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Single-Crystal Thin Films 
F. F. Lange 

Epitaxial thin films of inorganic single crystals can be grown on single-crystal substrates 
with a variety of different solution chemistries. This review emphasizes chemical solution 
deposition, in which a solution is used to deposit a layer of precursor molecules that 
decompose to low-density, polycrystalline films during heating. Ways to control film 
cracking during deposition and heat treatment and why many precursors synthesize 
metastable crystalline structures are discussed, and the different mechanisms that 
convert the polycrystalline film into a single crystal are reviewed. Hydrothermal epitaxy, 
in which single crystal thin films are directly synthesized on templating substrates in an 
aqueous solution at temperatures <I  50°C, is also discussed. 

Inorganic, single-crystal thin films can be 
produced from solution (either aqueous or 
organic) that contain precursor molecules 
for the different elements in the multiele- 
ment compound of interest. Solution routes 
are relatively new and have been explored 
for possible device applications (such as 
nonvolatile memories. ~vroelectric detec- , L ,  

tors, and field-emission displays) as an al- 
ternative to more costly vapor-phase routes 
(1 ). Oxide compositions, specifically those 
with unusual electro-optical properties, 
such as LiNb03 (2 ,  3 )  and Pb(Zr,Ti)03 (4,  
5). and others including rare-earth alumi- - 
nates (6) ,  cuprate superconductors (7, 8), 
and other oxides (9-14), have received 
most of the attention. Growth of single- 

The author IS in the Materials Department, University of 
California, Santa Barbara, CA 931 06, USA. 

crystal carbides (15), nitrides, and a limited 
group of metals is possible. As in the many 
different vapor-phase routes ( 1  ), single- 
crystal substrates are used as a supporting 
structure and a template for the oriented 
overgrowth of the film material-a process 
known as epitaxy. 

The chemical solution deposition route 
to epitaxial films has received the most 
technical attention and will be the focus of 
this review. In this route, the solution is 
merely a vehicle to deposit, either by spin- 
coating or dip-coating, the desired elements 
onto a single-crystal substrate. A solid pre- 
cursor film forms that decomposes (pyro- 
lyzes) to a p~l~crystalline inorganic film 
during heating. The polycrystalline film 
converts to a single-crystal film at higher 
temperatures by one of a number of mech- 
anisms described below. A number of dif- 

to produce the same inorganic material. 
The different precursor coatings can have 
different properties that include different 
rheological behaviors that influence coat- 
ing coverage, different mechanical proper- 
ties that affect cracking during processing, 
and different decomoosition ~roducts that 
can alter the composition formed during 
pyrolysis. The large volume decrease pro- 
duced during evaporation and pyrolysis will 
lead to the formation of "mud" cracks if the 
film thickness is greater than a critical val- 
ue. Because the inorganic material is formed 

u 

by pyrolysis at temperatures where diffusion 
is kinetically limited, metastable phases can 
crystallize to effect epitaxy during their 
transformation to the stable phase. In addi- 
tion to these subjects, the effect of differ- 
ences in crystal structure between the film 
and substrate on the epitaxy phenomena 
will also be reviewed. 

In a second route, hydrothermal epitaxy, 
the single-crystal thin film is directly syn- 
thesized on a substrate in water at temper- 
atures ~150°C. This route only warrants a 
few paragraphs because it has just "seen the 
light of literature." 

One advantage of solution routes is the - 
economics that "beakers and benches" 
chemistrv offer relativeato cauital-intensive 
vapor-phase routes. A secoid is the high 
degree of compositional control inherent 
with the solution synthesis of multielement, 
inorganic materials. Also, the newly intro- 
duced hydrothermal route offers processing 
temperatures that approach ambient condi- 
tions, which would be very advantageous 
for sequential processing of devices where 
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interdiffusion of previously processed com- 
ponents must be avoided. The apparent 
disadvantage of the solution routes is the 
lack of understanding relating processing, 
film quality, and properties. For example, 
with certain vapor-phase routes (1 ), mass is 
added atom-by-atom and the single-crystal 
film grows by mechanisms that depend on 
the lattice inismatch strain between the 
film and substrate. These mechanisms in- 
clude atomic layer-by-layer growth and 
growth by island nucleation and coales- 
cence. The range of defects introduced by 
these growth mechanisms have been stud- 
ied fork'vapor-phase routes ( 1 ), whereas 
these relations are just being uncovered for 
solution routes. Because this approach is so 
new, it will be obvious to some readers, 
especially chemists who find new opportu- 
nities hidden in every beaker, that both 
minor changes and major perturbations will 
lead to innovations. 

gaseous hydrocarbons, even in inert atmo- 
spheres. Metal acetates (R = CH,) are 
another type of carboxylate with a much 
smaller hvdrocarbon chain that allows them 

taining mixed 2-ethyl-hexanoates that evap- 
orate to form soft, "soapy" substances, alkox- 
ide solutions, which are either purposely pre- 
reacted with water or allowed to react with 

to dissolve in water. Some, like zirconium 
acetate, do not cleanly pyrolyze, but pro- 
duce residual carbon, which must be re- 
moved by oxidation, as well as ZrOz (21). 

Although metal carboxylates, such as 
2-ethyl-hexanoates, do not bond together 
when mixed, other molecules like metal 
alkoxides (Fig. 1A) react together when wa- 
ter is added to their common solvent to form 

atmospheric water, form brittle gels. 
Manv other Drecursors form eels. "Alumi- 

u 

num oxychloride," an aqueous solution of 
A1C13 containing partially hydrolyzed A13+ 
ions at pH 5, forms a gel when concentrated 
during evaporation (22). Likewise, zirconium 
acetate species in aqueous solution also gel 
when concentrated (2 1 ). Other precursors 
form "solid" resins when complexing agents 

a "double-alkoxide" precursor molecule with 
a s~ecific cationlcation ratio. The one shown 

are introduced to cross-link specific species. 
Fieure 2 shows the loss of weieht for two 

in Fig. 1B can be used to synthesize the 
ferroelectric material BaTiO, 11 7). "Hvbrid" 

- " 

different precursors; both pyrolyze to 
Pb(Zr,,,Ti,,,)O,, a useful ferroelectric mate- 
rial (26). Relative to the hydrolyzed hybrid 
alkoxide, the mixed 2-ethyl-hexanoate pre- 
cursor exhibits a large weight loss because of 
its much larger hydrocarbon content. In this 
case, the large volume of gaseous hydrocar- 
bons produced during the pyrolysis cause Pb 
to seoarate from the other elements because 

, , 
alkoxide precursor molecules (Fig. 1 ~ )  can 
be produced (24) with a specific cation ratio, 
for example, by reacting anhydrous lead ac- 
etate with titanium alkoxide in a common 
solvent. It is a widely used precursor for the 
pyroelectric material, PbTi03. Precursors for 
PZT [ferroelectric compositions within the 
solid-solution series, Pb(Zr,Ti)O,] can be 
formulated by mixing, the two hybridized 
precursors, A c P ~ O Z ~ ( O R ) ~  and AcPbOTi- 
(OR)3 (Ac, acetyl) (25). 

The great popularity of alkoxide precur- 
sors stems from their abilitv to form ~olvmer-  

Precursor Chemistries 
it forms a Pb vapor at the pyrolysis temper- 
ature instead of forming an oxide. 

As pointed out by Mantese et al. (20), 
metal carboxylates can directly produce cer- 
tain metals, including Pb, Bi, Sn,  and Cu, 
because they can cleanly pyrolyzed within a 
"window" of oxygen partial pressure where 
the metal, instead of its oxide, is thermody- 
namically stable. Noble metals, such as Ag, 
Au, and Pt, can also be formed by the 
pyrolysis of carboxylate precursors; these 
"resin" precursors are commonly used as 
"inks" to produce decorative coatings on 

A variety of precursor chemicals that in- 
clude metal ,organic molecules (1 6-21 ), 
metal salts (22), and polymers (23) can be 
pyrolyzed to synthesize oxides, carbides, ni- 
trides and certain metals at modest temper- 
atures (usually between 150' and 500°C). 
Multielement comuounds can be svnthe- 

& ,  

ic species composed of mital-oxygen-metal 
(M-0-M) bonds when reacted with water 

sized by mixing sikilar precursor molecules 
in a common solvent prior to pyrolysis. A n  
example is the cuprate superconductor, 
Bi2,,Sr1,,Ca,,,Cu2O,, synthesized by mixing 
bismuth, strontium, calcium, and copper 
2-ethyl-hexanoates, each assayed for their 
soecific metal oxide. in toluene 18). 2-Eth- 

(16, 17). Two reactions, one where a water 
molecule partially hydrolyzes the alkoxide 
molecule (Fig. ID), and a second where a 
partially hydrolyzed molecule reacts with an- 
other alkoxide molecule (Fig. lE), are need- 
ed to form the M-0-M network. The vis- 
cositv of the solution increases with the mo- 

up-market products. 
~, 

il-hexanoates, emphasized by Vest and co- 
workers (19, 20) for the processing of poly- 
crystalline oxide films, are a specific metal 
carboxvlate, where n in Fie. 1A is the val- 

leculir weight of the reacted species. When 
concentrated by evaporation, the polymeric 
species form a gel composed of the three- 
dimensional M-0-M network 11 7) within 

Avoiding Mud Cracks 

Solutions precursors are used to form a solid, 
precursor film on a substrate by either spin- 
coating (27) or dip-coating (17). The tech- 
nologies for producing coatings with a uni- 
form thickness over large areas via spin- 
coating have been well developed in the 
electronic industry where photoresist coatings 

ance of the metal ion andv R is a specific 
branched hvdrocarbon chain. These Drecur- 

, , 

the alcohol, with a substantial fraction of 
terminating, unreacted -M-OH and -M- 

sors cleanl; pyrolyze to metal oxides and 
" 

OR groups. Unlike precursor solutions con- 

Fig. 1. (A) Metal carboxylate mole- A 
cule (top) and metal alkoxide mole- 

B R c R 
0 0 0 

cule (bottom). (B) Double-alkoxide I I I I 
molecule. iCi Hvbrid alkoxide mol- (-O-C-R)n RO-Ba-0-Ti-OR Ac-Pb-0-Ti-OR 

\ ,  2 I I ecule. (D) Pariial hydrolysis of a 
(-OR,, (-BaT103) 0 (-PbTiOg) 0 

metal-alkoxide molecule, (E) For- R R 
-- 2- - --- 

Hydrolyzed, hybr~d alkoxlde , , 

mation of a -M-0-M- bond toward 
the formation of an oxide gel. D R 

n 

RO-M-OR + H,O - HO-M-OR t ROH 
I I 

0 1  

0 200 400 600 800 
Temperature ("C) 

I I I I 
RO-M-OR t HO-M-OR - RO-M-0-M-OR t ROH 

I I I I 
0 0 0 0 
R R R R 

Fig. 2. Thermogravimetric analysis of two precur- 
sors used to synthesize Pb(Zr,,,Ti,,,)O,, dried pri- 
or to analysis. 
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are commonly used to make patterns, and in 
the glass industry where S n 0 2  antireflective 
coatings are produced by dip-coating large 
sheets of glass with an alkoxide precursor 
(31). During coating, the excess solvent 
evaporates to produce a solid precursor film 
with mechanical properties that depend on 
the precursor, for example, soapy for some 
surfactant precursors like the hexanoates, 
and brittle for gel-forming precursors. 

The pyrolyzed inorganic material is very 
porous because a large fraction of the pre- 
cursor volume is eliminated during pyrolysis 
as volatile, hydrocarbon gases, or water va- 
por, or botb. Immediately after crystalliza- 
tion, the microstructure of the inorganic 
substance is an irregular, porous array of 
very small (-2 nm) crystallites that are 
chernicallv bonded to one another. much 
like a paitially dense compacted powder. 
Further heating is required to cause the 
material to become fully dense through the 
usual mass-transport phenomena associated 
with densification. 

Because the film significantlv decreases 
u 

its volume during evaporation, pyrolysis, 
and densification, biaxial tensile stresses 
arise within the film because the shrinkage 
is constrained by the substrate. These ten- 
sile stresses can be relieved by the propaga- 
tion of cracks that form a mud crack pat- 
tern. Such cracks can be avoided if the film 
is produced with a thickness that is less 
than a critical value. For many precursors 
that produce brittle gels, the critical thick- 
ness is -100 nm. 

The reason for a critical thickness can be 
understood with the help of Fig. 3, which 
shows a thin film with a small crack of 
length c that is assumed to penetrate the 
film thickness t. The film is assumed to be 
an elastic material with a Young's modulus 
E and a Possion's ratio v and subjected to a 
biaxial tensile stress o .  Because the tensile 
force within the film times the cross-sec- 
tional area of the film must be equal to the 
com~ressive force within the substrate 
times the cross-sectional area of the sub- 
strate. the cornvressive stresses within the 
substrate can be neglected when the film is 
verv thin relative to the substrate. That is. 
only the tensile stress within the film need 
be considered. The strain energy stored in 
the film, per unit volume is 02(1 - v)/(2E) 
= 02/2E*. The strain energy within the 
film containing the small crack is U: - 

Fig. 3. Portion of a thin film bonded 
to a thicker substrate containing a 
crack of length c, which extends 
(right hand view) along the length of 
the film to form a mudcrack pattern 
with the extension of other cracks. 

[02/2E*]Zct2, where U:e is the initial strain 
energy within the uncracked film and Zct2 
is the volume of material around the crack 
where strain energy is relieved. The energy 
needed to form the crack's surface is ctG,, 
where G, is the energy needed to form two 
crack surfaces per unit area (G, is also 
known in the fracture mechanics literature 
as the critical strain-energy release rate), 
and ct is the area of the crack. Neglecting 
the internal energy, the total energy associ- 
ated with the cracked film is: 

To find the conditions where the crack will 
extend along the film, we apply the concept 
introduced by A. A. Griffith more than 70 
years ago. That is, a crack can only extend 
if it reduces the free energy of the system, 
that is, if aU,/ac 5 0. Differentiating Eq. 1 
with respect to c, one finds that the condi- 
tion for crack extension does not depend on 
the length of the crack, but instead, de- 
pends on the film thickness: 

Setting Eq. 2 equal to zero, one can now 
understand why a crack cannot extend until 
the film thickness exceeds a critical value: 

More rigorous analyses (28, 29) for a variety 
of different crack geometries, such as cracks 
that not only extend across the film but 
concurrently extend either along the inter- 
face or into the substrate, leads to the same 
conclusion. The value for the dimensionless 
parameter Z differs for each type of crack 
(29), but the conclusion is the same, name- 
ly, crack extension can be avoided provided 
the film thickness does not exceed a critical 
value. 

Optimizing the conditions that avoid 
cracking has been limited to producing pre- 
cursor films with a thickness to less than the 
critical value. Processors have learned to 
form thicker films by building up the film 
thickness with cyclic coating and pyrolysis 
steps, thus avoiding cracking during each 
cycle. This cyclic coating procedure is ex- 
pected to introduce defects. Observations 
suggest that brittle precursors (gels) form 
their mud crack pattern during drying when 
G, apparently has its lowest value. Also, 
brittle gels are more prone to cracking than 

soapy carboxylate films, suggesting that re- 
search directed to increase the G, of the 
dried precursor would be fruitful. 

Crystallization and 
Metastable Phases 

Crystallization of the inorganic compound is 
usually concurrent with pyrolysis (30). 
When the com~osition is far from the eaui- 
librium composition, crystallization can be 
delayed to much higher temperatures (31 ). 
Because pyrolysis occurs at very low temper- 
atures relative to the compound's melting 
temperature, the free energy change for crys- 
tallization is large, and the critical nucleus 
size required for spontaneous crystallization 
is very small. Thus, the crystallization of a 
connective i~artiallv sintered) network of 

\ L 

nanocrystallites (<2'nm) is observed. In ad- 
dition, because crvstallization occurs at low 
tempeiatures, whdre diffusion is kinetically 
limited, metastable ohases (extended solid- 
solutions and nonequilibriurn structures) can 
crystallize (30, 3 1 ). 

The concept of kinetically limited crys- 
tallization can be illustrated with the help 
of Fig. 4, which schematically shows free 
energy functions of three stable phases and 
three metastable phases as a function of 
composition for the PbO-Ti02 binary sys- 
tem at -400°C, where crystallization is first 
observed after pyrolysis (25). The three 
equilibrium phases are PbO, T i02 ,  and Pb- 
TiO, (perovskite structure) with specific 
compositions located in the binary by the 
minimum for their respective free energy 
functions. The three metastable phases are 
the amorphous oxide produced during py- 
rolysis (upper line that spans the binary), 
the pyrochlore structure, and the corn- 
pound, PbTi307. When a Ti-rich composi- 
tion (x) is formulated by mixing Ti- and 
Pb-precursors [such as the hybrid alkoxide, 

TiO, PbTiO, PbO 

Fig. 4. Schematic of the free energy versus com- 
position functions for phases found in the PbO- 
TiO, binary system at a temperature within the 
range of 400" to 800°C (25). 
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AcPbOTi(OR), plus Ti(OR)+ or Pb- and 
Ti- hexanoates) and pyrolyzed at -400°C, 
it uroduces an amoruhous oxide (25). At . . 
slightly higher temperatures, the amorphous 
phase crystallizes as a single phase, with the 
pyrochlore structure as shown by the arrow 
a in Fig. 4. It is believed that the composi- 
tion that c~stallizes first has the ~vrochlore . , 
structure, instead of the lower free energy 
uerovskite structure. because uvrochlore of- 

& ,  

iers greater freedom for placement of Pb and 
Ti ions on cation sites and offers the greater - 
possibility of vacancies on oxygen sites. 
That is, at temperatures where diffusion is 
severelv limited. the ~vrochlore structure is . ., 
kinetically more favorable. When heated to 
higher temperatures, the metastable pyro- 
chlore structure transforms to the perov- 
skite structure as shown by the arrow b, but 
retains its metastable, Ti-rich composition. 
At still higher temperatures, the metastable 
perovskite partitions into two phases: a 
metastable Ti-rich phase (PbTi30,) and a 
perovskite phase with a composition that 
approaches the stoichiometric equilibrium 
phase, PbTiO, as shown by the dashed line 
c. At still higher temperatures, the system 

Fig. 5. (A) A cross-sectional view of a polycrystal- 
line Zr(Y)O, film formed on a (1 00) cubic-Zr(Y)O, 
single-crystal substrate grains at the substrate in- 
terface that have nucleated with the same orien- 
tation during pyrolysis (distance between lattice 
fringes is -2.5 nm) and (B) dark-field TEM of the 
same film heat treated at 900°C showing partial 
conversion of the polycrystalline film to a single 
crystal by grain growth ( 7  7) .  

reacts to finally form the two stable phases, 
TiO, (rutile) and PbTiO, (perovskite) as 
shown bv the dashed line d. Each of these 
kinetically limited steps (a -+ d) sequential- 
ly decreases the free energy. 

The phenomena of diffusion-limited 
crystallization is commonly observed in 
many different materials produced from pre- 
cursors because they are synthesized in the 
solid-state at very low temperatures. Exam- 
ples for single oxides are the crystallization 
of A1,03 with the metastable y structure 
instead of the stable a structure and the 
crystallization of TiO, as anatase instead of 
the stable rutile structure. As shown below. 
these metastable phases effect epitaxy. 

Epitaxial Grain Growth 

A number of different phenomena can con- 
vert the polycrystalline film formed during 
pyrolysis into a single crystal. When the 
film and substrate have identical structures, 
des~ite different chemistries. and their lat- 
tice mismatch is small, the epitaxy phenom- 
enon simply involves the growth of nano- 
meter epitaxial grains located at the film/ 
substrate interface (Fig. 5A) that are pro- 
duced during pyrolysis (22). The darker 
grains at the interface have lattice fringes 
that extend from the substrate. Miller et al. 
(I I) uncovered this growth mechanism 
during studies where aqueous solutions of 
zirconium acetate and yttrium nitrate were 
used to coat (100) cubic-Zr(Y)Oz (9.5 
mol% Y 2 0 3 )  substrates. Film compositions 
within the range cubic-Zr(Y)Oz (6 to 40 
mol% YzO3) had a lattice mismatch up to 
1.59%. Miller et al. showed that although 
the nanometer epitaxial grains are produced 
at the film/substrate interface during pyrol- 
ysis (-400°C), higher temperatures were 
needed to sufficiently densify the film to 
allow the epitaxial grains to grow to the 
surface by consuming the other missori- 
ented grains. The elimination of grain 
boundaries in the initial polycrystalline film 
is the apparent free energy driving the epi- 
taxial grain growth phenomenon. 

A dark-field transmission electron mi- 
croscopy (TEM) image (Fig. 5B) shows that 

a 900°C, the epitaxial layer (mismatch = 

0.81%) has grown approximately half-way 
to the surface within the polycrystalline 
film. Most of the epitaxial film and sub- 
strate are brighter because the image is tak- 
en with a common diffraction beam from 
the substrate and epitaxial film. Grains that 
have a small misorientation were not con- 
sumed during epitaxial grain growth and 
appear as darker, defect "grains." Higher 
temperatures (-llOO°C) were needed to 
fully grow the film to the surface and to 
eliminate many of the internal defects oh- 
served at lower temperatures. At 1100"C, 
the surface was not smooth but contained 
pits caused by the remnant pores "pushed" 
to surface by the moving epitaxial front. 
Surface diffusion produced smooth surfaces 
at higher temperatures ( > 1200°C). 

When the film and substrate had nearly 
the same composition and thus nearly no 
mismatch strain, the epitaxial grain growth 
phenomenon initiated at a lower tempera- 
ture relative to compositions with a larger 
mismatch. For this case, pores within the 
partially dense, polycrystalline film would 
become internally trapped as jt was con- 
verted into a single-crystal film. Trapped 
pores were difficult to remove by heat treat- 
ment because of the lack of intersecting 
grain boundaries, which are rapid paths for 
mass transport (10). The strain energy as- 
sociated with the initial epitaxial growth 
may help retard growth until higher tem- 
peratures are reached, when pores can move 
with the epitaxial front (1 1 ). 

The same study (1 I )  showed that much 
of the strain energy within the film due to 
the lattice mismatch was relieved by the 
formation of a dislocation network at the 
film/substrate interface as observed for va- 
por grown films (1, 32). To a first approx- 
imation, the interfacial energy might be 
estimated to be solely due to the dislocation 
network. For atomic layer-by-layer growth 
in vapor-phase epitaxy, it is believed that 
the dislocations move from the surface to 
the interface (1). How the dislocation net- 
work forms at the interface is still unknown 
for the solution deposition route. 

To  understand how the epitaxy mecha- 

Fig. 6. Cross-sectional vlew, (100) 
zone axis, of an interface between 
epitaxia SrZrO, film and (001) Sr- 
TiO, s~bstrate, snowing periodic 
m.ss ng planes In SrZrO, crystal 
that compensates for much of the 
lattlce mismatch strain due to the 
larger (5%) .attlce parameter of the 
SrZrO,. Note the Bcrrgers circuit 
arocrnd the dis ocation at the inter- 
face (13). 
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nism might change with lattice mismatch, 
two studies are currently under way. One 
involves the epitaxy of metal oxides (CdO, 
CaO, and SrO) on MgO; all have the NaCl 
structure with lattice mismatch between 11 
and 23% (33). The second involves a series . . 
of solid-solution compositions, (Sr,Ba)- 
(Ti,Zr,Ce)O,, grown on either SrTi03 or 
LaA10, (13), with a lattice mismatch be- 
tween 0 to 16%; in this series both films 
and substrates have the perovskite struc- 
ture. In both studies, 2-ethyl-hexanoateltd- 
uene are the precursor solutions. Figure 6 
shows the closely spaced and periodic dis- 
locations at the SrZrO,ISrTiO, interface 
(13). The dislocation spacing s is nearly 
identical to that ~redicted with the relation 
s = b/&, where b is the Burger's vector of the 
dislocation and E is the strain associated 
with the lattice mismatch (32). Because the 
film has a larger lattice narameter relative - 
to the substrate, the edge dislocations that 
terminate at the interface are missing 
planes within the film. 

In a third study of epitaxy mechanisms, 
LiNbO, (precursor: hybrid alkoxide) was 
grown on basal plane A1,0, substrates (3). 
Both have similar structures with Li and Nb 
systematically replacing Al. The large lat- 
tice mismatch (-8%) appears to be respon- 
sible for the "mosaic" character of the film 
and a second epitaxy orientation described 
by an in-plane rotation of 60". Mosaic char- 
acter describes a film composed of small 
regions that are slightly rotated relative to 
one another and the substrate (up to 5% in 
this case) (3). Mosaic regions are undesir- 
able because'their boundiries scatter light, 
and the grooves formed where the bound- 
aries intersect the surface produces a "rough 
surface which also scatters light. Films 
grown by vapor routes have similar defects. 
A Fe,O, epitaxial buffer layer (produced 
with a Fe-hexanoate precursor) between the 
AI2O, substrate and LiNbO, film, which 
reduces the lattice mismatch to 2%. lowers 
the mosaic character and eliminates the in- 
 lane, 60" rotation variant (3). 
A when  the mismatch stiain exceeds 
-8%1, the epitaxy phenomena is not the 
grain-growth phenomenon described above, 
but appears to occur by concurrent abnor- 
mal growth and an instability phenomena 
described below. 

Epitaxy During a Phase 
Transformation 

In another study (5), a hybrid-alkoxide 
(AcPbOTi(OR),) precursor was used to 
form epitaxial PbTiO, thin films on cubic 
(100) SrTiO, substrates. After heating to 
-400°C for 1 hour, a polycrystalline, meta- 
stable pyrochlore phase crystallized from 
the pyrolyzed amorphous precursor. At 

-420°C for 1 hour. the thermodvnamicallv 
stable phase, with a perovskite structure, 
epitaxially nucleated at the filmlsubstrate 
interface. Only a few epitaxial grains per 
unit area "burst" through the film toward 
the surface over a small temperature range 
to consume all of the nanocrystalline fluo- 
rite grains and trap the nanopores that were 
in the pyrolyzed film. These large, epitaxial 
grains are porous and exhibit a extensive 
mosaic character. Further heating densifies 
the ~erovskite erains and reduces their mo- - 
saic character. Pores, which coarsen with 
grain growth, produce a pitted surface as 
they disappear from within the film. At 
800°C for 1 hour, a dense epitaxial PbTi03 
film with a smooth surface is produced (Fig. 
7). Figure 7 also shows that the film con- 
tains twins. caused bv its cubic to tetraeonal 
structural 'transformation during coiling 
through its Curie temperature (-480°C). 
Laths of a axis domains in a c axis film help 
relieve strain energy that arises during the 
structural transformation. 

In the PbTiO, study (5), the initial poly- 
crvstalline film did not have the same struc- 
ture as the substrate, and the driving force 
for the nucleation and erowth of the e ~ i -  - 
taxial grains was different relative to the 
epitaxy of Zr(Y)Oz on Zr(Y)02 ( I  I) .  In 
systems that directly crystallize to the stable 
structure. elimination of erain boundam - 
area per unit volume is the only decrease in 
free energy driving epitaxial grain growth. 
In the case of the PbTiO, epitaxy, the 
metastable pyrochlore to perovskite trans- 
formation ~rovides an additional decrease 
in free energy. It appeared that this extra 
driving potential not only allows only a few 
large grains to rapidly grow through the 
~olvcrvstalline film but also leads to en- 
;rappeh porosity and the less ordered 
growth of the single-crystal thin film. 

Abnormal Grain Growth and 
Morphological Instabilities 

The most general case for epitaxy occurs 
when the film and substrate do not have the 
same structure. Once the width of the 
grains within a polycrystalline film is great- 
er than the film thickness, grains with spe- 
cific orientations will undergo abnormal 
grain growth because of their lower surface 
energies, or interfacial energies, or both 
(34). Thus, polycrystalline films with co- 
lumnar microstructures are expected to un- 
dergo abnormal grain growth and to devel- 
op at least one preferred orientation even 
when the substrate is amorphous. 

In addition to abnormal grain growth, 
the film can also undergo a morphological 
instability that causes it to uncover the 
substrate during grain growth. This phe- 
nomenon eventually produces a microstruc- 

Fig. 7. Cross-sectional view of a tetragonal Pb- 
TiO, epitaxial film on a SrIO, substrate. The film 
was heat-treated at 80OoC, where the perovskite 
structure becomes cubic. Diagonal bands are 90" 
twins formed during cooling when the film trans- 
forms to its tetragonal, ferroelectric structure (5). 

ture where every grain is an island. Srolovitz 
and Safrin ( 3 5 )  were the first to ~redic t  this . , 

instability phenomena. They showed that a 
pin hole could grow in a polycrystalline 
thin film by deepening of the grain bound- 
ary grooves at a three-grain junction during 
grain growth. Miller et al. (36) confirmed 
this uncovering phenomenon with poly- 
crystalline Zr(Y)O, thin films on sapphire 
substrates. They also presented a thermody- 
namic analysis showing that the breakup 
process lowers free energy of the system 
when the grain size (D) to film thickness (t) 
ratio exceeds a critical value, (Dlt),, which 
denends on the dihedral anele (a measure of - .  
the grain boundary to surface energy ratio) 
and the solid-state "wetting angle" of the 
isolated grains on the substrate. 

Miller et al. (36) summarized their ther- 
modvnamic calculations with an eauilibri- 
urn, configurational diagram (Fig. 8), where 
Dlt ratio is dotted as a function of the 
solid-state wetting angle for a specific value 
of the ratio of the surface to grain-boundary 
energies. One boundary in this diagram rep- 
resents the condition (values of Dlt and 
solid-state wetting angle) where free energy 
of the coherent film (represented by hexag- 
onal, truncated grains) is equal to that of the 
film broken into isolated, single-crystal is- 

Dihedral angle = 120" " '% 

E - 
3 5  
'n 

Wetting angle (degrees) 

Fig. 8. Equilibrium configuration diagram for poly- 
crystalline thin films with columnar microstruc- 
tures. Boundaries represent the conditions (grain 
size/film thickness ratio and solid-state wetting 
angle) where different configurations have the 
same free energy (37). 
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lands (spherical caps). A third configuration 
also exists where grains are still joined by 
grain boundaries but the substrate is uncov- 
ered where three grains meet. As illustrated, 
the coherent film only exists over a small 
range of D/t. For very thin films, only a small 
amount of grain growth is required to cause 
the polycrystalline film to break up, uncover 
the substrate, and reduce free energy of the 
system. 

For most film applications, the instabil- 
ity phenomenon is unwanted, but this 
breakup process can be used to produce 
"seeds" to grow a polyvariant crystal thin 
film (all grains have the same out-of-plane 
orientation) by recoating the substrate con- 
taining the oriented, isolated grains (the 
seeds) that are used to consume the much 
smaller grains within the new deposition 
through grain growth (37). This seeded 
growth method was recently used to elimi- 
nate the unwanted 60" variant for epitaxial 
LiNbO, films on an A1203 substrate (9). 

A second type of morphological instabil- 
ity, which causes a single-crystal film to 
uncover the substrate, was recently discov- 
ered (38) when very thin, single-crystal Pb- 
TiO, films were grown on a SrTiO,. This 
instability phenomena is observed when the 
surface of a hole has a lower specific energy 
than the surface of the film. Ex~erimental 
observations showed that three different 
film configurations may exist, which de- 
pend on the film thickness: thick films 
completely cover the substrate whereas pre- 
existing holes in thinner films can grow to 
either form a continuous film containing an 
equilibrium area fraction of holes or they 
can grow together to cause the film to break 
up into single-crystal islands. A free energy 
model, which includes surface energy an- 
isotropy and the spacing between preexist- 
ing holes, was used to explain this instabil- 
ity phenomenon (38), and showed that pre- 
existing holes in thinner films will uncover 
the substrate. For the range of surface ener- 
gies commonly observed in the inorganic 
materials of interest, preexisting holes 

Fig. 9. PbTiO, epitaxial film synthesized directly 
from water at 150°C on a (1 00) SrTiO, single- 
crystal substrate (49). 

greater than a critical size are necessary to 
initiate the instability. 

Patterning 

Many device applications, such as optical 
wave guides, require patterned thin films. 
After forming a precursor film produced 
with mixed metal carboxylates, such as hex- 
anoates, Mantese et al. (20) have formed 
useful device patterns by only pyrolyzing the 
selected regions with a scanning laser. Un- 
scanned areas can be simply washed away 
with the same solvent used to formulate the 
initial precursor solution. Yogo et d. (39) 
have applied photolithography techniques 
to form patterns by adding a photosensitive 
chemical (1-phenyl-1,3-butanedione), de- 
signed to have a specific ultraviolet absorp- 
tion at 330 nm, to their mixed alkoxide 
precursor to form patterned single-crystal 
films of LiNbO, on sapphire substrates. 

More recently, Jeon et al. (40) adopted 
the innovative method developed by Kumar 
and Whitesides (4 1 ) of stamping hydropho- 
bic patterns on nearly any surface to produce 
patterned, epitaxial LiNbO, films on sap- 
phire. This method uses a rubber stamp and 
an ink that renders the stamped surface hy- 
drophobic. The rubber stamp is produced 
from a relief pattern formed on a Si substrate 
by conventional photolithography and etch- 
ing techniques, and thus has the potential 
for submicrometer resolution. The inks are 
bifunctional molecules; one end reacts with 
the -M-OH surface sites to chemically at- 
tach a hydrocarbon chain, which renders the 
surface it prints, hydrophobic. Jeon et al. (40) 
showed that spun-on precursor does not 
bond to the substrate at hydrophobic sites, 
and thus is easily removed after pyrolysis. 
With further development, this method ap- 
pears to have the greatest potential to form 
the three-dimensional thin-film structure 
needed for advance device technology. 

Epitaxy in Water 

Hydrothermal methods have been used to 
synthesize ceramic powders (42) at elevated 
temperatures and pressures. Although hydro- 
thermal generally denotes high temperatures 
and pressures, many binary, ternary, and more 
complex oxides are stable in water at ambient 
pressures and moderate temperatures. For ex- 
ample, thermodynamic calculations for the 
Ba-Ti-H20 system have been used to assess 
the relative stability of barium titanate in 
aqueous solution as a function of pH and 
reagent (Ba2+) concentration. Thermody- 
namic calculations show that BaTi03 is fa- 
vored at pH > 12 and high concentrations (2 
M) of Ba2+ (43). For example, the BaTiO, 
can be directly synthesized from an aqueous 
solution as a powder (44, 45) and as poly- 

crystalline thin films (46, 47). Lilley and 
Wusirika (44) patented the production of 
submicrometer BaTi03 powder using the 
hydrothermal method by reacting T i02  
powder in a boiling, aqueous solution of 
barium hydroxide for -48 hours. Others 
have used titanium sources such as Ti metal 
(46) and T i02  gels (45) at temperatures 
ranging from 100" to 400°C. 

The hydrothermal, heteroepitaxial growth 
of BaTiO, was shown by Chien et al. (48) at 
90°C by simply placing a SrTiO, single- 
crystal substrate into the beaker used to syn- 
thesize powder as described by Lilley and 
Wusirika (44). Chien et d. discovered that 
nanometer BaTiO, crystals nucleated at 
steps on the substrate surface and grew 
together to form the single-crystal film. 
Likewise, Pb(Zr,Ti,-,)O, heteroepitaxial 
thin films were produced in an aqueous 
solution (10 M KOH) at ambient pressure 
and low temperatures (90" to 150°C) on 
(001 ) SrTiO, and LaA10, single-crystal sub- 
strates (49). Growth of the Pb(Zr,Ti,-,)O, 
thin films initiates by the formation of (100) 
faceted islands (49). Compositional analysis 
on the Pb(ZrxTi,_x)O, thin film shows that 
the Zr:Ti ratio is 44:56, nearly identical to 
the molar ratio of the precursors [Ti02 pow- 
der, ZrOCl,, and Pb(NO,),]. Figure 9 shows 
the faceted surface of a PbTi0, film epitax- 
ied on a SrTi0, substrate. Epitaxial films of 
TiOz (50) and ZnO (5 1 )  on Si substrates 
have also been reported. 

Although the thermodynamic stability 
of these and other important oxides are 
reasonably established, the details of their 
synthesis reactions and epitaxial growth 
mechanism are still unclear and the subject 
of current research. 
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Device Applications of 
Side-Chain Ferroelectric Liquid 

Crystalline Polymer Films 
K. M. Blackwood 

Side-chain ferroelectric liquid crystalline polymers are currently used in a number of 
applications, including displays and electrical sensors. Comparisons with existing tech- 
nologies and materials indicate that relative to ceramics, such polymers have lower 
figures of merit but offer greater durability in sensor applications. 

Side-chain liquid crystalline polytners 
(SCLCPs) may be thought of as having 
normal polytneric backbone architectures 
with pendant groups that show LC prop- 
erties. In 1978, Ringsdorf and co-workers 
conducted svstematic studies of SCLCPs 
( 1 ,  2 )  and showed that, in order to pre- 
serve the LC ~ h a s e  behavior of the meso- 
gen, it was necessary to insert a flexible 
sDacer between the tnain chain and the 
core. Schematically the structure of a 
SCLCP can be represented as in Fig. 1. 

The response time of a ferroelectric LC 
material can generally be related to its vis- 
cosity as 

where T is the response time (the response 
titne of a LC device is typically taken to be 
the time required for a 90% change in the 
amount of light transmitted through the de- 
vice), E is the applied field, P, is the spon- 
taneous polarization of the sample, and q is 
the bulk viscosity. In a polymer that, even 
above its glass transition temperature T,, is 
more of a viscoelastic solid, the response 
titne will be exceptionally slow in compari- 
son with traditional LC materials. Given 
this, one may wonder what drives the study 
of SCLCPs other than mere academic in- 
terest. The answer arises from develou- 
tnents in the low molecular weight area. In 
1974, Meyer et al. showed mathematically 
that, if one could unwind the helical su- 
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perstructure of a chiral stnectic C-phase 
LC, then the low degree of sylnlnetry 
would lead to the development of ferro- 
electricitv 13). This uhenotnenon can be , . 
understood by considering the arrange- 
tnent of the lnesogens within the stnectic 
C ~ h a s e .  LC tnaterials can exhibit many 
phase structures between the isotropic 
tnelt and the solid crystal. Of these me- 
so~hases, the best known is the nematic 
phase, in which the mesogenic units have 
a degree of long-range ordering not 
present in the isotropic melt. This order- 
ing causes. the rod-like mesogens to adopt 
a nreferred orientation. This  referred ori- 
entation is known as the director, and the 
tnovetnent of this director bv electric 
fields (Fig. 2 )  is the basis for the present 
generation of LC displays. 

In their quest for better, faster displays, 
researchers turned their attention to the 
smectic mesophases. Here, the mesogens 
arrange themselves into distinctive layers, 
although there is little positional ordering 

Flexible spacer ' Mesogenic cores 

Fig. 1. Schematc diagram of SCLCP architecture. 
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