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Processing routes have been developed for the production of thin ceramic films through 
precipitation from aqueous solutions. The techniques are based on crystal nucleation and 
growth onto functionalized interfaces. Surface functionalization routes have been devel- 
oped by the mimicking of schemes used by organisms to produce complex ceramic 
composites such as teeth, bones, and shells. High-quality, dense polycrystalline films of 
oxides, hydroxides, and sulfides have now been prepared from "biomimetic" synthesis 
techniques. Ceramic films can be synthesized on plastics and other materials at temper- 
atures below 100°C. As a low-temperature process in which water rather than organic 
solvents is used, this synthesis is environmentally benign. Nanocrystalline ceramics can 
be produced, sometimes with preferred crystallite orientation. The direct deposition of 
high-resolution patterned films has also been demonstrated. The process is well suited to 
the production of organic-inorganic composites. 

T o  keep pace-with emerging technologies, 
materials engineers need to develop pro- 
cessing techniques that produce high-qual- 
ity ceramics under conditions that are com- 
patible with a wide range of other materials 
and components. The demand for ceramic 
coatings on plastics is high. Optical, mag- 
netic, impermeable, hard, and active coat- 
ings for sensors and "smart" material com- 
posites all represent growing markets for 
ceramics deposited on or within plastics. 
Ceramic films are also in demand as active 
and passive components in microelectronic 
circuits as capacitors, memories, and insu- 
lating or passivating layers. 

For many of the above applications, 
conventional ceramic processing, which in- 
volves high-temperature sintering, cannot 
be used. Even advanced "sol-gel" tech- 
niques (1 ), which involve heat-treating 
precursor (usually alkoxide) films, require 
processing temperatures in excess of 400°C. 
Unfortunately, temperatures in excess of 
300°C are sufficient to pyrolyze most plas- 
tics, and many plastics cannot tolerate tem- 
peratures above 100°C because of softening 
or other phase transitions. While sol-gel 
glasses can be prepared at lower tempera- 
tures for applications such as protein encap- 
sulation (2), the resulting materials are less 
than 70% dense, containing high porosity 
and internal surface area. For both sol-gel 
and conventional processing, shrinkage 
during densification can lead to the forma- 
tion of large pores, crazing, and the buildup 
of undesired film-substrate stresses. The 
need for lower temperature near-net-shape 
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processing is driving current research in 
low-temperature, vapor. deposition tech- 
niques such as laser ablation and metal- 
organic chemical vapor deposition. 

Emerging applications for ceramic films 
can require the microstructural or macro- 
structural control of film morphologies that 
are ddficult to achieve with existing technol- 
ogies. For advanced magnetic, optical, and 
ferroelectric films, the size, shape, and crystal- 
line orientation of individual grains in poly- 
crystalline films must be controlled to opti- 
mize film properties. Film patterning is often 
desired. Because most film de~osition tech- 
niques produce continuous films, patterning is 
usually done after the film is deposited and 
requires the vigorous etching of materials that 
are resistant to chemical attack. The ability to 
deposit patterned films directly without etch- 
ing would eliminate many expensive process- 
ing steps, eliminate the use of hazardous 
etchants, and increase yields. 

The control of ceramic processing de- 
sired by engineers is routinely achieved in 
nature (3). Organisms deposit highly ori- 
ented, flaw-free ceramics from aqueous so- 
lutions under ambient conditions on sub- 
strates as delicate as living tissues (4). 
Minerals deposited within organisms (5, 6) 
include calcium oxalates, carbonates, and 
phosphates; iron oxides; and silica. Scien- 
tists have performed extensive studies to 
determine the mechanisms for biomineral- 
ization (5-8) and related processes in the 
fossilization of soft tissue (9). As a result of 
such mechanistic studies, it has been rec- 
ognized that certain aspects of the natural 
Drocesses used to make materials such as 
teeth, bones, shells, and kidney stones can 
be duplicated synthetically (1 0, 1 1). 

Biomineralization is a complex process 
(1 2) that involves the controlled nucle- 
ation and growth of ceramics from aaueous - 
solutions. Organisms create the proper or- 
ganic matrix as a host for nucleation and 
growth, control solution concentrations 
and the supersaturation of precipitating 
phases, and control the kinetics and direc- 
tion of growth using species such as soluble 
proteins. Rather than attempting to dupli- 
cate the entire biomineralization process, 
researchers are dividing the process into 
stages that can be understood and adapted 
to practical processing schemes (1 3-1 5). 
Processes mimicking biomineralization 
have now been used to prepare materials 
including iron oxides (1 6, 17), apatite 
(18), and CdS (19). 

Although biominerals such as apatite 
clearly benefit the host organism, most 
demonstrations of biomineralization to date 
have not resulted in the formation of ce- 
ramics of technological interest. The focus 
of this article is to demonstrate how surface 
functionalization routes suggested by bio- 
mineralization can be used to create miner- 
al coatings for industrial applications and to 
produce ceramic materials not found in 
organisms. With biomimetic processing, 
high-quality, oriented, and patterned ce- 
ramic films can be de~osited on ~lastics and 
other materials at temperatures below 
100°C (15). The results indicate that sim- 
ple processing conditions can produce ma- 
terials of both industrial and scientific in- 
terest. Here. kev elements are described , , 

that control the chemistry of the aqueous 
de~osition solution and functionalized sur- 
faces to produce high-quality ceramic films. 
Industrial applications and future implica- 
tions of the rapidly expanding field of bio- 
mimetic synthesis are also discussed. 

Nucleation and Growth in 
Aqueous Systems 

Biomimetic synthesis involves the use of an 
aqueous solution of soluble precursors to 
deposit ceramic films on desired substrates 
or within a host matrix. Precursors are 
deposited (Fig. 1) when solution conditions 
are changed from a pH, concentration, and 
temperature regime in which precursors are 
soluble to a regime in which solutions are 
supersaturated, inducing crystal nucleation 
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and growth. Nucleation and growth can 
occur either in solution (homogeneous) or 
on the surfaces of other solid phases (het- 
erogeneous). Successful biomimetic synthe- 
sis occurs when heterogeneous nucleation is 
uromoted and homog.eneous nucleation is " 
suppressed. Therefore, one key to successful 
biomimetic svnthesis is an understanding of - 
the factors that control crystal nucleation 
and growth in aqueous solutions. 

According to classical theories for ho- 
mogeneous crystallization (20-22), the free 
energy for formation of stable nuclei (AG) 
depends on the degree of supersaturation 
(S), the temperature (T), the net solution- 
particle interfacial energy (u) , and the par- 
ticle surface area (A): 

where B is the ideal gas constant. Important 
parameters for particle formation, including 
the induction time for nucleation (r), the 
final number of nuclei (N), and the particle 
growth rate (drldt), are also controlled by 
the supersaturation, the interfacial energy, 
and the temperature: 

where K, B, P, Q, P, and n are constants, k 
is Boltzmann's constant, and v is the molec- 
ular volume of the precipitating phase. 

Similar expressions apply to heteroge- 
neous nucleation and film formation at an 
interface, except that the surface free ener- 
gy is described by three terms: 

AG = -RT In S + uclAcl + (acs - usl)Ac, 

\ Jrecipitatio3 & 
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?2 Film formation 
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Fig. 1. Idealized solubility diagram for film-form- 
ing species dissolved in water. Solubility gener- 
ally depends on species concentrations, [MI ,  
and pH. Film formation occurs when solution 
conditions change from (A) a regime in which 
precursors are soluble to (B) a condition of 
supersaturation. Proper supersaturation pro- 
motes film growth without precipitation. In a batch 
process, the consumption of reagents in film 
formation can change the degree of supersatura- 
tion (moving to C). Normally, the regime in which 
homogeneous nucleation and precipitation occur 
is to be avoided for optimum film growth. 

where c, s, and 1 subscripts refer to inter- 
faces involving the crystalline particle, the 
substrate, and the liquid phases, respective- 
ly. If interactions between the growing 
nucleus and a substrate surface represent a 
lower net interfacial energy than the parti- 
cle-solution interfacial energy, heteroge- 
neous nucleation is favored over homoge- - 
neous nucleation. In recent years, several 
investigators (23-27) have shown that by 
manipulating surface energies through 
chemical modifications and solution addi- 
tives, the crystal phase, morphology, crystal 
growth habit, orientation, and even chiral- 
ity of crystal grown in aqueous media can be 
modified and controlled. 

The importance of supersaturation levels 
and surface energy effects can be seen upon 
consideration of the number of nuclei ure- 
dicted to be produced in supersaturated so- 
lutions as a function of surface energy (Fig. 
2). At supersaturation levels that are just 
sufficient to start homogeneous nucleation 
(curve 1, Fig. 2), a 10-fold increase in S can 
increase the number of nuclei and the kinet- 
ics of nuclei formation by over 10 orders of 
magnitude. Substrate surfaces can lower the 
value of u by as much as 50% (curve 2, Fig. 
2), increasing the number of nuclei (and 
formation rates) by over 10 orders of magni- 
tude at the same degree of supersaturation. 
For the urouer combinations of substrates . . 
and solutions, films form on surfaces at 
su~ersaturation levels that do not sustain 
homogeneous nucleation. Solid-solution in- 
terfacial energies tend to be small (28), on 
the order of a few kilocalories per mole (0 to 
200 mJ/m2), and are sensitive to subtle 
changes in surface chemistry such as solva- 
tion, ion adsorption, electrical double layer 
effects, surface complexation, and changes 
in van der Waals interactions. Crystal-sub- 
strate adhesion energies (29) (due to inter- 
facial bond formation minus interfacial 

Fig. 2. Idealized diagram showing how the 
number of nuclei (N) is predicted to vary with 
supersaturation (S) and the net interfacial en- 
ergy for nucleation (u) according to classical 
nucleation theory. Curve 1 is representative of 
homogeneous nucleation behavior. Curve 2 is 
calculated by the assumption that all parame- 
ters are identical except U, which is one-half of 
the homogeneous value. Curve 2 is indicative 
of net interfacial energies associated with het- 
erogeneous nucleation. 

strain) can be dominant contributors to the 
net free energy for nucleation. The chal- 
lenge of biomimetic synthesis is to under- 
stand and control interfacial chemistries in 
such a way as to enhance surface crystalliza- 
tion for desired crystal-substrate pairs. . 

Surface Functionalization 

Organisms are capible of controlling sur- 
face nucleation and growth on substrate 
materials that are themselves relatively 
inert. For example, in eggshell membranes, 
interactions between macromolecules and 
the collagen membrane matrix can induce 
or inhibit the crystallization of calcium 
carbonate or calcium phosphate during egg- 
shell production (30). Most of the macro- 
molecules known to uromote surface nucle- 
ation contain functional groups that are 
anionic at the crystallization pH (12), in- 
cluding sulfate groups in polysaccharides 
(3 1 ) , carboxylic acid groups on the aspartic 
acid-containing proteins in mollusks (32), 
and phosphate groups on proteins found in 
teeth and bones (33). The functional 
groups are thought to be capable of binding 
soluble ionic vrecursors to the substrate 
surface to stimulate the surface nucleation. 
While detailed mechanisms for the role of 
the anionic groups are still poorly under- 
stood. the natural uhenomena can be mim- 
icked by the introduction of similar groups 
onto substrate surfaces. 

Our research in biomimetic synthesis 
(15, 34-40) is based on the premise that 
the tailored macromolecules in living orga- 
nisms represent a type of surface function- 
alization. We are studying mechanisms by 
which simple ionized surface functional 
groups mediate surface nucleation and 
growth. Below, several strategies are de- 
scribed for functionalizing surfaces, includ- 
ing (i) the chemical modification of plas- 
tics, (ii) the attachment of self-assembled 
monolayers, (iii) the electrochemical dep- 
osition of functionalized polymers, and (iv) 
the use of Langmuir-Blodgett (LB) films to 
study proteins and surfactants. With the 
above techniques, most materials of inter- 
est, including plastics, metals, and ceram- 
ics, can be activated for the surface deposi- 
tion of solution-derived ceramic phases. 

Many commercial plastics, including 
polystyrene, polycarbonate, and polyethyl- 
ene, have lipophilic surfaces covered with 
hydrocarbons or aromatic ring systems. 
However, plastics can be chemically modi- 
fied to produce ionic surfaces capable of 
interacting with soluble ceramic precursor 
species (41, 42). Sulfonate groups can be 
introduced into the surfaces of aromatic 
polymers such as polystyrene and polycar- 
bonate through room temperature exposure 
to sulfuric acid solutions or vapor. By the 
variation of exposure times, surface sul- 



fonate coverages can be systematically var- 
ied, transforming the native hydrophobic 
surfaces (with contact angles for wetting of 
90") to hydrophilic surfaces (with a contact 
angle near 0") (34). For polyethylene, al- 
ternate chemical routes (43) can be used to 
introduce carboxylate, amino, hydroxyl, 
and phosphate groups into the surface. 
Functionalization routes exist for other 
polymers as well, with the functional group 
of choice being dictated by the specific 
chemistry of the polymer and by the ulti- 
mate requirements for nucleation and 
growth of desired ceramic films. 

For the preparation of model surfaces on 
both metal and oxide substrates. our focus 
has been on functionalization using self- 
assembled monolayers (SAMs) (Fig. 3) (1 5, 
28,4447). One species used to prepare the 
monolayers on oxides is Cl3Si(CH2),X. 
The chlorosilane end of the molecule is 
covalently anchored to the surface and 
cross-linked to adjacent silanes through hy- 
drolysis and condensation reactions with 
surface hydroxyl groups. The hydrocarbon 
chain provides the driving force (van der 
Waals interactions) for self-assembly of the 
molecules into an ordered array. The active 
terminating group (X) provides a reactive 
handle that can be elaborated into anionic 
groups such as sulfate, phosphate, and car- 
boxylic acids. The preparation of SAMs for 
biomineralization requires specialized or- 
ganic and organometallic synthesis strate- 
gies applicable to two-dimensional substrate 
surfaces (46). Solid-state nuclear magnetic 
resonance (NMR) techniques (47) have 
been used to determine how key synthesis 
parameters, such as surface hydration, con- 
trol silane polymerization. Under optimum 
conditions. the NMR results indicate that 
the predokinant species in the SAM 
monolayers is an alkyl silane bearing one 
anchor to the oxide surface, one cross- 
linking bridge to adjacent silanes, and one 
dangling hydroxyl group. 
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Fig. 3. Organic interface formation. The ideal- 
ized depiction of a self-assembled monolayer 
shows points of attachment to the surface (ei- 
ther silane coupling agent or thiol group), the 
self-assembled alkyl chain [with 3 to 22 -(CH2)- 
groups], and the functional end groups used to 
induce crystal nucleation and growth (for exam- 
ple, -COOH, -SO,H, -P04H2, -NH2, -CH,). 

The range of SAM terminal groups in- 
vestigated to date in crystallization studies 
includes methyl, bromo, sulfonate, carbox- 
ylate, imidazole, azide, and thiazolidine. 
The concentration of any particular group 
can be varied systematically by the dilution 
of functionalized silanes within a methvl- 
terminated silane. The chain lengths of the 
"active" part of the SAM can be made to 
differ slightly from the "host" SAM so that 
active groups can be made to protrude from, 
or be imbedded within, the host to allow 
investigation of the importance of steric 
effects. A final attractive feature of SAMs is 
the ease with which they can be used to 
form ~atterned films. 

A third route for functionalizing surfaces 
involves the deposition of thin polymeric 
films such as sulfonated or carboxylated poly- 
styrene onto substrate surfaces through spin- 
or dip-coating techniques. On conducting 
substrates, electrochemical methods can be 
used to deposit pore-free functionalized poly- 
mers (48). For example, insulating sulfo- 
nated polyoxophenylene films can be depos- 
ited onto carbon or silicon by the electro- 
chemical oxidation of solutions containing 
the monomers allylphenol and 4-hydroxy- 
benzenesulfonic acid. Conducting polymers, 
including functionalized polypyrrole, poly- 
phenylene, and polycarbazole, can also be 
deposited. Functional group concentrations 
can be controlled by variation of the starting 
monomer ratios. Depending on the func- 
tional groups used, the polymer films can 
function as permselective membranes, al- 
lowing the penetration of specific anions or 
cations from solution as precursors to ceram- 
ic film deposition. By the use of photolitho- 
graphically patterned electrodes, the tech- 
nique can also be used to produce patterned 
ceramic films. 

A final and highly flexible functionaliza- 
tion route under investigation involves the 
use of surfactants, as exemplified by biolog- 
ical phospholipids. Mechanistic studies in- 
volving the nucleation of materials such as 
barium sulfate and calcium carbonate on LB 
films of long-chain phosphonate and carbox- 
ylate surfactants suggest that stereospecific 

? interactions or even epitaxy between the 
functional group array and the crystal are 
critical to the nucleation and growth of 
desired phases, crystalline orientations, and 
crystal growth habits (24, 49). Similar LB 
films have been used as substrates to nucleate 
nanoparticles of materials such as CdS (1 9). 

Formation of Thin Ceramic Films 
on Functionalized Surfaces 

well as "commercial" materials including 
FeOOH (15, 34-36), Fe203, SnO,, CdS 
(37), and Al(OH):, can be formed. Below, 
results obtained for CaOx, SnO,, and 
FeOOH are used to illustrate some of the 
techniques we are using to understand and 
control film formation. 

Calcium oxalate films are aseful for un- 
derstanding nucleation and growth mecha- 
nisms. Studies of calcium oxalate nucle- 
ation are also of interest because CaOx is a 
primary constituent of kidney stones. Re- 
search on kidney stone formation (50) sug- 
gests that phosphates and acidic proteins 
promote the nucleation of CaOx in stones 
by the same mechanisms involved in the 
formation of biomimetic films. Calcium 
oxalate is an attractive model system be- 
cause (i) its solubility is accurately known 
as a function of pH, ionic strength, and 
temperature; (ii) the solubility is more or 
less constant between pH 4 and pH 11 (Fig. 
4); and (iii) the kinetics of homogeneous 
nucleation and growth are well documented 
for a wide range of solution conditions. 

In normal batch reactors, nucleation 
and growth processes consume dissolved 
reagents and lower the degree of supersatu- 
ration. Changes in S can be prevented by 
the use of constant composition (CC) tech- 
niques (50). To achieve CC conditions in 
the CaOx system, a calcium electrode com- 
mands a burette system to add Ca2+ and 
Ox2- to solution as ions are consumed in 
the formation of CaOx films. The CC 
experiment provides both nucleation times 
(the time before significant ion consump- 
tion is observed) and growth rates (from 
steady-state ion consumption rates) (Fig. 
5A). The microscopic examination of sub- 
strates after CC depositions provides com- 
plementary information concerning the 
number and size of crystal nuclei produced 
at a fixed S for comparison with theory. We 

Fig. 4. Simplified solubility diagrams for CaOx 
and tin oxide showing the log of metal cation 
concentrations, [MI, predicted to be present in 
equilibrium with the solid phases as a function 
of pH: 

Ca2+ + H20x + CaOx + 2H+ 

Ca2++HOx- + CaOx + H+ 

By the appropriate control of solution and SnCI, + 2H,O + SnO, + 4H+ + 4CI- 
substrate chemistries, thin films of "biolog- ~h~ solubility of caox is relatively insensitive to 
ical" ceramics such as calcium carbonate pH between pH4 and pH12, in contrast to the 
(42, 4 9 ,  calcium phosphate (apatite) (181, solubility of tin oxide, which decreases by a 
and calcium oxalate (CaOx) (38, 39) as factor of 10,000 between pH 0 and pH 1. 
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have used the CC experiment on function- 
alized SAMs (38) to demonstrate that imid- 
azole promotes higher nucleation densities 
in CaOx formation than do thiazoladine, 
bromine, or methyl groups. 

The CC experiments can be used to 
study the nucleation and growth of CaOx 
on high surface area suspensions of colloidal 
particles (39). For unaltered supersaturated 
solutions, induction times for CaOx forma- 
tion can be long and are associated with 
nucleation on small foreign particles that 
are always present in solution (so-called 
"spontaneous" nucleation). In the presence 
of CaOx seeds, there is no barrier to further 
CaOx formation, and induction times are 
zero. In the presence of other colloidal 
surfaces, induction times are often observed 
that lie between the spontaneous and 
CaOx-seeded results. Such results indicate 
that foreien varticle surfaces can lower the - .  
net interfacial energy, a, required for the 
nucleation of CaOx. By determining induc- 
tion times as a function of supersaturation 
(Fig. 5B) and using Eq. 2, we can quantify a 
for different solutions and substrates. 

The CC results illustrate several key 
features of biomimetic processing. First, 
Fig. 5B illustrates how sensitive film forma- 

Time (min) 

5000 
I 

Fig. 5. (A) Moles of calcium ions added per 
square meter of colloidal suspensions versus 
time in constant composition experiments of 
CaOx formation at S = 3.3 and T = 25°C. CaOx 
forms immediately on CaOx seeds, whereas 
induction times of around 240, 290, and 370 
min are observed for CaOx formation in the 
presence of silica, titania, and alumina, respec- 
tively. (B) Induction times for CaOx formation 
versus supersaturation (S) for both unseeded 
solutions (spontaneous) and solutions contain- 
ing colloidal silica. Solid lines represent theo- 
retical curves calculated with Eq. 2 and surface 
energies listed in the text. 

tion is to S. A 50% decrease in S (such as produce uniform coatings of tin oxide on 
from 4 to 2) can increase induction times plastic parts having complex shapes (Fig. 
and decrease nucleation densities by more 6A). The coatings are conformal (Fig. 6B) 
than 10,000 times relative to "spontane- and adherent. Transmission electron micro- 
ous" nucleation. Second. a reduction in a 
due to the presence of a substrate can be 
sufficient to strongly favor heterogeneous 
over homogeneous nucleation. True homo- 
geneous nucleation of CaOx is character- 
ized by an interfacial energy (51) of 66 
mJ/m2, compared with the 32 mJ/mZ asso- 
ciated with spontaneous nucleation. 

Although no nucleation occurs for many 
plastics, other native surfaces, such as col- 
loidal oxides (39) and apatite (52), effec- 
tively promote CaOx formation in the ab- 
sence of surface functionalization. For ex- 
ample, a for CaOx nucleation on colloidal 
silica is 27 mJ/mZ. Results at pH 6.5 indi- 
cate that negatively charged colloidal silica 
(which complexes Ca2+) is more effective 
than neutral Ti02 or positively charged 
(Oxz--complexing) alumina in promoting 

. . .  

seen for silica, with a near 30 mJ/m2 (53). 
Finally, Fig. 5B illustrates that surface se- 
lectivity depends on both S and a. At high 
S, nucleation occurs on most surfaces more 
or less independently of a. As S is lowered, 
surface selectivitv becomes more vro- 
nounced, with the selectivity being greatest 
on surfaces having the lowest barrier to 
nucleation. Therefore, there is a trade-off 
between surface selectivity, enhanced at 
low supersaturation levels, and the kinetics 
of nucleation and growth, which are en- 
hanced at high supersaturations. The more 
effective the substrate is at inducing nucle- 
ation, the less severe this processing trade- 
off becomes. 

Processine issues are of real concern for - 
materials such as tin oxide that have appli- 
cations as hard, scratch-resistant, or optical 
coatings. In contrast to the model CaOx 
system, the solubility of tin oxide is not well 
characterized (54) and is extremely sensitive 
to solution pH (Fig. 4). For the tin oxide 
system, a pH change of one unit can change 
the equilibrium solubility by a factor of 
10,000. The solubility and deposition of tin 
oxide is controlled by hydrolysis and con- 
densation reactions involving poorly charac- 
terized hydrolysis products rather than the 
precipitation of an ionic salt. Because of the 
above difficulties, it is almost impossible to 
establish solution conditions under which 
heteroeeneous nucleation can be stimulated - 
in the complete absence of homogeneous 
nucleation. However, with light-scattering, 
Raman, and x-ray diffraction experiments, 
we have established conditions under which 
the heterogeneous nucleation of crystalline 
tin oxide can still be induced on substrates 
such as sulfonated polystyrene through direct 
deposition from solution at 40°C. We can 

Fig. s. (A) Sulfonated polystyrene part before 
(left) and after (right) coating with FeOOH 
showing the complexity of shapes that can be 
coated with biomimetic processes. (B) Scan- 
ning electron micrograph of the fracture sur- 
face of a 0.4-pm-thick tin oxide film (between 
lines) deposited on the same type of polysty- 
rene sample. The coating is adherent and 
conformal. Abbreviations: TOS, tin oxide sur- 
face; TOCS, tin oxide cross section; PCS, 
polystyrene cross section. (C) Transmission 
electron micrograph of the dense tin oxide 
coating in (6) showing that the film consists of 
densely packed 4-nm-diameter crystallites of 
cassiterite. 
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graphs (TEMs) (Fig. 6C) reveal that the 
coatings are dense, having a microstructure 
consisting of 4-nm grains of cassiterite. Such 
dense, nanocrystalline materials are ex- 
tremely difficult to produce through conven- 
tional ceramic processing. While compara- 
ble crystallite sizes can be obtained by sol-gel 
processing, the reported materials have con- 
sisted of discrete particles rather than films, 
with particle sizes ranging from 25 to 200 nm 
(55). Such ultrafine particles would exhibit 
extensive growth during sintering to make a 
dense film. 

The iron oxide system exhibits different 
levels of processing complexity. At least 
nine different hydroxide, oxyhydroxide, 
and oxide phases can be precipitated from 
aqueous media depending on the pH, iron 
concentration, redox chemistry, counter- 
ion and complexation chemistry, and tem- 
perature (56). We have deposited ferrihy- 
drite [Fe(OH),], goethite (FeOOH), hema- 
tite (Fe,O,), and magnetite (Fe304) films 
on sulfonated polystyrene. For magnetic 
storage media, ideal films consist of highly 
oriented, acicular grains of maghemite 

pH 
Fig. 7. The pH and Fe(lll) concentrations cor- 
responding to distinct nucleation regimes in 
solutions held at 70°C. Region A, no nucleation 
in solution or polystyrene substrates. Region B, 
film formation observed only on sulfonated 
polystyrene. Region C, film formation observed 
on both sulfonated and unsulfonated polysty- 
rene. The colloidal particles observed in region 
C are due to homogeneous nucleation. 

Fig. 8. Scanning electron micrograph of the 
boundary between sulfonated and unsul- 
fonated regions of a polystyrene (PS) surface 
exposed to iron nitrate solutions. Nucleation 
and growth processes have generated a con- 
tinuous FeOOH film on the sulfonated region 
(bright area), while nucleation in the unsul- 
fonated region is negligible. 

[Fe,O, having the structure of magnetite 
(Fe304)]. Our current synthesis method for 
such films involves the deposition of highly 
acicular phases such as FeOOH (for mor- 
phology control) followed by a conversion 
into the desired magnetite phase. Goethite 
films are formed by the heating of acidic 
Fe(II1) salt solutions to stimulate nucle- 
ation (see Eqs. 2 and 3). Nucleation can 
also be stimulated by a uniform pH in- 
crease. The pH adjustments are not made 
by the addition of titrants, which generate 
temporary pH gradients sufficient to pro- 
mote homogeneous nucleation. Instead, 
homogeneous pH adjustments are made by 
the in situ decomposition of reagents such 
as urea. 

The role of surface functionalization on 
surface nucleation and growth is dramatic 
for the case of goethite deposited on poly- 
styrene (15). The three regimes of nucle- 
ation behaviors exhibited by Fe(II1) solu- 
tions in the presence of polystyrene sub- 
strates are shown in Fig. 7. In region A, no 

Fig. 9. (A) Dark-field TEM of an oriented 
FeOOH film on a sulfonated SAM surface. 
Bright regions show crystalline grains oriented 
with the c axis perpendicular to the substrate 
surface. (6) Transmission electron micrograph 
of a crystalline FeOOH film generated by the 
curing of a ferrihydrite film in 2 M KOH at 100°C 
for 24 hours, showing random nucleation and 
growth. 

nucleation is observed in solution or on any 
substrates (corresponding to the "soluble" 
regime in Fig. 1 and the "no crystals" 
regime in Fig. 2). In region B, FeOOH films 
form on only those polystyrene samples that 
have been sulfonated (corresponding to the 
"film formation" regimes in Figs. 1 and 2). 
In region C, nucleation is observed every- 
where: in solution as well as on sulfonated 
and unsulfonated polystyrene (correspond- 
ing to the precipitation regimes in Figs. 1 
and 2). 

Figure 8 shows untreated and sulfonated 
areas of a patterned polystyrene sample (see 
below) after immersion in a lop3 M 
Fe(NO,),, M HNO, solution for 24 
hours at 70°C (within region B in Fig. 7). 
Under the above de~osition conditions. 
homogeneous nucleation and growth are 
suppressed and very few crystals are depos- 
ited on the untreated polystyrene. In con- 
trast, the sulfonated polystyrene sample is 
covered with a >90% dense, continuous 
film of FeOOH. Results on partially sul- 
fonated sam~les indicate that the nucle- 
ation density and net growth rate of 
FeOOH on polystyrene are directly related 
to the sulfonate site density, suggesting that 
the sulfonate groups initiate nucleation and 
growth at the surface. Infrared and x-ray 
photoelectron spectroscopy evidence sug- 
gests that goethite nucleation is preceded 
by the complexation of hydrated Fe(II1) 
monomers by sulfonate groups. 

Fig. 10. (A&Trarlsmission electron micrograph 
cross section showing the perpendicular orien- 
tation of magnetic ctystallites deposited on 
sulfonated~olystyrene with the use of a biomi- 
metic approach. (6) Transmission electron mi- 
crograph cross section of a commercial VCR 
tape showing longitudinal orientation relative to 
the substrate. Tne higher crystallite densities 
and perpendicular orientation in the biomimetic 
film are desired for maximizing magnetization. 
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Biological systems routinely produce fonated SAMs under the proper deposition 
highly oriented microstructures. In the case conditions (34) (Fig. 9A). The best micro- 
of FeOOH. we have been able to achieve structures contain hiehlv oriented needles. - ,  
similar oriented microstructures on sul- with the c axis oriented perpendicular to 

the substrate surface. The film morphology 
is preserved upon thermal conversion to 
magnetite (Fig. 10). As the TEM results in 
Fig. 10 indicate, the biomimetic films have 

Substrate 1 

enhanced crystallite densities and orienta- 
tions relative to the particles present in 
commercial video recording tape. 

On sulfonated polystyrene, films can be 
produced having a "haystack" microstruc- 
ture (Fig. 9B) indicative of random nucle- 
ation and growth in an amorphous gel. 
Analytical TEM results show that the ran- 
dom microstructures occur when ~olvrner 

Film Patterning 

. , 
sulfonation is not confined to the surface 
but when it forms a thick alteration laver. 
In water, the sulfonated surface layer swells, 
and initial nucleation and growth occur 
within the swollen polymer matrix. The 
deposition in surface layers is similar to that 
reported for iron oxide depositions in poly- 
mer hosts in other laboratories (16, 57). 
The polystyrene results illustrate one meth- 
od for producing a "graded interface to 
enhance film adhesion. The results also 
illustrate the promise of biomimetic meth- 
ods for the fabrication of unique inorganic- 
organic composites. 

specific functional groups. The high degree 
of surface selectivity afforded by functional- 
ization has been exploited in the produc- 
tion of patterned FeOOH films (40) (Fig. 
11). The lateral resolution of surface pat- 
terns that can be produced is limited by the 
resolution afforded by state-of-the-art pat- 
terning techniques such as photolithogra- 
phy. The highest definition patterns we 
have produced to date involve patterned 
SAMs. First, a methyl-terminated SAM is 
deposited. Electron or ion beams are then 
used to destroy regions of the SAM selec- 
tively, producing patterns of contrast be- 
tween "bare" and SAM-coated substrate 
material. The samples are then exposed to 
solutions containine functionalized trichlo- 

The results obtained for the deposition of Processing advantages of biomimetic coat- 
iron oxide and other ceramics on function- ing techniques include (i) low temperature, 
alized surfaces show that surface film forma- low cost, environmentally benign process- 
tion depends on the presence or absence of ing; (ii) the formation of dense crystalline 

""I 

- 
rosilanes to backfill the patterned regions. 
The resulting SAM, now patterned with 
the desired functional groups, is then im- 
mersed in the crvstallization solution. Crvs- 
tals of desired phases grow only on regions 
that have been functionalized. Lateral 
growth appears to be negligible. For such 
systems, well-defined patterns of FeOOH 
films have been ~roduced with a lateral 
resolution of less than 10 km by direct 
deposition from solution, minimizing the 
need for etching or other post-crystalliza- 
tion patterning steps. 

Pros and Cons of 
Biornirnetic Processing 

I droxyapatite for bonding to bone. 
Inset shows higher magnification 

1 
of octacalcium phosphate-coated 
spheres within the implant. 

Fig. 11. Schematic diagram showingtthe steps 
involved in biomimetic lithography. (A) Deposit 
inert organic layer on the substrate, (B) etch 
selected regions with ion or electric beam, (C) 
deposit active organic layer in etched regions, 
and (D) mineral growth from aqueous solution 
occurs only on patterned region. 
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films without the requirement of subsequent 
thermal treatments; (iii) the ability to coat 
complex shapes and porous materials uni- 
formly; (iv) compatibility with a wide range 
of substrates, including plastics and other 
temperature-sensitive materials; (v) micro- 
structural control, including crystal orien- 
tation and the ability to produce nanophase 
materials; and (vi) the direct deposition of 
patterned films with micrometer-scale pat- 
tern resolution. Manv of the above Drocess- 
ing advantages are beyond the current ca- 
 abilities of conventional thin-film Drocess- 
ing techniques such as sol-gel and vapor 
deposition. 

While the duplication of biomineraliza- 
tion methods holds great promise for the low 
temuerature fabrication of ceramic films. 
there are several critical challenges for the 
existing technology. First, solution and sub- 
strate conditions must be carefully con- 
trolled for optimum film formation. The 
control of supersaturation can be a problem, 
especially for systems showing extreme pH 
sensitivity. The consumption of reagents 
during film formation can change supersatu- 
ration levels and must be com~ensated in 
scale-up operations. Aqueous nucleation 
and growth routes can generate metastable 
or amorphous phases including hydroxides or 
oxyhydroxides, rather than desired oxide 
phases. Some phases of interest, such as 
quartz and alumina, are attainable now only 

Plasma-sprayed coating 

Fig. 13. (A) Porous titanium implant with biomi- 
metic octacalcium phosphate coating. (B) Po- 
rous titanium implant with conventional plasma- 
spray coating. 

under hydrothermal conditions that are too 
aggressive for use with plastics or other 
sensitive substrates. For some applications, 
deposition rates (as slow as 1 pm/day) are 
too sluggish. The limited solubilities of pre- 
cursors now used to prepare films such as tin 
oxide dictate the use of highly acidic or basic 
solutions that can corrode or degrade certain 
substrates. Difficulties associated with the 
control of species solubilities are magnified 
for multicomponent systems [such as PbO- 
Zr0,-TiO, (PZT) and LiNbO,], in which 
the simultaneous precipitation of different 
species is desired. 

Although substrates can be prepared 
with an ever expanding range of surface 
functional groups, research has not yet pro- 
gressed to the point where we can predict 
which functional groups will be most effec- 
tive in nucleating a specific crystalline 
phase with a specific crystalline orientation. 
The tailoring of substrates to promote the 
growth of oriented films is a particular 
challenge. Many of the above problems are 
being addressed through modifications in 
both solution and surface complexation. 

Industrial Applications 

Potential applications for biomimetic coat- 
ings span a broad range of industries. Pacific 
Northwest Laboratory (PNL) is working 
with the automotive industry to apply hard, 
abrasion-resistant coatings to plastic gears 
and other components subject to wear. The 
possibility of applying hard optical coatings 
to plastics to replace glass in windows and 
reduce vehicle weight is also of interest. The 
de~osition of oriented films of iron oxide 
phases such as maghemite is being explored 
for magnetic storage media. The patterning 
capabilities of "biomimetics" are of interest 
in microelectronic and optoelectronic appli- 
cations. Finally, while the work to date has 
centered on the fabrication of ceramic thin 
films, the possible use of biomimetic tech- 
niques to synthesize organic-inorganic nano- 
composites could open up whole new indus- 
tries in the fabrication of "smart" composite 
materials (58) combining enhanced me- 
chanical properties, physical properties, 
chemical ~ro~erties.  or all of these. . . 

A specific application illustrating the use 
of biomimetic coatings is the development of 
biocompatible coatings for the porous titani- 
um materials used in bone implants. PNL 
has coated SAM-treated titanium implant 
materials with conformal films of insoluble 
octacalcium phosphate (OCP) (Fig. 12). 
The OCP coatings are precursors to apatite 
(the primary bone mineral) and improve the 
adhesion between bone and the titanium. 
Mechanical push-out strength tests on im- 
plants tested in rabbits reveal that biomi- 
metic OCP coatings result in better implant- 
bone adhesion than do conventional plas- 

ma-spray coatings. The biomimetic OCP 
coatings are relatively phase-pure, in con- 
trast to the plasma spray coatings that con- 
tain highly soluble phases such as amorphous 
calcium phosphate and calcium oxide. In 
addition, the biomimetic coatings are much 
more uniform and do not clog pores within 
the implant designed to facilitate interlock- 
ing bone growth, in contrast to the plasma- 
spray coatings (Fig. 13). 

Impact on Related Fields 

Work in the biomimetic synthesis of ceram- 
ic films is already impacting areas outside 
ceramic thin-film fabrication. The program 
will help biomedical researchers understand 
~roblems such as kidnev stone formation 
and mechanisms for biomineralization. 
While the work is aimed at forming films, 
the surface functionalization research will 
also help us develop strategies for inhibiting 
surface deposition from aqueous media. 
Scale formation is a tremendous problem in 
many fluid-transfer systems, costing U.S. 
industry billions of dollars per year. The use 
of surface functionalization could be an 
effective strategy for preventing or inhibit- 
ing the formation of surface deposits that 
clog pipes and orifices in many industrial 
systems (59). The impact of the field on 
materials processing, biomedicine and bio- 
chemistry, and chemical engineering ex- 
plains why there is a renewed interest in 
studies of surface nucleation and growth 
involving aqueous and biological systems. 

REFERENCESANDNOTES 

1. C. J. Brinker and G. W. Scherer. Sol-Gel Science: 
The Physics and Chemistry of Sol-Gel Processing 
(Academic Press. San Diego. 1990). 

2. L. M. Ellerby et a/.. Science 255. 1 1 13 (1 992). 
3. P. Calvert and S. Mann, J. Mater. Sci 23. 3801 

(1 988). 
4. H. A. Lowenstam, Science 21 1, 1126 (1981). 
5. A. Miller. D. Phillips, R. J .  P. Williams, Philos. 

Trans. R. Soc. London Ser. B 304, 409 (1984). 
6. J. J. R. Frausto da Silva and R .  J .  P. Williams, The 

Biological Chemistry of the Elements: The Inor- 
ganic Chemistry of Life (Clarendon, Oxford, 
1991). 

7. B. R. Heywood and E. D. Eanes. Calcif. Tissue Int. 
41. 192 (1987). 

8. L. Addadi and S. Weiner. Proc. Natl. Acad. Sci. 
U.S.A. 82. 41 10 (1 985). 

9. D. E. G. Briggs and A. J .  Kear, Science 259, 1439 
(1 993). 

10. A. H. Heuer et ab, ibid. 255, 1098 (1 992). 
1 I. A. Berman et a/., ibid. 259, 776 (1 993). 
12. S. Weiner, CRC Crit. Rev. Biochem. 20. 365 

(1 986). 
13. S. Mann et al., Science 261, 1286 (1 993). 
14. S. Mann, Nature 332. 1 1  9 (1 988). 
15. P. C. Rieke. B. J .  Tarasevich. S. B. Bentjen, G. E. 

Fryxell. A. A. Campbell. ACS Symp. Ser. 499 
(1992). p. I. 

16. R. F. Ziolo et al. , Science 257. 21 9 (1 992). 
17. S. Mann and J .  P. Hannington, J. Colloid Interface 

Sci. 122, 326 (1 988). 
18. E. Dalas. J. K. Kallitsis. P. G. Koutsoukos. Lang- 

muir 7, 1822 (1991). 
19. X .  K. Zhao and J .  H. Fendler, J. Phys. Chem. 95, 

3716 (1991). 

SCIENCE VOL. 264 1 APRIL 1994 



20. R. Mohanty, S. Bhandarkar, J. Estrin, Am. Inst. 
Chem. Eng. J. 36, 1536 (1 990). 

21. P. Chiang and M. D. Donohue, J. Colloid Interface 
Sci. 122, 230 (1 988). 

22. P. Chiang, M. D. Donohue, J. I. Katz, ibid., p. 251 
23. S. Mann, B. R. Heywood, S. Rajam, J. D. Birchall, 

Proc. R. Soc. London Ser. A 423, 457 (1989). 
24. B. R. Heywood and S. Mann, Langmuir 8, 1492 

(1 9921. 
25. j. 0, iitiloye, S. C. Parker, D. J. Osguthorpe, S. 

Mann, J. Chem. Soc. Chem. Commun. 1991,1494 
(1 991). 

26. 1. Weissbuch, L. Addadi, M. Lahav, L. Leiserowitz, 
Science 253, 637 (1 991). 

27. L. Addadi et a/., Angew. Chem. Int. Ed. Engl. 24, 
466 (1985). 

28. J. N. Israelachvili, Intermolecular and Surface 
Forces (Academic Press, San Diego, 1991). 

29. J. H. Van der Merwe, in Treatise on Materials 
Science and Technology, H. Herman, Ed. (Aca- 
demic Press, New York, 1973), pp. 1-103. 

30. D. J. Fink, A. I. Caplan, A. H. Heuer, Mater. Res. 
Soc. Bull. 17 (no. lo) ,  27 (1 992). 

31. E. M. Greenfield, D. C. Wilson, M. A. Crenshaw, 
Am. Zool. 24, 925 (1984). 

32. S. Weiner, J. Chromatogr. 245, 148 (1982). 
33. S. Lee and A. Veis, J. Peptide Protein Res. 16, 231 

(1 980) 

34. B. J. Tarasevich etal., unpublished results. 
35. B. J. Tarasevich and P. C. Rieke, Mater. Res. Soc. 

Symp. Proc. 174, 51 (1990). 
36. , G. L. McVay, G. E. Fryxell, A. A. Camp- 

bell, Chemical Processing of Advanced Materials 
(Wiley, New York, 1992). 

37. P. C. Rieke and S. B. Bentjen, Chem. Mater. 5, 43 
(1 993). 

38. A. A. Campbell, G. E. Fryxell, G. L. Graff, P. C. 
Rieke, B. J. Tarasevich, Scanning Microsc. 7, 423 
(1 993). 

39. L. Song, A. A. Campbell, B. C. Bunker, Mater. 
Res. Soc. Symp. Proc., in press. 

40. P. C. Rieke etal., Langmuir, in press. 
41. E. Dalas, J. Mater, Chem. 1, 473 (1991). 
42. , J. Kallitsis, P. G. Koutsoukos, J. Cryst. 

Growth 89, 287 (1 988). 
43. S. B. Bentjen, D. A. Nelson, B. J. Tarasevich, P. C. 

Rieke, J. Appl. Polym. Sci. 44, 965 (1992). 
44. A. Ulman, An Introduction to Ultrathin Organic 

Films from Langmuir-Blodgett to Self-Assembly 
(Academic Press, New York, 1991). 

45. G. M. Whitesides and G. S. Ferguson, Chemtracts 
Org. Chem. 1, 171 (1 988). 

46. G. E. Fryxell etal., unpublished results. 
47. G. E. Fryxell, J. C. Linehan, G. Coffey, P. C. Rieke, 

unpublished results. 
48. K. Potje-Kamloth and M. Josowicz, Ber. Bunsen- 

ges. Phys. Chem. 96, 1004 (1992). 
49. S. Mann, B. R. Heywood, S. Rajam, J. B. A. 

Walker, J. Phys. 0. 24, 154 (1991). 
50. C. M. Brown and D. L. Purich, in Disorders of 

Bone and Mineral Metabolism, F. L. Coe and M. J. 
Favus, Eds. (Raven, London, 1992), p. 61 3. 

51. C. M. Brown, D. K. Ackermann, D. L. Purich, B. 
Finlayson, J. Cryst. Growth 108, 455 (1991). 

52. A. Ebrahimpour, L. Perez, G. H. Nancollas, Lang- 
muir 7, 577 (1991). 

53. A. A. Campbell, unpublished results. 
54. C. F. Baes and R. E. Mesmer, The Hydrolysis of 

Cations (Wiley, New York, 1976). 
55. E. A. Gulliver, J. W. Garvey, T. A. Wark, M. J. 

Hampden-Smith, A. Datye, J. Am. Ceram. Soc. 
74, 1091 (1991). 

56. U. Schwertmann and R. M. Cornell, Iron Oxides in 
the Laboratory (VCH Verlagsgesellschafi, New 
York, 1991). 

57. C. Sobon, H. Bowen, A. Broad, P. Calvert, J. 
Mater. Sci. Lett. 6, 901 (1987). 

58. R. E. Newnham and G. R. Ruchau, J. Am. Ceram. 
SOC. 74, 463 (1991). 

59. S. J. Davey etal., Nature 353, 549 (1992). 
60. Supported by the U.S. Department of Energy 

(Office of Basic Energy Sciences and the Office of 
Industrial Technology) under contract DE-ACO6- 
76RL01830. 

AAAS-Newcomb Cleveland Prize 
To Be Awarded for a Report, Research Article, or 

an Article Published in Science 

The AAAS-Newcomb Cleveland Prize is awarded invited to nominate papers appearing in the Re- 
to the author of an outstanding paper published in ports, Research Articles, or Articles sections. Norni- 
Science. The value of the prize is $5000; the winner nations must be typed, and the following infor- 
also receives a bronze medal. The current competition mation provided: the title of the paper, issue in 
period began with the 4 June 1993 issue and ends which it was published, author's name, and a 
with the issue of 27 May 1994. brief statement of justification for nomination. 

Nominations should be submitted to the AAAS- 
Reports, Research Articles, and Articles that in- Newcomb Cleveland Prize, AAAS, Room 924, 

clude original research data, theories, or syntheses 1333 H Street, NW, Washington, DC 20005, and 
and are fundamental contributions to basic knowl- must be received on or before 30 June 1994. Final 
edge or technical achievements of far-reaching con- selection will rest with a panel of distinguished 
sequence are eligible for consideration for the prize. scientists appointed by the editor of Science. 
The paper must be a first-time publication of the au- The award will be presented at the. 1995 AAAS 
thor's own work. Reference to pertinent earlier work annual meeting. In cases of multiple authorship, the 
by the author may be included to give perspective. prize will be divided equally between or among the 

Throughout the competition period, readers are authors. 

SCIENCE VOL. 264 1 APRIL 1994 55 




