800°C because the
results for processing cycle A showed this to be the optimum temperature for formation of the
perovskite phase in all three relaxor composition. Processing cycle B produced films ~ 1.5 um

thick.
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The volume percent perovskite phase in the films was determined using the method
discussed in Section 4.2.4, and the results of these studies for the three relaxor compositions are

summarized in Table 4.

Table 4. Perovskite and pyrochlore phases in relaxor films.

Processing Cycle A

Comp Té,m v/o perovskite Pyrochlore
) air air + PbO O, O, + PbO Phase
PMN 600 0 - - - Pb3yNb,Og
700 0 - - - Pb3Nb, Oy
750 84 - - - Pb3Nbs O3
800 94 70 100 84 Pbs;Nb; O3
850 81 85 97 85 PbyNbs O3
PFN 800 100 83 87 81 Pb3Nbs O3
850 65 82 70 85 Pb3Nby Oq3
PNN 800 0 0 20 - Nb3;Nb,s O3
850 0 - - - Pb3NbyOy3

Processing Cycle B

PMN 800 68 79 77 82 Pbi;Nbs O3
PFN 800 61 - - 69 PbyNbs O3
PNN 800 - 55 71 77 Pb3Nbs O3

No perovskite and the pyrochlore Pb3NB,Og were detected in PMN films fired in air to
Tmax Of 600°C, in agreement with the powder results. However, the powder results showed
perovskite PMN at 700°C whereas the films were still 100% Pbs;Nb,Og. The perovskite PMN
was present for T, of 750°C along with the pyrochlore PbyNbsO;3, and this particular
pyrochlore was the only one detected at higher values of Ty, for both processing cycles and all
relaxor compositions. The amount of perovskite was a maximum for Tp,,x of 800°C for both
PMN and PFN films using processing cycle A. Going from air to O, atmosphere generally
increased the amount of perovskite phase formed, with the exception of PFN fired to 800°C

using processing cycle A. The PFN result was surprising because the higher oxygen partial
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pressure should stabilize the desired Fe*? valence state. An atmosphere rich in PbO was
investigated because it has been reported [16] that it is necessary to prevent the evaporation of
PbO in order to form single phase PMN, and incorporating a PbO environment when firing at
the higher temperatures was shown to minimize the PbO losses [17]. The use of PbO pellets
gave mixed results. They led to an increase in the amount of perovskite phase for all cases
studied using processing cycle B, but led to a decrease in the amount of perovskite phase for all
cases studied using the same T, (800°C) with processing cycle A. This is probably due to the
fact that the films were fired to 800°C fifteen times in cycle B as opposed to once in cycle A,
which made the opportunity for PbO loss much greater. However, the only two films which
were 100% perovskite phase (PMN at 800°C in O, and PFN at 800°C in air) were fired without

the PbO pellets.

It is apparent from the data in Table 4 that MOD films of PNN are more difficult to
prepare as single phase perovskite compared the PMN and PFN, which is in agreement with the
results obtained from the ceramic processing of powders [18]. Processing cycle B yielded much
more perovskite PNN compared to processing cycle A, probably because the increased time at
high temperature allowed the solid state reactions to proceed to a greater extent. Many studies
with ceramic relaxor compositions have shown that forming a solid solution with lead titanate
(PT) stabilizes the perovskite phase. This approach was investigated by mixing the metallo-
organic precursors to produce a formulation solution that would give 93 wt.% PNN plus 7 wt.%
PT. A film that was 100% perovskite PNN was produced from this formulation using
processing cycle B with an O, atmosphere, PbO pellets, and a T, of 850°C. The PT solid
solution approach was also investigated for PMN, with disastrous results. A formulation to give
93 wt.% PMN plus 7 wt.% PT was processed following cycle B in air with no PbO pellets.
These conditions produced pure PMN films with 68% perovskite phase (Table 4), but the PT

solid solution films were only 3% perovskite phase. There is no current explanation for this
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observation.
The only results given in Table 4 for Ty, values less than 800°C are for PMN films
using processing cycle A, but all three relaxor compositions and the PNN-PT solid solution
produced films that were predominately pyrochlore phase for T, values less than 700°C

regardless of the processing cycle used.

4.3.2 Film Microstructure

The MOD films looked very good after the 380°C pyrolysis step, but all relaxor films
produced in this study with a significant fraction of perovskite phase were cracked. Previous
studies have shown that cracking of MOD films can be due to any one or a combination of the
following parameters: thermal expansion of the substrate; heating rate to the pyrolysis
temperature; concentration of the formulation solution; and number of layers deposited. All
four of these variables have multiple levels, which made a complete set of experiments
impossibly large. Representative values for three of the parameters were selected while the
fourth was varied through its levels to produce the following results. Five different substrate
materials with coefficients of linear thermal expansion from 0.7 t0 9 ppm/O C were evaluated; all
produced cracked films. Heating rates to the pyrolysis temperature from 1 to 500°C/min. were
evaluated; all produced cracked films. Concentrations of the formulation solutions from 1 to 16
wt.% were evaluated; all produced cracked films. The number of layers of film was varied from

1 to 25; all produced cracked films.

By going to a sufficient number of layers, films without open porosity could be produced
because the formulation spun on for subsequent layers fills the cracks in the carlier layers. An
SEM micrograph of the surface of a 15 layer PMN film is shown in Fig. 16. There is no open

porosity, but severe "mud cracking” is apparent. This microstructure suggests that the film
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Figure 16. Cracked PMN film.
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experienced extreme tensile stresses.

4.4 Discussion

The observation (Section 4.3.1.2) that all films were predominately pyrochlore phase for
Tmax values less than 700°C regardless of the processing cycle used means that the perovskite
phase, which was dominant at higher values of T 4, formed by solid state reaction from the
pyrochlore phase. This is the reaction sequence always observed during powder processing
from the individual oxides, but it was hoped that the pyrochlore phase could be completely
avoided due to the higher reactivity inherent with the MOD process. Such did not prove to be
the case even though hundreds of different combinations of the pertinent processing parameters
were used. The pyrochlore phase observed at T, values of 750°C and above was
Pb;Nb;O;3. If it is assumed that the perovskite phase forms from this pyrochlore, the solid

Yy

state reaction to form PMN can be written as:

PbsNbsOy3 + 3PbO + 2MgO — 6Pb(Mg;3Nby3 )05 (20)

The molar volume of each of the four phases in the reaction was calculated by determining the
unit cell volumes from the lattice parameters, dividing by the number of molecules per cell, and
multiplying by Avogadro’s number. The molar volumes were then used to calculate the relative

volume change associated with the reaction with the result:

AV _ ViV
Vi Vi

—-0.116 (21)

where Vg is the volume of 6 moles of PMN and V; is the volume of one mole of Pb3Nb; O3
plus 3 moles of PbO plus 2 moles of MgO. The surface stress (6) produced by a fractional

change in volume can be written approximately as:




AV 22)

where K is the bulk modulus and the sign convention is such that a tensile stress is positive.
The bulk modulus of PMN was determined to be ~ 65 GPa over the temperature range 600 to
200°C [19]. Using this value of K and the calculated relative volume change of -0.116 gives

- TS ODy e kisk ie ~ore than 109 psi). This tensile stress is well above the tensile strength of
PMN, and will surely lead to failure of the films to produce crack patterns such as those shown
in Fig. 16. Given the reaction sequence that cannot be avoided, crack free relaxor films cannot

be produced by the MOD process.

Although the picture with relaxor films is very dim, the situation with relaxor dielectric
powders by MOD processing is considerably brighter. Powders of PMN that were ~ 100 %
perovskite were produced by the MOD process at temperatures as low as 700°C compared to
850°C required in conventional processing [20]. Since MOD processing does not require ball
milling that must be used in conventional powder processing, a more pure powder can be
produced. The PMN powders produced by firing the formulation solution in a crucible were
sub-micron particle size but heavily agglomerated. By optimizing the MOD processing for
powders, e.g., spray drying for pyrolysis and the 700°C conversion to perovskite phase in a
fluidized bed or similar type reactor, it should be possible to produce very fine particle size

powders that are not agglomerated and still maintain high purity.
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5. LiNbO; FILMS

5.1 Background

Since the general concept of integrated optics was introduced [21], many theoretical and
experimental studies on dielectric thin-film waveguides have been reported. As LiNbOs has
excellent piezoelectric, electro-optic, and nonlinear optical properties, it is one of the most
widely used materials in integrated optics for applications such as electro-optic switches,
modulators, and second harmonic generators (SHG). Virtually all thin-film formation
techniques have been used to prepare LINbOy films, including liquid phase epitaxy [22,23],
R.F. sputtering {24-26], chemical vapor deposition (CVD) {27], epitaxial growth by melting
(EGM) [28-29], molecular beam epitaxy (MBE) {30}, and sol-gel [31,32] on LiTaO:, LiNbO;,

Si and sapphire substrates.

5.2 Experimental

The quality of the fired LiNbO; films was controlled by: (1) the choice of metallo-
organic precursors; (2) the thickness of the films; (3) the rate of heating and cooling; (4) the
firing temperature; and (5) the weight percent of the precursors in solution. The metallo-organic
compounds used as precursors for LiINbO; were niobium tri-ethoxy-di-neodecanoate,
Nb(OC,Hs)3(CgH;9COO)a, and lithium neodecanoate, CyH,9COOLIL, both in xylene solution.
The compounds were synthesized following compound selection criteria and the procedures

given by Vest and Singaram [33]. The synthesis reactions were as the follows:

%
Nb(OC, Hs)s + 2CoH;oCOOH ~— 2C,HsOH + Nb(OC,Hs)3(CoHyoCO0), )

and
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1iOCH; + CoH;oCOOH ——> CoH;oCOOLI + CH; OH (24)

After adjusting the concentration of the compounds in xylene solution, the formulation was

spun onto a substrate to make a liquid film and pyrolyzed to yield the inorganic product.

The thermal decomposition behavior of the compounds was studied using
dwataoglavimetnie anaysis (TGA). From the TGA profiles, the temperatures at which the
metailo-organic compounds became oxides were determined as was the weight percent of oxide
produced. From these data, the weights of individual metallo-organic solutions required to form
stoichiometric LiNbOs; were calculated. Figure 17 shows the thermogram of LiNbO;
formulation solution at a heating rate of 10°C/min. Below 150°C, the weight loss of the sample
is due to evaporation of the xylene solvent. The precursor compounds begin to decompose at

about 250°C and the decomposition is complete by 450°C.

A primary consideration for obtaining crack-free films is thermal expansion coefficient
matching between LINbO; and the substrate. A second important factor is the oxide weight
percent of the LiNbOj3 precursor formulation. Sapphire was used as the substrate because of its
desirable optical properties and its stability at high temperature. Although the thermal
expansion coefficients are quite different between LiNbO3 (o= 13.9x107%/K) and sapphire
(o= 7.8x107%/K), crack-free thin films "were made by decreasing the concentration of the
metallo-organic compounds in the precursor solution to about 10% by weight for a heating rate
of 20°C/min. For higher than 10% precursor solution, a lower heating rate and slower cooling
rate were found to be necessary in order to minimize the crack formation. For a typical
spinning rate of 1500 rpm and spinning time of 10 seconds, the single layer fired film thickness

was about 120 nm; thicker films were produced by repeating the spinning and firing process.

X-ray diffraction with CuKy radiation was used to analyze the phase composition and

preferred orientation in the film, and the grain sizes were studied by SEM observation of etched
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nirs. Cocllncias wiching o reveal the grain structures of LiNbO;5 films proved to be a problem.
One part of HF and two parts of HNO; at the boiling point (about 110°C) for 10 minutes was
reported [34] as the best etchant to reveal the domain structure of single crystal LiNbO3, but
this combination removed the LiNbO; films from the substrates after a few minutes. Etching
experiments were conducted at room temperature for a series of etching times from 1 hour to 6
e aes son aeigeren: coneeniations of fF and HNO3. The resuit of these experiments showed
inat 2+ or one pait or riF and two parts of HNQO3 for six hours at room temperature had the

best etching effect for showing grain structure in LiNbOj3 thin films.

5.3 Results

The x-ray diffraction patterns of the films showed LiNbOj3 as the only crystalline phase
present for firing temperatures of 600, 700 and 800°C, and there was no evidence of a
significant amount of amorphous phuse. The patterns showed varying degrees of preferred
orientation as evidenced by variations in relative peak intensities from those of the powder

pattern, but there were no obvious correlations with firing temperature or substrate orientation.

The appiications of LiNbOj5 thin films critically depends on good transparency, which is
dependent on the light scattering characteristics. The overall scattering is determined by the
porosity, grain size, and the relative refractive index and volume of any second phase present.
From the x-ray diffraction results, a second phase effect can be excluded from consideration of
scattering. which leaves grain size and porosity as the two major factors affecting the
transparency. If the pore size is near the wavelength of the incident radiation, the light

scattering will reach its maximum.

Figures 18-20 show the SEM microstructures for LiNbO; films heated at 20°C/min. from

room temperature to 600°C, 700°C, and 800°C and held at the maximum temperature for 1.5
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Figure 18.  Etched LiNbOs film fired at 600°C for 1.5 hours.
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Figure 19.  Etched LiNbOj; film fired at 700°C for 1.5 hours.




Figure 20.  Etched LiNbO; film fired at 800°C for 1.5 hours.

Figure 21. Etched LiNbO3 film fired directly at 500°C and then heated at
800°C for 1.5 hours.
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hours. FOr WnE 1 wied &t vy O (i .g. 18), the microstructure is very uniform and dense with
grain size of approximately 85 nm, and the visual transparency was very good. For the film
fired at 700°C (Fig. 19), porosity begins to develop due to grain growth (diameter = 120 nm)
with preferred orientation, but the film still had good visual transparency because the average
pore size was estimated to be about 150 nm. For films fired at 800°C (Fig. 20), the grain size

.~ s 1o £50-300 nm and the pore size and concentration also increases, leading to an
opaque, white hlm. However, the transparency was improved by pyrolyzing the wet film
directly at 500°C for 15 minutes and then heating to 800°C at 40°C/min and annealing for 1.5
hours. This rapid pyrolysis inhibits the melting of the metallo-organic compounds prior to their
decomposition. Figure 21 shows that the porosity was greatly reduced and that the film
microstructure was much more uniform compared to the one heated more slowly from room
temperature (Fig. 20). However, while the visual transparency of this film was better than the
one heated more slowly to 800°C, it was not better than that of the one fired at 700°C, probably

because the grain size was 250-300 nm.

The transmittance was greater than 95% over the range 495 to 7600 nm for a film with
thickness 250 nm fired at 600°C for 1.5 hours, as shown in Fig. 22. The absorption in the near
UV range is dominated by electronic absorption [35]. In the infrared beginning at about 4000
nm the absorption is via the excitation of lattice vibrations. In the region between 600 and 7800
nm, the tails of both the electronic and lattice states form a local minimum in the intrinsic
absorption loss. In this region the loss is dominated by scattering and probably, impurity
absorption. The major difference between the bulk single crystal optical transmission [34] and
the MOD film was the wider transmission window for the thin film, 253 to 8550 nm, as
compared to 320 to 6200 nm. This difference is probably due to the difference in sample
thicknesses; the single crystal used to measure optical transmission was 6 mm thick [34] as

opposed to the MOD film 250 nm thick.
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3.4 Suahadl Yy

1. Lithium niobate films with grain sizes 85 to 300 nm were prepared by the MOD process

21 sapphire substrates.
® Tilie with good transparency were obtained for firing temperatures of 600 and 700°C.

“or hlms with thickness 230 am fired at 600°C, the transmittance was greater than 95%

over the range 495 to 7600 nm.
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