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FOREWORD

This report was prepared by Or. R.R.’ﬁggrgaonkar, Principal
Investigator, under contact No. F49620-;;j6i6081, Project 2306/Bl. 1t covers
the period April 1, 1977 to March 1981 and is the final report for this
contract. The work described herein was carried out by the Rockwell

International/Microelectronics Research and Development Center in Thousand

0aks, California.
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ABSTRACT

The crystal chemical approach has been shown to be successful in
improving the temperature stability of ferroelectric Lilib03 phase. LiNbQ3
f£ilms doped with cations that are larger than Li* and M *, e.q., Na*, Na® +
Ta>*, Ag*, Co2* + Zr**, etc., have successfully been grown by the liquid phase
epitaxial (LPE) technique using the vanadium containing flux systems. X-ray

diffraction studies indicate that the films grown from the vanadium containing

fluxes have a high single crystallinity with good epitxy.

To date, the temperature coefficient of SAW velocity was reduced by
40%; this translates into 40% improvement in the temperature stability of
LiNb03 SAW devices. this is a significant result in the present work and
opens a new interest in the LbeO3 family far SAW application. By using such
a novel approach, it should be possible to improve the temperature stahility
of other important structural families such as quartz or tungsten bronze

structural family compositions.

vii
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1.0 INTRODUCTION

Early successful use of liquid phase epitaxy (LPE) in the preparation
of Ge tunnel diodes and GaAs laser Adiodes stimulated qreat scientific interest
on the part of numerous investigators to adapt the liquid phase epitaxial
process to a wide variety of materials and devices. As a consequence, the
liquid phase epjtaxial (LPE) method has displaced several other synthesis
technigues for the preparation of epitaxial films for several important

devices and is considered a basic useful *ool of solid-state technolagy.

Liquid phase epitaxy is most widely used today for the preparation of
epi-films of important materials such as semiconductor GaP, GaAs, (GaAl)As,
etc., as well as magnetic bubble garnets because of some unique advantages of
liquid phase epitaxy over the vapor phase epitaxy method.l'11 In general, LPE
is advantageous hecause of the fact that: (1) the equipment used for this
work is much simpler than that required for VPE; (2) higher deposition rates
can he easily achieved, thus allowing the growth of thick epitaxial Tayers in
convenient time periods, and (3) the choice of dopants for LPE is wider than
for VPE and unusual properties can be achieved in some cases because of
stoichiometric differences. The limitation of the LPE technique is severe
when the substrate and the epilayer have dissimilar lattice constants. The

qrowth of epi-films in such cases is very difficult and films often crack.

The work on the liquid phase epitaxy for the acoustic-surface-wave
project was initiated at Rockwell with the specific objective of developing a
superior material for surface acoustic wave devices. These SAW devices are

!
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very important and are commonly used to solve the problems in the tech-
nological areas of bandpass filters, resonators, nscillators, and discrin-
inators. All these devices are, however, limited in their performance hy the
surface acoustic wave (SAW) materials availability. At the present time,

three main SAW materials, namely, quartz, LiTa03 and LiNbOy are being used for

this purpose. Very recently, the grosth of LiNb03 thin films by the LPE ;
? method has bheen reported-lz'15 These films were grown with an aim to study |
the 2lectro-optic properties; however, nothing is known about ftheir use for
- SAW applications. Furthermore, there was no information available on how to
alter the physical properties of LiNb03. During Tast four years we conducted
a systematic study of LPE of pure and modified LiNb03 and LiTa03 on LiNh03
substrates, and evaluated the effect of such substitutions on physical
aroperties, especially temperature coefficient of surface wave velocity.
Rased on our current results the Na*-rodified Lbe03 films, demonstrated that
this technique offers an attractive opportunity to produce improved materials
for SAW devices. It should be mentioned here that this is the first time such

a technique is heing exploited and developed for SAW application.

To date, the temperature coefficient of surface wave velocity has
heen reduced by 40%. This is translated into a 40% improvement in the
temperature stability of LiNbO3 SAW devices. LiNbO3 SAW filters are important

elements to such DaoD systems as radar, communication and navigation equipment.

2
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2.0 O90ESS FROM 1977 TO 1931

Muring *he nast four years ur =fforts were concentrated on the
grewtn of mod: fied < lms of Litindy om LiNbL, substrates. The objective was *o
veri€y the hy~othesis that =y doping films one can achieve control of key
acoustic device narameters. The specific anal o7 this work was to demonstrate
this anproach by the lowering of the tempera“ure coef! :’en. of surface wave
velocity. Sodium modified films were grown and the concept w3s verified hy an
axnerinentally observed 40% reduction in the temperatire coe”firn 207 2f 5ur-
face wave velocity. The results of this research have already bdeen : b

in the Journal of Applied Physics, Journal of Crystal Growt-, the innual

Frequency Control and Ultrasonic Symposiums, and Met. Res. Bull.

An overall view of the important activities of this project and *neir
intarrelationship is shown in Fig. 1. Progress in each area was acconplishec
and is discussed in detail in the subsections of this report. The design and
fabrication of growth equipment used in our research was accomplished and is
covered in detail in Section 3.1. Initial solvents used in the film growth
were dictated hy such macroscopic qualities as absence of cracking and film
texture. Solvent selection and experimental growth experiments for doped
films is discussed in Sections 3.4.1 through 3.4.2. Our initial attempt to
grow €ilms resulted in substrate cracking and, in general poor film quality.
Improvements in the. growth apparatus and flux composition resulted in the

ability to grow excellent films on substrates as large as 5 cm.

3
C3375A/bw




L4 ‘

’l‘ Rockwell International
ERC41004.11FR
Establish "Calibrate"
Experimental with Pure Explore Various
Facilities LINBO, and Flux Systems to
for Thin Compate with Grow Good-
Film Work Known Data Quality Epi~Films
Characterize Few . Change Film
Samples of Most Composition .
lmportant Materials and Growth |
— Thoroughly and Variables to §
Correlate to Growth gg;imize ¥
P ters m
aramete Characteristics

.

Correlate Film Properties
with Respect to:
a) Thickness
b) Nature of Films
c¢) Lattice Parameter
Changes
d) Curie Temperature
Determination

Temperature-Frequency
Constant Measurement

Fig. 1 Flow chart of activities.
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Characterization of the doped and undoped films was performed in

several different experiments and is discussed in Section 3.5 Optical and

electron beam microscopy revealed the film's texture and provided a coarse
evaluation of film quality. X-ray diffraction analysis and a determination of
the Curie temperature resulted in considerably more data regarding the
internal quality of the films grown.

The temperature coefficient of surface wave velocity was determined

hy fabricating a high J surface wave resonator on the film/substrate.

Measurement of the resonant frequency of this device as the temperature as

varied provided the data necessary to evaluate the temperature coefficient.
To date, the best result observed by this method was been a temperature

coefficient of -56 ppr/°C or a reduction of approximately 40% from that of

pure LiNbO3.

oo o

p e e
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3.0 LPE GROWTH OF MODIFIED LiNb0O4 FILMS

3.1 Experimental Background

nmmaai

Ferroelectric LiNbO3 and LiTa03 are isostructural and belonq to the

ilmenite structural family (R3C). Although the ionic size of Hb2* and Ta5+

(0.78 &) is similar, the unit cell dimensions are slightly different. When

Nb5+ was replaced withTa5+ in the LiNb03 structure, the unit cell ag increased

from 5.148 A to 5.152 & and the unit cell ¢z reduced from 13.863 A to E
13.786 A. These small changes in the unit cell dimensions appear to be i
associated with significant reduction in the temperature coefficient of the

SAW velocity, i.e., from 90 ppm/°C for LitbQy to 35 ppm/°C for LiTa03; the

ferroelectric phase transition temperature was also reduced from 1200°C for

LiNbO3 to 660°C for LiTa03. This strongly suggests that the temperature

coefficient of SAW velocity should reduce if the unit cell az is increased and

the unit cell c¢g is decreased for modified LiNbO3. Based on our extensive

crystal chemistry work and previous liquid phase epitaxial work on the LiNb03

family compounds, this can be accomplished for LiNbO3 films under the

following two conditions:

1. Use of excess of Nb5+ in the modified LiNbO3 films; this can be
accomplished by using the Li* - free flux systems such as,

KWOg, KVO3, KoMoOs, BaV,0g and NAVO3 etc.

6
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A e,

2 Use of large cations of Li*, Nb or for both in the LiNb03

phase.

According to our crystal chemistry work,16'18 large cations for Lit
and Nb>* tend to increase the unit cell ag and reduce the unit cell cg, and
vise versa; hence as surmarized in Table 1 various large cations have been

tried in the present LPE growth work.

Tahle 1 f

Cations That are Substituted in LiNbO3 Films ‘

System Li-Site Nbs*—Site [onic Size Crystalline Reference——

0.88 A  0.78 A A Solubility |

LiNb05: 4O - Np>* 0.78 Limited Ballman {
Li 1. Nayb0s Na* - 1.16 7 role% Present Vork
Li1_,AgHb03 Ag* - 1.29 5 mole% Present Work
Liy_4Co,Mby_ Zr,03 Col* et 0.37* 30 mole% Present Work

Li1-,Ca Nby_Zr,03 Ca2* 't 1.0% 20 mole%  Present Work ;

Li1.Caghby_, Ti,05 Ca?* i 0.94* 15 mole%  Present Work }

Lil_xHabel_yTay03 Ma* Ta%* 0.96* Extensive Present Work %

*Indicate average ionic size for the given combination.

3.2 Growth Apparatus

Dur current growth setup consists of a vertical platinum-wound
resistance furnace capable of reaching 1500°C which is manufactured by W.P.

Keith and Co. It has an overall length of 20 in. with 2-1/2 in. internal

7
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diameter and external shunts at 2-in. intervals for adjusting the temperature

profile. A temperature control system consisting of an Eurotherm Model No.
919 digital-high stability controller capahle of $0.2°C, an Eurotherm Model
No. 931 SCR power supply assembly, and an Eurotherm Model No. 125 digital
temperature programmer, ramping up or down, from 0.1 to 10°C/min. Growth

temperature has been carefully rmonitored by placing two 90%-10% Pt-Rh

thermocouples, one inside and the other outside of the melt. This apparatus
also includes a substrate preheating furnace (600-700°C), located above the

growth chamber, which isolates the substrate from any undesirable vapor during

v e

a preheating period. This precaution is particularly necessary when tne

substrate is held on a heavy, high-heat-capacity platinum disk.

A number of suitable designs for achieving the lowering or raising of
the substrate have been employed and a lead-scraw arrangement was chosen for
the present growth experiments. This arrangement is mainly used to lower or
raise the substrate assembly holder through a predetermined distance from the
top of the furnace to the appropriate immersion depth in the melt, or from the i
melt to the top of the furnace. Precise positioning is maintained hy adjust- ;
ing a limit-switch in both directions. This system is capable of traveling as -
slow as one inch per 20 min up or down, and rotating at 0.1 rps to 10 rps.
Slow speed raising or lowering is essential in the present study to eliminate

cracking of substrates due to thermal shock.

8
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3.3 Substrate Preparation and Growth Procedure

Substrates of the desired material (usually Y-cut LiNbO3) have been
carefully prepared and cleaned before and after the growth experiments. Each
substrate piece (about 0.5 cm wide and 3 to 5 cm long) is first rinsed
thoroughly in acetone and isopropyl alcohol to remove contaminates, then
cleaned in water. A non-abrasive soap solution is used to clean the curface
compTetely and then dipped in dilute HF acid. The substrate is then rinsed ;f
aqain with water and is blown dry with filtered nitrogen gas. The substrate |
is now carefully mounted onto the ceramic holder by platinum wire through a ﬁ
hole in the substrate. The holder is then slowly lowered into the hot zone ;
and is kept ahove the melt about 30 min before it is immersed. The results of
this study indicate that the growth of the thin film can be achieved by
dipping the substrate either vertically or horizontally into the melt. Y and
Z-cut LiNbO3 substrates were used and growth rate of epi-films was controlled
hy changing the temperature and growth time. After the successful growth,
thin films were carefully leveled and then cleaned in dilute HC1. The fi'ms }

thus prepared were of excellent quality and desired thickness.

3.4 Solvents and Film Growth

Crucial %o the success of this isothermal growth is an ability to

~——v—

supercool the solution without the occurrance of spontaneous nucleation. It

is therefore necessary, before LPE can be performed, to find a suitahle flux

(solvent) for each modified LiNhO, composition. Although a large number of
3

solvents have heen identified for this family, the choice in the present work

9
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is restricted to only the vanadium-containing solvent because of the following

important reasons:

1. vo* cation has a strong preference for the 4-fold coordinated
site and, hence, no vanadium inclusion in the LiNbO3 structure

is observed.

2.  Supercooling range for the V5+-containing solvents is reasonably

high, of an order of 20° to 40°C.

3. V5+-containing solvents melt at significantly low temperatures, |

and thus allowed LPE growth at much JTower temperatures.

4, AN V5+-containing solvents dissolve in water or dil. acids, and
cleaning of films therefore posed no problems in the present

work. :
}

Before any liquid phase epitaxial technique was applied for film |

growth, all the systems of interest, e.q., KVO3-LiNbO3, NaV03-LiNb03, L1V03-

LiNb03, Lij_yNa,V03-LiNb03, LiVO3-Li;_,Co,Nby_,Zr,03, Li)_,Na,V03-LiNby_,Ta,03,
and LiVOstiy_,Ca,Nby_,Zr 03 etc. were investigated, and temperature and
compositional boundaries over which modified LiNbO3 cristallizes were

established by x-ray powder diffraction and DTA techniques. The results of

this investigation are summarized in the following sections. : )

10
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3.4.1 Simple Substituted LiNbO4 Films

An examination of the phase diagram in Figs. 2a -2c¢ shows that the

LiNbO3 phase crystallizes in all three systems when the concentration of

LiNbO3 is above 50 mole% and, hence, the dipping temperature had to be in the

1100°C to 1150°C range. LPE growth of the Nb2*-rich films was successful on

the Y-cut LiNbO3 substrates from the KoWOz-LiNbO3 and KVO3-LitNbO3 systems, ard

the unit cell ag changed from 5.148 A for the LiNb05 substrate to 5.153 A for !

the fb>*-rich LiNb03 films. Ballman et all? also studied the KoW0a-LiNb0s,

and the results of our investigations are in excellent agreement. According
to our crystal chemical studies,!2»10 K* does not prefer the 6-fold
coordinated Li*-site in the LiNb03 structure; the changes in the unit cell ag

are therefore considered to be due to changes in the Li:Nb ratio. :

In the third system NaVO3-LiHbO3, the situation is completely dif-
ferent. The crystal chemistry work shows that about 7 mole% sodium dissolves
in the LiNbO3 structure and, for this addition of sodium, the unit cell ag
cnanged from 5.148 A for LiNbOy to 5.179 A for Lig, g3Nag g7Nb03. This created

a large lattice mismatch between the LiNbO3 or LiTal3 substrate and the film,

e —— e =

and the LPE growth was therefore unsuccessful.

Since the Na“-modified LiNbO3 films are of significant interest in
the present work, the lithium concentration in the charge was increased, and H
the system was studied on the tenary assemblage as NaV03-LiVO3-LiNbO3. As

shown in Fig. 3, the Na*-modified LiNb03 solid solution extends over a wide ]

compositional range. The compositions represented on the binary joins in

11
C3375A/bw




f
’l Rockwell International
ERC41004. 11FR
ERC80-7552
1 L § L] T 1 |4 T
p
] 1200 |- 1300 | -
© LIQUID (oo, v LIQuID TNb0g
< ALONG < NG LIQUIDUS
4 _.Lwuibus 2 -
< 1000} 4 < 900 H =
o ! @« i
¢ : g -
= (e ' 2 :
= TUNGSTEN BRONZE | = |
.
gootQ !  TYPEPHASE+ |} A 500 nggﬁ;ﬁ" ' |
%: UNKNOWN : A v
¥ 1 i | | [] 1 IUNKNOWNH 1
K, W0, 0.25 0.50 0.75 LiNbO3  KvOg 0.25 0.50 0.75 LiNbO5
Mol % LiNbOg in K2W04 Mot % LiNbO4 in KV03
o LIQUID :
w 1000 ) LiNoO3 |
= '
2 (
= '
< ]
@ :
w {
a. 4 ' ‘
s 600 NaNbO4 ' 7 :
= + !
S | UNKNOWN ' 3
>
| L} |
< t |
1 d 1 AL
NaVO3 0.25 0.50 0.75 LiNbO3
Mol % LiNDO3 in NaVO4 h
Fig. 2 Part(i)al phase diagrams: (a) KoW0s-LiNbO3, (b) KVO3-LiNbO3 (c) NaV03-




B et Sl ST D

0>

1004. 11FR

HEXAGONAL - TYPE
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d N
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Fig. 3 System NaV03-LiV03-LiNbO3, in air, at 1000°C.

13

Rockwell International




‘l Rockwell International

ERC41004.11FR

Fig. 3 as Lig, gNag, 5V03-LiNb0O3 and Lip, gNag, gV03-LiNb03 were studied in
detail. It has been shown that the unit cell az increases with increasing
concentration of sodium in bhoth the binary systems. As shown in Fig. 4, the
unit cell ag changed from 5.143 A for Li-rich LiNbO3 (grown from LiVO3 flux)
to 5.156 A for the Na*-modified LiNbO3 phase. This results showed that, by
using this assamblage, sodium concentration can be changed from 0 mole% to 2 f
mole¥% in the LiNb03 phase. This is an interesting and significant result in
the present work and offers an excellent opportunity to grow Ma*-modified
Litih03 films. Since the system Lig, gNag, gV03-LiNbO3 contains about 2 mole? f
Na* in the LiNbO3 phase, this mixture was employed for film growth experi- !
ments. An appropriate dipping temperature for this composition is about
800°C. The Y-cut LiNbOj3 substrate was used and films as thick as 40 to 60 um
could easily be grown. Figure 5 shows a typical cross section of Na*-modified
LiNbO3 film grown on the Y-cut LiNbO3. The new films have excellent quality

and are smooth enough to fabricate SAW devices on them.

Ag*-modified LiNbO3 films were also grown by the same technique using
the Lig 54Agq, V03 flux. Since the concentration of Ag' was very negligible
in the films, it was found difficult to characterize Ag'-modified Li%h0s

films.

3.4.2 Charge-Coupled Substituted LiNbO; Films 4

As discussed in the previous section, since the substitution of

sodium more than 1 mole% was difficult in the LiNbO3 films, another ion such

as Ta5+

was added in the Li,_,Na,Nby 03 system to improve the temperature

_yTay

14
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Fig. 4 Variation of the unit cell a; for the Li1-xNayNb03 system.
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A; stability. The selection of tantalum was based on its ability to rediuce the
temperature coefficient of SAW velocity and because hoth the LiNbO3 and LiTa0y
cshases form a complete solid solution.lg’zo As shown in Fiq. 6, the ternary
phase diaqram for the LiVO3-NaVO3-LiNb1_yTayO3 was astablished, and it has
Seen shown that the modified Lio.99Na0‘01Nbl_yTayO3 phase extends over a wide

compositional range. The determination of liquidus temperature for the two

.t

systems L10.4NBO. 6V03-L”lb1_yTayO3 and Li 0. 5Na0. 5VO3-L1'ND1_),T3.YO3 showed that
the addition of tantalum increased the dipping temperature substantially (over

1000°C). The appropriate dipping temperature for these systers was hetween ;:
5+

1100°-1250°C, depending upon the concentration of Ta in the systen.
Initially, the LPE growth was carried out on the LiNb03 substrate and found
unsuccessful; however, the qgrowth of Lio_99Na0.01Nb1_yTayO3 films, vy = 0.1-,
0.20, 0.30 and 9.40, were successful on the Y-cut LiTaly substrate, and films
as thick as 15 to 25 um could easily be grown. The film quality is excellent,

and the surface has been found to be relatively smooth enough to fabricate SAW

devices on i*.

Other charge-coupled substituted systems such as Lil_xCobel_erx03
and Lil_xCabel_xTixO3 were studied by using the LiVO3 flux system. Since
CoZr03 and CaTi03 phases were stable over the LiNb03, substitution of these
fons was found to be difficult in the LiNb03 films using the LiVO3 flux. In
the system LiVO3-Liy_,Co,Nby_,Zr 03, in spite of all these difficulties, we f
managed to introduce the very small amounts of cobalt and zirconium in the ;
LiNb03 films. For this small addition, the temperature coefficient of SAW ]

velocity reduced from -90 ppm/°C for LiNb03 to -79 ppm/°C. We conclude from

17
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Fig. 6 System NaV03-LiV03-LiNby_,Ta 03, in air, at 1250°C.
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this results by using proper flux systems, it may be possible to control the

concentration of cobalt and zirconium in the Liwb03 films.

3.5 Thin Film Characterization

The thin films have been characterized by the variety of tech-
niques. Lattice constants and compositional homogeneity was established by
the various x-ray powder diffraction techniques. The Laue, Debye-Scherrer and
the x-ray topography techniques were also employed to orient and analyze the

grown films,

The temperature dependence dielectric properties for the solid solu-
tions and single crystals were established to determine the Curie temperature
TC by the standard process, i.e., mMeasuring the capacitance as a function of
temperature in the desired range. The information obtained from this work was
necessary in the present work to pole the films to evaluate their acoustical

properties.

3.5.1 Crystallinity and Lattice Constants of Thin Films

The crystallinity and the unit cell a; of the new films and substrate
were studied by the x-ray diffraction technique. The Y-cut LilNbOj substrate
showed a reflection corresponding to (300) plane. Figure 7 (a-d) shows the
relative intensity of (300) as a function of film thickness. Two peaks cor- [
responding to CuK ) and K o represent the LiNbO3 substrate while the film

position is denoted by CuK(;1 and K;Z. The reflection CuK ) and K > of

| 19
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Fig. 7 X-ray diffraction peak (300) taken for substrate/film.
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substrate disappeared when 10 um or thicker films were deposited. The lattice
constants for various films were measured using this reflection and they have
heen surmmarized in Table 2. Based on this information, it was found possible
to establish the relative concentration of each cation in the modified Li%Nb0,

films.

21
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1

Table 2
Lattice Constants for Substrate/Film of Modified LiNbO3
Flux Substrate/Film Lattice Constants Reference
ag Ca

Ko0q LiTa03-S 5.152 - Ballman et al

LiNbO;-F 5.153 - (12)
KV03 LiNbO3-S 5.148 - Present Work

LiNb03-F 5.152 - ;
LiVO3 LiNhO3—S 5.148 - Present Work q

LiNbO3-F 5. 142 - h

t

LiV03 LiTaO3—S - 13.785 Kondo et al

LiMh03-F - 13.870 (15)
Li].NaV0s3 LiNb03-S 5.148 - Present Work

Li l_xNaXNbO3—F 5,156 -
Li1.NaV0s3 LiTa03-S 5,152 - Present Work

Lil_xNabel_yTay03-F 5.157 - ‘
LiV0y LiNb03-S 5.148 - Present Work

Liy_,Collby_ Zr,03-F  5.147 - !
S = Substrate !
F =Film |

3.5.2 Temperature Stability of Epitaxial Films

The primary objective of this study is to develop temperature-stable

materials for SAW applications. Therefore, the evaluation of temperature

22
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stability is of prime concern. The SAW resonator, as shown in Fig, 2, is

ideal for such an investigation. The detailed discussion of such resonators
21

is given by Staples.

To evaluate the temperature stability, a SAY resonator was used. The
resonant frequency was monitored while the device was cycled over a prescribed
tenperature range. Such an experiment gave information on the temperature
stability of the epitaxial layers and also revealed any relaxation or internal

stresses within the films.

In addition to temperature stahbility, both short- and long-term
stability of the SAW resonators could be investigated., These measurements
would yield information regarding aging effects in epitaxial thin film ;

materials.

In these material characterizations, the need for rapid feedback of
information to the crystal grower and larger number of measurements required
the use of an automated testing procedure. At Rockwell such equipment and
system are part of the SAW devices laboratory. The measurement system
consists of an HP 8507 network analyzer phase locked to an P 8660 frequency

r~

synthesizer and a Symtek progammable temperature chamber. Fach ‘nstrument

connected by means of an HPIB interface bus is capable of "listening" and

"talking" to an HP 9825 calculator. The software of the calculator directs
the synthesizer and network analyzer to track zero phase of the SAW resonator

at resonance as the tempeature is varied. In this arrangement, computation,

formulation and plotting of the data takes place as it is measured. By

23
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utilizing this unique measurement system, the processed data can quickly be

e — e s

analyzed and rapid feedback of information is assured. ;

The temperature coefficient of SAW velocity was determined for
various films containing Ma*, Co2* + Cr*, Na* + Tad*, etc. Approximately 20 |
to 30 um thick films were used and the measurements were accomplished as ‘
described above. This coefficient was first established for pure LiNb03 films {

and was found to be -88 ppm/°C. This measured value is in excellent agreement

with the value, -90 ppm/°C reported for single crystals of Lilb03. As shown
in Fig. 9, this value dropped to -56 ppm/°C for Lig ggNag,giNb03 films. These

results are reproducible and indicate that the crystal chemistry approach is

¢ ———

successful in the present case. This is a significant accomplishment and
opens a new interest in the surface acoustic wave device area; it also
suggests that by using higher concentation of Na* in the films, it should be ﬂ
possible to control this coefficient to the desired temperature range.
Although there is an excellent opportunity in the present work to achieve the
proposed goal, the growth was found to be difficult due to large mismatching
between Lig, g7Nag g3NbO3 on the LiNbO3 substrate. It seems logical that by
exploring a suitable substrate material for this growth, it should be possible
in the future to continue this work.

2+ 4 g

Co r4* and WO -rich LiNb03 were also studied, and it was found

that the temperature coefficient of SAW velocity reduced for the cobalt and F

zirconium modified LiNbO4 films (-79 ppm/°C), indicating the possible

inclusion of cobalt and zirconium in the films. In case of Nb5+-rich films, ‘

the measurements were found to be inconsistent and inconclusive. This

25
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Fig. 9 Frequency as a function of temperature for Lig, ggNag, iNbO3 films on
the Y-cut LiNb03 substrate.
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strongly suggests that since the films were grown near the Curie temperature

of LiNb0y (1200°C), the substrate and films must have depoled. The

Lio.99NaO.01Nb1-yTay03 films were also evaluated. In this case, films had to j
be poled since they were grown on the LiTa03 substrate. LiTal3 has a Curie »
temperature around 660°C, and it was found diffucult to pole. Because the

poling technique is not well established for thin film area, this seems to be

significantly important in future work.

Figure 10 shows frequency response of this device. The insertion

loss for the Lig ggNag, g1Mb03 films is about -24 dB. For comparison, using

*he same mask on pure LiNb03 films, an insertion loss of about -22 4B was
observed. This result indicates that the electromechanical coupling constant
(Kz) remained unchanged for the sodium modified LiNb03 films. This is also a

significant result of this work.
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4,0 CRYSTAL CHEMISTRY

4,1 Limits of Stability of the LiNb03:Structure

The limits of stability of the LiNbOj-structure was established by i

5+

introducing various ions for the Li* and Nb5+ or Ta”" positionss The sub- J

stitutions were .nade as follows:

O 2+, 4+ Y
L. LiM O3 + M°M O3 > L11_XAXM1_XMXJ3
|
where 2% Ca, Cd, Co, or Mg ?
1% . Ta or fib :
M4+ s Ir, Ti, or Sn
OF +,,5+ . ut, ot
2. LiM O3 + MM 03 > L11_XAXM O3
where M* > Na, Ag, or K
T 3+,,3+ . 3+,,5+ 3+
3. LiM 03 + MM O3 > L11_XMX Ml-x'x O3

where M3* 5> Ga, In, Y, Eu

L

A1l the phases have been synthesized by the solid state technique,
using analytical grade starting materials., After calcining around 700-800°C

for 20 hours, each batch mixture was ball-milled in acetone for 3-4 hours,

29
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dried and pressed into disks. The pressed disks, except Ag+ containing
niobates or tantalates, have been fired at 1100-1360°C for 4-6 hours. Since
Ag™ volatilizes above 1100°C, all Lil_xAgXH5+O3 compositions have been heat-
treated at approximately 1100°C, The x-ray powder diffraction technique has
been used to identify phase purity, and to determine the lattice constants for

the different ilmenite solid-solution systems.

Table 3 summarizes the exprimental conditions, the Yimits of solid-
solubility range of substitutional ions and the changes in the unit cell

volume for different solid solution systems.

Figure 11 shows the structure field map for the LiNb03-type solid

solutions. The radii (Shannon and Prewitt) of ions occupying the Li” and :Ib>
5+

+

or Ta~ positions in the LiNbO3-structure are plotted 2long the ordinate and
abscissa respectively. The diagram has been divided into different par:s
according to the extent of solid solubility of substitutional jons., & con-
plete solid-solubility has been reportedlg’20 for the Lilb03-11Tad3 system.
AT1 other substitutions are partial in the L1M5+03 phase. MZ*T103, M= (d,
IZn, Co, Ni or Mg, belong to the iTmenite structural family and are
structurally similar to the LiNbOj structure. Both MZ*T103 and Liw5+03
dissolve mutually to a large extent without changing crystal symmetry. The
5+

ilmenite solid solution Li;_ Cd M]_ Ti 05, where 3.70 > X < 1.0 exhibited the

ilmenite-perovskite structural transition around 1100°C. The samples on

. 5+ .. cecs . . .
the L11_xZnXM1_xT1x03 system were difficult to prepare since the ilmenite

ZnTiO3 converts to a - Zn2Ti04 at 700°cC.
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Approximately 20 rmole% M2+Sn03 and M2+Zr03, where M = Ca, Cd, Co or
Mg, dissolve in the L1M5+03 phase. A notable feature in this series is
occurance of a structurally new phase on the Liy_,Ca,Tay_,Zr,03 systerw.22
This structural change can be discussed on the basis of the ions that are
replacing Ta®*. Zr%* (0.86 A) is substantially bigger than Ti%* (0.74 %), and
further there is no M2+Zr03 analog to the ilmenite structure compounds
M2+Ti03, M = Cd, Zn, Co, Ni or Mg. This strongly suggests that Zr®" is a
higger ion to accommodate into the ilmenite-structure. This could be an
appropriate reason why the ilmenite symmetry changed for the higher concen-

trations of faZr0s. o

The solid solubility of NaM>*03 and AgM>*03, M = !l or Ta, was found
to he limited to 7 mole% in LiM5+O3.17 At the other end the perovskite solid

solution Li, O
-X X

03, 0.85 » X < 1.0 showed three structural changes 3s seen
for the pure NaNbOj3 and AghbO3 phases. The substitution of A13+, Fe3‘, In3+,

¥3* or Gd3* for the Li* or NbO* positions was unsuccessful.

Based on these observations, one could generalize the results of the {

present study as follows:

1. The size of substitutional ions should be close to Li* and Hb°*,

e.9., a complete solid solution in the system Lilib03 - LiTa0,.

2. The substitutions should be made on both the Li and b

positions, e.g., the higher solid solubility in the systems

LiM*04 - M2ub*0,, F

33
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3. Valance state of substitutional ions should be low, e.g.,

unsuccessful substitution of A13*, Fe3*, 1n3* or ¥3* in LiM5+O3.

4,2 Lattice Constants for the LiNb0;-Solid-Solutions

Lattice constants for ag and cg for the ilmenite solid solutions have
been accurately determined by the x-ray powder diffraction technique (scanning
1/2°, 20/min) and using silicon as an internal standard. YUsing a least-
squares computer oroqram, the lattice constants were refined. Figure 12 shows
the variation of 3; and cy for different solid-solutions. The lower box in
Fiq. 12 represents the changes in lattice constant ag while the changes in
lattice constant cg are given in the upper hox. The results of this study
indicate that the lattice constants ay increased while c decreased for the
jons biqger than Li* and ™>*, i.e., the phases contained ions like Ca’*,
Cd2*, Ma* and Zr**. On the other hand, the lattice constants a; decreased
while ¢y increased for the ions smaller than Li* and Ta®* or Nb°*, i.e., for
MgZ+, Ti4+, etc. The lattice constants for the substituted LiNbO3 have also
been calculated and have similar changes as seen for the LiTa03. Hence, they

are not duplicated here,

4.3 Dielectric Data

The Curie temperature Tc is known to be one of the fundamental
characteristics of ferro- and antiferroelectrics. this measurement gives the
origin of the spontaneously polarized state and is considered important for

characterizing the piezoelectric materials. In the present work, the Tc for
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Fig. 12 Lattice constants for the ilmenite solid solution systems.
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the different solid-solution systems has been obtained by measuring the
dielectric properties as a function of temperature, The technique is
relatively simple and the measurements are made routinely using a capacitance
bridge (4P 4270A). The test specimens (disks) used for the dielectric
measurements are approximately 1.3 cm in diameter and 9,3 c¢n thick, and coated

on each side with platinum by the standard vacuum evaporation technigue.

A typical plot of the dielectric constant vs temperature is given in
Fige 13 for the two end member conpositions, LiTa03 and Lil_XCaxTal_XerO3.
It can be seen that the peak at Curie temperature is sharp and is shifted
towards a lower temperature vith the addition of 20 role% CaZrQ3 in LiTa05.
The TC for the pure LiTa0- and LiNb03 was recorded at ©670°C and 1170°C, which
are in good agreement with results reported for the polycrystalline phases in
the 1iterature.23 Jsing this peak position, the transition temperature for
each sample has been determined. Figure 14 shows the variation of the Te as a
function of composition for the Li;_,Ca,Taj_,Zr,03 and the various other
systems. The results of this study show that the T. decreases for the
ilmenite solid solutions with increased concentrations of CaZr03, CdTiO;

NaTa03, or CoZr05 in LiTaO3 or LiNbO3. On the other hand, the addition of

MgTi05 or CoTi04 shifts the T. towards a higher temperature.

It is clear from these results that the decrease in T. for the
ilmenite solid-solution can be related to the fact that the volume of the
hexagonal unit cell increases by the addition of bigger cations such as calt
(1.14 &), Cd?* (1.09 A), Na* (1.16 &), and Zr®* (0.86 &), for Li* (0.88 1),

and Nb°* or Ta%* (0.78 A). The systems LiM>*03 - CdTi05%% and LiTa03 -
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NaTaO325 have previously been studied and the results of this work are in good
agreement with the reported work. Both M92+ (0.86 &) and Ti%* (0.74 &) are
smaller than Li* and M5+, and hence, reduce the unit cell colume and shift the
TC towards a higher temperature. Figure 15 summarizes the Tc changes for the
entire LiM5+03 - M2+M4+03 and L1M5+03 - M+M5+O3 systems. The results are
grouped into two categories according to the variation of the TC with respect

to the given cations in the different systems.

In summary, the cations with bigger ionic radii than Li* and Ta%* or

Nb5+ would shift the TC towards a Tower temperature and vice versa.
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% VARIATION OF THE FERROIC TRANSITION TEMPERATURE FOR THE DOPED L1M5+03 SYSTEM, ¥ = NaOrTa
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5.0 CONCLUSIONS AND REMARKS

The goal of this research was to demonstrate the feasibility of
modi fied LiNh03 thin films for surface acoustic wave device application. This
is the first time such a technique is being developed and exploited for
surface acoustic wave applications. The program included the growth of single
crystalline modified LiNhO4 thin films by the liquid phase epitaxial growth
technique and evaluation of their structural and acoustical properties. The
crystal chemical role of various ions in the LiNbO3-structure was also

astablished.

Throughout this study, we have noted a striking similarity between
our work and the use of thin film magnetic garnet films grown on single
crystal garnet substrates by the LPE technique for magnetic bubble applica-
tions. The choice of substrate and film are known to depend on several
considerations, e.g., they should be of the same crystal class and have
similar lattice match, and the temperature coefficient of linear expansion
should be the same and be easily prepared under the crystalline purity. In
the work reported here, LiNb0j satisfied these requirements and is available
in 2 in. diameter boules, which are defect-free and can be polished into
slices of the crystal purity and surface finish necessary for epitaxial

depositions.

fur success in developing Na*-modified LiNbO3 films indicate that the
LPE technique can effectively be employed in surface acoustic wave technology

to improve their properties. The results of the present investigation
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indicate that the addition of 1 mole% sodium in the LiNb03 filns reduced the
temperature coefficient of surface acoustic wave velncity from -90 ppm/°C for
pure LiNh03 to -56 ppm°C for the Lig, ggNag, giNbO3 thin films. The improvement
is almost 40%; this indicates that this coefficient can be reduced further if 1
more sodium is incorporated in the LiNbO3 films. Although, this presents an
excellent opportunity to developed modified LiNbOj thin films with high
coupling constants (SAW coupling K2) and sufficiently low tenmperature

coefficient of surface acoustic wave velocity, the growth of highly

concentrated Na*-modified films {above 2 mole%) was not achiaved because of a

lack of suitable substrate materials. L

In surmary, the LPE growth technique to grow modified LiNb03 thin
films of desired compositions and specifications has heen shown to be
successful, and there is a significant improvement in the temperature
stability of the LiNb03 phase. Since LiNb0j3 is one of the most interesting
ferroelectric materials for piezoelectric and optical applications such as
electro-optic, acousto-optic, and non-linear optics, the new improved modified
LiNbO4 should prove to be useful for these applications. We believe, this new
improved Lilb03 SAW filters or as optical material will produce significant
impact as important elements in such DoD systems such as radar, communication,

and navigation equipments. ;
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