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ELECTROSTRICTIVE AND

PIEZOELECTRIC THIN FILM ASSEMBLIES

AND METHOD OF FABRICATION

THEREFOR

This application claims the priority of US. Provisional

Application No. 60/153,687 filed Sep. 14, 1999, and incor-

porated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates generally to a thin film assembly,

and a method of fabricating such a thin film assembly, which

exhibits electrostrictive and/or piezoelectric properties. The

invention relates more specifically to a method of fabricating

electrostrictive and piezoelectric thin film assemblies which

provides excellent molecular-level uniformity and precise

structural control.

2. Description of Related Art

Electrostrictive and piezoelectric materials have attracted

great attention recently for use in sensors, microelectrome-

chanical system (“MEMS”) devices, and actuators. Elec-

trostrictive materials produce displacement in reaction to an

applied electric field. That is, when an electric field is

applied, molecular-level polarization may change the

dimensions of the material.

Piezoelectric materials, conversely, produce an electrical

charge displacement when mechanically strained. This

charge displacement is associated with an electric field

applied over a specific distance, and thus results in an

electrical potential difference. The strain-induced charge

displacement results from a reorganization of molecules

within the material when subjected to strain, and the creation

or enhancement of the noncentrosymmetric nature of the

material.

Most thin film materials used to fabricate MEMS devices

and actuators are at least several microns thick, and are

typically formed using conventional bulk processing meth-

ods such as casting, sol-gel technology, or spin coating.

Piezoelectric and electrostrictive materials are convention-

ally formed through a variety of such established processes,

including the strong electric field poling of ceramics and

polymers containing molecular dipoles and the growth of

single crystal materials from molecular precursors. For

example, commercially available films such as polyvi-

nylidenefluoride (“PVDF”) and its co-polymer vinylidene

fluoride (“VDF”) and trifluoroethylene (“TrFE”), as well as

lead zirconate titanate (“PZT”) films, need to be poled using

a high external electric field to orient the internal molecular

structure. There is presently no method that can be used to

form such active films directly without such poling.

Aside from the necessity of poling, however, difficulties

with these conventional methods include the lack of ability

to effect complete molecular orientation and the possibility

of dipole orientation relaxation due to thermal, mechanical,

and other effects. There is, therefore, the likelihood that

defects will be formed in the material structure during

growth. These difficulties are especially significant in the

formation of thin film piezoelectric materials in which the

effect of a few defects or misoriented dipoles can cause

proportionally large changes in the performance and degra-

dation characteristics of the piezoelectric material.

Furthermore, it is difficult to form ultrathin films with

thicknesses of less than one micron, and especially films of

thicknesses of less than 100 nm, by these conventional

methods.
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The development and design of MEMS devices and

conformal actuator mechanisms therefore requires both a

flexible manufacturing process that allows the formation of

active thin film materials at the molecular level, and control

over internal material structure.

Another processing method, the electrostatic self-

assembly (“ESA”) method, has been widely used to synthe-

size multifunctional high performance materials and

devices. This low-cost process offers a number of advan-

tages over conventional film synthesis techniques to form

layer-by-layer composite films with excellent molecular-

level uniformity and precise structural control. For example,

US. Pat. No. 5,208,111 describes one- or multi-layered

elements applied to supports which are produced by apply-

ing the individual layers from solutions of organic materials

in suitable solvents to modified supports by sequential

physisorption (salt formation).

US. Pat. No. 6,020,175 also employs the ESA method,

and describes the fabrication of thin films which include

multiple layers of functional molecules (such as enzymes

and other proteins, pigments and dyes) admixed with poly-

mer ions in combination with multiple layers of polymer

ions without the functional molecules.

As indicated above, it is difficult to form electrostrictive

and piezoelectric ultrathin films with thicknesses of less than

one micron, and especially of thicknesses of less than 100

nm, by conventional methods. While the aforementioned

patents disclose the use of the ESA method for the fabrica-

tion of such thin films, the use of the ESA method for the

fabrication of electrostrictive and piezoelectric thin films has

been heretofore unknown.

Therefore, a general need exists to provide a method of

fabricating a thin film assembly which exhibits electrostric-

tive and/or piezoelectric properties. A more specific need

exists for a method of fabricating electrostrictive and piezo-

electric thin film assemblies which not only provides a

thinner film than is attainable by conventional methods, but

which provides excellent molecular-level uniformity and

precise structural control.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide a thin

film assembly, and a method of fabricating such a thin film

assembly, which exhibits electrostrictive and/or piezoelec-

tric properties. It is a further object of the present invention

to provide a method of fabricating electrostrictive and

piezoelectric thin film assemblies which not only provides a

thinner film than is attainable by conventional methods, but

which provides excellent molecular-level uniformity and

precise structural control.

Accordingly, the present invention advantageously relates

to electrostrictive and piezoelectric thin film assemblies

comprising (a) a substrate, and (b) a film comprising one or

a plurality of layers disposed upon the substrate, wherein at

least one of the layers comprises a dipolar material, and this

layer of dipolar material has a uniform thickness of less than

500 nm, typically less than 200 nm, for example, about 0.1

nm to about 100 nm. The assembly may also include other

layers having a uniform thickness which can range from

about 0.1 nm to about 1000 nm, more typically about 0.1 nm

to about 500 nm, and most typically about 0.1 nm to about

200 nm.

In an optional embodiment of the assembly, the assembly

may further comprise an optional interlayer between the

substrate and the film. The interlayer may provide adhesion,

or provide a buffer layer that as a result of the differences in
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the thermal coefficients of expansion between the substrate

and the film, prevents cracking or dislocation. Typical inter-

layer materials include, for example, a neutral layer applied

by a conventional method, or a charged layer applied by the

ESA method.

The invention further relates to a method of fabricating

electrostrictive and piezoelectric thin film assemblies com-

prising (i) a substrate and (ii) a film comprising one or a

plurality of layers disposed upon the substrate, wherein at

least one of the layers comprises a dipolar material and is at

most 500 nm thick. The method comprises (a) depositing on

the substrate a first layer comprising ions having a same

charge, and optionally, (b) depositing on the first layer in a

sequential manner one or a plurality of subsequent layers,

wherein each subsequent layer of the one or a plurality of

subsequent layers comprises ions having a same charge

which is opposite to the charge of an immediately preceding

layer, wherein at least one of i) the first layer and ii) the one

or a plurality of subsequent layers comprises a dipolar

material and is at most 500 nm thick.

In an optional embodiment of the method of fabricating

the assembly, the method further comprises before step (a),

providing the substrate with ions or ionizable compounds

having a same charge over the entire surface of the substrate,

wherein the subsequent layer provided in step (a) comprises

ions having a same charge which is opposite to the charge

of the ions or ionizable compounds of the substrate.

The advantages associated with the present electrostric-

tive and piezoelectric thin film assemblies and method of

fabrication therefor are numerous. By virtue of employing

the ESA method in conjunction with at least one layer of

dipolar material, the invention overcomes several problems

and limitations of conventional ionic polymer materials.

First, it allows the formation of a uniform host film

through the ESA process. Layer-by-layer uniformity is

achieved through the inherent forming of molecular level

monolayers, each of which is a thermodynamically stable

state of the system. Conventional ionic polymers are formed

by a casting process, with no control over physical

microstructure, and little control over exact physical dimen-

sions. The avoidance of defects and impurities in ESA-

formed thin films leads to more uniform transport properties,

and thus enhanced electrostrictive and/or piezoelectric

response.

Secondly, a wide variety of materials including polymers,

inorganic nanoclusters, and metal nanoclusters may be

incorporated into the ESA films, with their microcomposite

structure advantageously used to control transport proper-

ties. By varying the species and size and morphology of

molecules and clusters in monolayers through the thickness

of the film, the desired spatial gradient of the diffusion

properties may be achieved.

Thirdly, once the ions are included in the film, protective

coating outer layers with poor ionic conductivity may be

formed as encapsulants in order to prevent ion escape.

Fourthly, the method may be used to form a highly

conductive thin film electrode on the electrostrictive and

piezoelectric film for use in devices such as actuators,

sensors and MEM’s elements.

The present invention, therefore, facilitates the prepara-

tion of a large variety of electrostrictive and piezoelectric

films with different coefficients and applications, for differ-

ent working environments, fabricated on substrates having a

variety of materials and shapes. The film thickness can be

increased by increasing the self-assembly multilayers, and

thus match the requirements of various devices.
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The resultant electrostrictive and piezoelectric thin films

utilize ionic transport to yield large, effective piezoelectric

coefficients. The ESA-processed films have a layer-by-layer

laminated structure, and exhibit piezoelectric response

directly without electric field poling. The primary advan-

tages of the present method over conventional material

formation methods include 1) the ability to incorporate a

wide variety of materials into the film; 2) the ability to form

a film of uniform thickness; 3) the ability to form thermo-

dynamically stable, molecularly oriented thin film multi-

layer structures at room temperature, that are not easily

deoriented due to thermal and mechanical effects; and 4) the

ability to form films with few, if any, of the structural defects

and impurities associated with conventional methods, which

heretofore have led to premature device degradation,

breakdown, and failure.

BRIEF DESCRIPTION OF THE DRAWINGS

Other objects, features, and advantages of the present

invention will become more fully apparent from the follow-

ing detailed description of the preferred embodiments, the

appended claims, and the accompanying drawings. As

depicted in the attached drawings:

FIG. 1 is a schematic diagram of an ESA-processed thin

film assembly according to the present invention.

FIG. 2 is a graph of UV—visible absorption spectra of a

self-assembled PSS/PDDA film fabricated as depicted in

FIG. 1.

FIG. 3 is a schematic of the bending deformation of a

self-assembled film.

FIG. 4 is a graph of the displacement of a polymer/

nanocluster composite self-assembled film versus applied

voltage.

FIG. 5 is a schematic diagram of the procedure for the

normal load method of measuring the piezoelectric coeffi-

cient d33.

FIG. 6 is a graph of the output voltage generated by the

direct piezoelectric effect in the self-assembled PSS/PDDA

film as a function of applied force (C0=150 pF).

FIG. 7 is a graph of the hysteresis behavior observed by

the measurement of the polarization of a film versus external

applied voltage.

DESCRIPTION OF THE PREFERRED

EMBODIMENTS

The present invention will be disclosed in terms of the

currently perceived preferred embodiments thereof. As used

herein, the term “assembly” refers to a dual or multilayer

structure, including, for example, but not limited to, a

substrate and a single film layer; a substrate and a plurality

of individual film layers; a substrate, an interlayer, and a

single film layer; a substrate, one or a plurality of interlayers,

and a plurality of individual film layers; and any of these

configurations with encapsulant and/or electrode layers.

Additionally, the term “film” as used herein refers either to

a single film layer or a plurality of film layers, i.e., a

multilayer structure.

The various embodiments of the invention relate to an

improved method for the synthesis of electrostrictive and

piezoelectric polymer actuator materials that utilize ionic

transport to yield large, effective piezoelectric coefficients.

More specifically, the various embodiments of the invention

relate to the modification of ESA-formed multilayer thin

film materials by the indiffusion of ions from a solvent

solution. When an electric field is applied to the resulting
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ESA-formed thin film now containing mobile ions, through

the application of a voltage to conducting electrodes located

on either side of the film, the ions move, causing one side of

the film to swell and the opposite side to shrink. This

differential expansion and contraction, in combination with

the inherent piezoelectric properties of the materials in the

films, such as piezoelectric polymers, give the material its

piezoelectric properties.

Referring to FIG. 1, in a first preferred embodiment, the

electrostrictive and piezoelectric thin film assemblies 10

comprise (a) a substrate 11, and (b) a film comprising one 12

or a plurality 12, 13, 14, and 15 of layers disposed upon the

substrate, wherein at least one of the layers comprises a

dipolar material. The layer of dipolar material has a uniform

thickness of less than 500 nm, typically less than 200 nm, for

example, about 0.1 nm to about 100 nm.

The assembly may also include other layers having a

uniform thickness which can range from about 0.1 nm to

about 1000 nm, more typically about 0.1 nm to about 500

nm, and most typically about 0.1 nm to about 200 nm.

In another embodiment, the assembly may further com-

prise an optional interlayer between the substrate and the

film. The interlayer may provide adhesion, or provide a

buffer layer that as a result of the differences in the thermal

coefficients of expansion between the substrate and the film,

prevents cracking or dislocation. Typical interlayer materials

include, for example, a neutral layer applied by a conven-

tional method, or a charged layer applied by the ESA

method.

Various types of substrates can be employed, depending

upon the particular application in which the assembly is to

be used. These can include substrates which are conductive,

substrates which have a portion of which is conductive, and

substrates which are non-conductive.

A significant advantage of the present invention is the

wide number of candidate materials for use in the thin film.

These dipolar materials can generally include inorganic

compounds, organic compounds, and metals.

With regard to organic materials, all of the polymeric

materials with noncentrosymmetric structure and large

dipole moment group(s) on the main chain or on the side-

chain, or on both chains within the molecules, can be used

as candidates for the film. Examples of the polymers

include, for example, but are not limited to, poly(sodium

4-styrenesulfonate) (“PSS”), poly S-119 (poly(vinylamine)

backbone azo chromophore), and their derivatives;

polyfiuorocarbons, including polyvinylidenefluoride

(“PVDF”), its co-polymer vinylidene fluoride (“VDF”),

trifluoroethylene (TrFE), and their derivatives;

polychlorocarbons, including poly(vinyl chloride) (“PVC”),

polyvinylidene chloride (“PVC2”), and their derivatives;

polyacrylonitriles (“PAN”), and their derivatives; polycar-

boxylic acids, including poly(methacrylic acid (“PMA”),

and their derivatives; polyureas, and their derivatives; poly-

urethanes (“PUE”), and their derivatives; bio-

polymermolecules such as poly-L-lactic acids and their

derivatives, and membrane proteins, as well as phosphate

bio-molecules; polyanilines and their derivatives, and all of

the derivatives of tetramines; polyimides, including Kapton

molecules and polyetherimide (“PEI”), and their derivatives;

all of the membrane polymers, such as NAFION(s) and its

derivatives; poly(N-vinyl pyrrolidone) (“PVP”)

homopolymer, and its derivatives, and random PVP-co-

vinyl acetate (“PVAc”) copolymers; and all of the aromatic

polymers with dipole moment groups in the main-chain or

side-chains, or in both the main-chain and the side-chains,

and mixtures thereof.
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Furthermore, any charged inorganic nanoclusters or nano-

particles can also be used to self-assemble the polymers to

form the electrostrictive and piezoelectric thin films. These

materials can include, for example, metal nanoclusters such

as Pt, Pd, Ni, Ti, Cr, Fe, Ag, Au, Cu, and metal alloys and

mixtures thereof.

These materials can also include, for example, metal

oxide nanoclusters such as SiOz, A1203, ZrOz, TiOz, SrTiO3,

PbTiO3, BaTiO3, FeO3, Fe3O4, ZnO, and mixtures thereof;

and Group VIA and IIB compounds, such as CdSe, CdS,

GaAs, AgCaSe2, ZnSe, GaP, InP, ZnS, and mixtures thereof.

Table 1 illustrates some examples of the candidate mate-

rials and substrates for use in the ESA process.

TABLE 1

 

Candidate materials for fabricating electrostrictive and

piezoelectric thin films by the ESA process. 

 

Material Charged property Solvent

PSS Negative Water

Poly 5-119 Negative Water

Polyaniline Negative Water

NAFION Negative Methanol-water

NASA sample Negative Water-organic solvent

PDDA Positive Water

Inorganic nanocluster Positive Water

Silicon p-111 substrate (solid) Negative N/A

ITO-coated glass substrate Negative N/A

(solid)

Al-coated polymer substrate Negative N/A

(solid)

 

The dipolar material-containing layer can also comprise

molecular dipoles, cage structured molecules, quantum rods

and dots, and other similar molecules which provide the

desired function for various applications.

Furthermore, the dipolar material-containing layer can

also comprise one or more non-dipolar functional materials.

Depending upon the specific application, the layer may

comprise materials having various functionalities, including,

for example, conductive, non-conductive, high-dielectric

constant, low-dielectric constant, linear optical, non-linear

optical, electro-optical, magnetic, sensing, fluorescent,

biological, and chemical properties.

In another embodiment of the assembly, the assembly can

further comprise on the at least one layer comprising a

dipolar material an encapsulant layer having limited ionic

conductivity. This layer serves to prevent ion escape.

In still another embodiment of the assembly, the assembly

can further comprise on the at least one layer comprising a

dipolar material a highly conductive thin film electrode

layer.

Referring again to FIG. 1, the invention further relates to

a method of fabricating the above-described electrostrictive

and piezoelectric thin film assemblies 10 comprising (i) a

substrate 11 and (ii) a film comprising one 12 or a plurality

12, 13, 14, and 15 of layers disposed upon the substrate,

wherein at least one of the layers comprises a dipolar

material and is at most 500 nm thick. The method comprises

(a) depositing on the substrate 11 a first layer 12 comprising

ions having a same charge, and optionally, (b) depositing on

the first layer 12 in a sequential manner one 13 or a plurality

13, 14, and 15 of subsequent layers, wherein each subse-

quent layer of the one or a plurality of subsequent layers

comprises ions having a same charge which is opposite to

the charge of an immediately preceding layer, wherein at

least one of i) the first layer and ii) the one or a plurality of
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subsequent layers comprises a dipolar material and is at

most 500 nm thick.

In an optional embodiment of the method of fabricating

the assembly, the method further comprises before step (a),

providing the substrate 11 with ions or ionizable compounds

having a same charge over the entire surface of the substrate,

wherein the subsequent layer provided in step (a) comprises

ions having a same charge which is opposite to the charge

of the ions or ionizable compounds of the substrate. This

method could be employed, for example, where the surface

of the substrate material does not contain functional groups

which are capable of anchoring the first film layer.

In still another embodiment of the assembly, the method

further comprises the step of providing the aforementioned

optional interlayer between the substrate and the film. The

method comprises (a) depositing on the substrate the inter-

layer; (b) depositing on the interlayer a first layer comprising

ions having a same charge; and optionally (c) depositing on

the first layer in a sequential manner one or a plurality of

subsequent layers, wherein each subsequent layer of the one

or a plurality of subsequent layers comprises ions having a

same charge which is opposite to the charge of an immedi-

ately preceding layer, wherein at least one of i) the first layer

and ii) the one or a plurality of subsequent layers comprises

a dipolar material and is at most 500 nm thick.

As indicated above, electrostrictive materials produce a

displacement in reaction to an applied electric field. FIG. 3

is a schematic which depicts the bending deformation of an

ESA-processed film assembly according to the present

invention. The apparatus 20 for detecting the deformation

comprises a substrate 21, substrate electrode 22, ESA-

processed film 23, and film electrode 24. The displacement

of the film assembly in reaction to the applied electric field

(depicted by the distance between the vertical dotted line

and the displaced film assembly) can be detected by a means

such as a laser displacement optical sensor.

FIG. 4 is a graph of the displacement of a polymer/

nanocluster composite self-assembled film versus applied

voltage. As is evident from the graph, the displacement of

the film assembly increases in an essentially linear manner

as the applied voltage is increased.

EXAMPLE

An electrostrictive and piezoelectric thin film assembly

comprising poly(sodium 4-styrenesulfonate) (“PSS”) and

poly(diallyldimethylammonium chloride)(“PDDA”) was

prepared by the ESAprocess. PSS was employed because its

charged —SO3' functional group effectively gives it a

noncentrosymmetric dipolar structure. PDDA was used as

the counter ion to self-assemble the PSS. Both PSS (MW=

70,000) and PDDA (MW=~400,000~500,000, 20 wt % in

water) are commercially available from Aldrich Chemical

Co.

The fabrication of the PSS/PDDA monolayer and multi-

layer films was carried out as follows. The substrates used

were single-crystal p-111 silicon, quartz, and indium tin

oxide (“ITO”)-coated glass. Silicon and quartz substrates

were pretreated with a 30:70 mixture of 30% hydrogen

peroxide (H202) and concentrated sulfuric acid (H2SO4) for

30 minutes at room temperature, then rinsed extensively

with Milli-Q water under ultrasonic agitation. The ITO-

coated glass was cleaned with acetone and alcohol twice,

followed by thorough rinsing with Milli-Q water. The

cleaned substrates were negatively charged.

To build layer-by-layer thin films, the substrate was first

immersed in a 1% PDDA (v/v) aqueous solution for 5
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minutes, then rinsed extensively with ultrapure water. Thus

a monolayer of PDDA with positively charged groups was

anchored onto the substrate. The slide was then dipped into

the anionic aqueous solution of PSS with a concentration of

2 mg/mL and pH=6—7 for 3 minutes, followed by a thorough

washing with water and drying with nitrogen gas.

As depicted in FIG. 1, by repetition of this simple

two-step process in a cyclic fashion, the alternating layer-

by-layer molecular self-assembly of one layer of PDDA and

one layer of PSS into multilayer films was obtained.

Optical UV—visible spectroscopy (Hitachi U-2010) was

used to characterize the growth of the multilayer structures.

The optical absorbance spectra following the ESA deposi-

tion process and growth of the PSS/PDDA multilayer film

on a quartz slide are shown in FIG. 2. As is evident, the

PSS/PDDA composite film has a peak absorbance at 222

nm. This absorbance increased linearly as the number of

bilayers of deposited PSS/PDDA increased. This indicates

that the self-assembled layer-by-layer film was built uni-

formly by the alternate assembly of each layer of PDDA and

PSS, which suggests that a high quality ultrathin film was

synthesized by the ESA process.

For the ITO-coated glass substrate, the Normal Load

Method was employed to characterize the piezoelectric

coefficient d33 of the layer-by-layer PSS/PDDA film on the

substrate once it was synthesized without electric field

poling.

FIG. 5 is a schematic of the apparatus 30 employed for the

measurement of CO, V, and F used in the determination of the

piezoelectric coefficient d33. The apparatus includes sub-

strate 31, substrate electrode 32, ESA-processed film 33, and

cylindrical metal film electrode 34 on the top surface of the

deposited film. Standard PVDF film (commercially avail-

able from Measurement Specialties, Inc.) was employed as

a reference to verify the measurement procedure. The d33

value for PVDF measured with the setup was 34.6 pC/N, or

within 15% of the nominal d33 value of 30 pC/N for PVDF.

The piezoelectric response of the self-assembled 50

bilayer PSS/PDDA film with a thickness 65 nm is shown in

FIG. 6. The thickness of the thin film was determined by

depositing the ESA PSS/PDDA coating on a single-crystal

silicon p-111 substrate and measuring using ellipsometry

with an AutoEL II-3W (Rudolph Technologies).

As is evident from FIG. 6, there is a linear relationship

between the output voltage of the self-assembled PSS/

PDDA film and the corresponding applied force. This dem-

onstrates that the self-assembled ultrathin PSS/PDDA film

has piezoelectric properties. The experiment was carried out

under quasistatic conditions. According to the hydrostatic

equations, the piezoelectric coefficient charge constant d33

measured by the Normal Load Method can be calculated as

d33(dependent)=D3/T3=Q/F=CDV/F (1)

where D3 is the electric displacement and T3 the stress in the

“3” direction. Q is the induced charge in the film within the

electrode area for an applied force F, while CO is the

capacitance of the standard capacitor used in the setup.

According to this method, the as-deposited layer-by-layer

65 nm-thick PSS/PDDA film exhibited a d33=6.0 pC/N

without the necessity of electric field poling treatment. Thus,

piezoelectric ultrathin films can be synthesized by the ESA

process, and the resulting self-assembled films exhibit

piezoelectric response directly without the need for poling.

For the thin film, the “3” direction is considered to be

perpendicular to the film surface. Meanwhile, the piezoelec-
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tric response of the film in the “3” direction with respect to

the stress over the electrode area induced by the applied

force (i.e., the weight of the electrode in the experiment) is

in the direction of the net polarization of the film. From the

principle of piezoelectricity, the surface charge density that

remains due to applied force is numerically equal to the

polarization, or net dipole moment per unit volume. Accord-

ing to the model of the ESA process and the response of the

self-assembled PSS/PDDA film, it is reasonable to assume

that the PSS polymer molecules are mostly aligned in a

geometrical order, resulting from the regular geometric

assembly of the positively charged PDDA molecules.

Statistically, this arrangement of the PSS piezo functional

molecules leads to average molecular orientation parallel to

the “3” direction. Thus, a net macroscopic polarization of the

self-assembled film is created once the piezoelectric mol-

ecules are assembled during the ESA process, and this

polarization may remain permanently due to the existence of

the electrostatic force resulting from the oppositely charged

polymer molecules PDDA in the film.

As described above, an advantage of the present invention

is the wide variety of materials which can be employed in

the film layers. Table 2 presents a summary of the piezo-

electric coefficient d33 of the self-assembled thin films for

various representative materials, measured by the normal

load method.

TABLE 2

 

Piezoelectric coefficient (133 of self-assembled layer-by-layer

thin films measured by the Normal Load Method 

 

Assembled Thickness

Composite film bilayers (nm) (133 (pC/N)

PSS/I‘iO2 nanocluster 30 86 10.8

Poly S-119/PDDA 50 86.8 83.6

990.81 (wet)

Poly S-119/Pt:PDDA nano- 40 206 35.3

cluster 794.6 (wet)

Polyaniline/PDDA 100 199.8 6.3

PSS/PDDA 40 65 6.0

NAFION/PDDA 50 96 152.6

598.4 (wet)

 

The data for the poly S-119/PDDA film was corrected by

using an Si substrate. The original thickness data (165 nm)

originated from an ITO glass substrate. There is, however, a

substantial error if the thickness is measured using an ITO

substrate with ellipsometry.

The normal load method was used to measure the piezo-

electric coefficient d33. As is evident from Table 2, the

ESA-processed films according to the present invention

advantageously exhibit a large piezoelectric coefficient d33.

Some of the films prepared according to the present

invention exhibited a large d33 when in the wet form. It is

hypothesized that the self-assembled films may have differ-

ent piezoelectric mechanisms depending upon whether they

are in a wet or a dry environment. The large piezoelectric

response of the films in the wet form may be related to ionic

migration and the content of the water. Their characteristics

may be similar to those of ionic exchange polymer mem-

branes. After having been dried, the piezoelectric response

may be related to the orientation of the functional groups in

molecules, i.e., similar to that in nonlinear optical materials.

Therefore, this invention facilitates the preparation of

electrostrictive and piezoelectric films not only in the form

of ionic exchange membranes, such as polymer-polymer

films, polymer-inorganic metal nanoclusters composite

films, and polymer-inorganic metal oxide nanocluster films,
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but also in the form of dry films which can comprise the

aforementioned components.

FIG. 7 is a graph of the polarization (“P”) versus the

applied voltages (“E”) of a self-assembled piezoelectric film

according to the present invention. The P-E hysteresis

behavior was observed directly by the measurement of the

polarization of a self-assembled film versus the external

applied voltages. More specifically, FIG. 7 shows the

response of a 160 nm—thick ESA-processed polymer/

polymer piezoelectric film to an applied voltage of 12 volts.

As is evident from FIG. 7, Ps=0.110 yC/cmz; +Pr=0.049

MC/cmz, —Pr=0.078 MC/cmz; and +Ec=380.27 KV/cm,

—Ec=—334.14 KV/cm. The hysteresis illustrates information

related to the charge transfer within the self-assembled films.

To some degree, this demonstrates that a certain molecular

orientation was obtained with a net dipole moment oriented

in one direction in the self-assembled films through the

layer-by-layer ESA process on the molecular level.

Thus, the present ESAmethod provides significant advan-

tages in directly building molecular orientation and uniform

microstructure over conventional material synthesis pro-

cesses. Electrostrictive and piezoelectric ultrathin films can

be formed directly by the ESA process without the need for

electric field poling. The ESA-processed ultrathin film has a

different structure in comparison with those of conventional

films and bulk materials. It is inferred from the model of the

ESA process that the self-assembly process may play a very

important role in this behavior, resulting in net macroscopic

polarization in the layer-by-layer thin film material.

The present invention, therefore, provides a method of

fabricating electrostrictive and piezoelectric thin film assem-

blies which not only provides a thinner film than is attainable

by conventional methods, but which provides excellent

molecular-level uniformity and precise structural control.

First, it allows the formation of a uniform host film through

the ESA process. Layer-by-layer uniformity is achieved

through the inherent forming of molecular level monolayers,

each of which is a thermodynamically stable state of the

system. The avoidance of defects and impurities in ESA-

formed thin films leads to more uniform transport properties,

and thus enhanced electrostrictive and piezoelectric

response.

Secondly, a wide variety of materials including polymers,

inorganic nanoclusters, and metal nanoclusters may be

incorporated into the ESA films, with their microcomposite

structure advantageously used to control transport proper-

ties. By varying the species and size and morphology of

molecules and clusters in monolayers through the thickness

of the film, the desired spatial gradient of the diffusion

properties may be achieved.

Thirdly, once the ions are included in the film, protective

coating outer layers with poor ionic conductivity may be

formed as encapsulants in order to prevent ion escape.

Fourthly, the method may be used to form a highly

conductive thin film electrode on the electrostrictive and

piezoelectric film for use in devices such as actuators,

sensors, and MEMS elements.

The present invention, therefore, facilitates the prepara-

tion of a large variety of electrostrictive and piezoelectric

films with different coefficients and applications, for differ-

ent working environments, fabricated on substrates having a

variety of materials and shapes. The film thickness can be

increased by increasing the self-assembly multilayers, and

thus match the requirements of various devices.

The resultant electrostrictive and piezoelectric thin films

utilize ionic transport to yield large, effective piezoelectric

coefficients. The ESA-processed films have a layer-by-layer
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laminated structure, and exhibit piezoelectric response

directly without electric field poling. The primary advan-

tages of the present method over conventional material

formation methods include 1) the ability to incorporate a

wide variety of materials into the film; 2) the ability to form

a film of uniform thickness; 3) the ability to form thermo-

dynamically stable, molecularly oriented thin film multi-

layer structures at room temperature, that are not easily

deoriented due to thermal and mechanical effects; and 4) the

ability to form films with few, if any, of the structural defects

and impurities associated with conventional methods, which

heretofore have led to premature device degradation,

breakdown, and failure.

The foregoing description sets forth only certain embodi-

ments of a method of fabricating an ESA-processed thin film

assembly. Obviously, other embodiments can be designed

within the scope of this invention. It is to be understood that

while the various aspects of the invention have been

described above with respect to their preferred

embodiments, other embodiments within the scope and

spirit of this invention are possible.

For example, while various polymeric materials have

been described as candidate materials for the film, other

organic materials with noncentrosymmetric structure and

large dipole moment group(s) on the main chain or on the

side-chain, or on both chains within the molecules, can be

employed in the film.

By way of further example of modifications within the

scope of this invention, for the purposes of illustration, the

thin film assembly has been depicted in FIGS. 3 and 5 as

being essentially rectangular in shape. It should be

appreciated, however, that the invention comprehends other

configurations of the assembly capable of providing the

requisite ionic transport for a particular application.

The description and example are intended to illustrate and

not limit the scope of the invention which is defined by the

full scope of the appended claims, and which invention is

entitled to protection within the full scope of the appended

claims.

What is claimed is:

1. An electrostatic self-assembly (ESA) method of fabri-

cating a thin film assembly comprising (i) a substrate and (ii)

a film comprising a plurality of organic-containing layers in

contact in series disposed upon said substrate, said method

comprising:

(a) depositing on said substrate a first organic-containing

layer, from a solvent solution, comprising ions having

a same charge; and

(b) depositing on said first layer in a sequential manner at

least one subsequent organic-containing layer, from a

solvent solution, wherein each at least one subsequent

layer comprises ions having a same charge which is

opposite to the charge of an immediately preceding

layer;

wherein at least one of i) said first layer and ii) said at least

one subsequent layer comprises a dipolar material, and

is at most 500 nm thick, to produce said thin film

assembly to have a piezoelectric coefficient d33 of at

least 10.8 pC/N.

2. A thin film assembly, formed by the electrostatic

self-assembly (ESA) method of claim 1, said assembly

comprising:

(a) a substrate; and

(b) a film comprising a plurality of organic material-

comprising layers in contact in series disposed on said

substrate, wherein at least one layer of said plurality of
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layers comprises a dipolar material and is at most 500

nm thick and said film assembly has a piezoelectric

coefficient d33 of at least 10.8 pC/N.

3. Athin film assembly according to claim 2, wherein said

film is electrostrictive.

4. Athin film assembly according to claim 2, wherein said

film is piezoelectric.

5. A thin film assembly according to claim 2, further

comprising an interlayer between said substrate and said

film.

6. Athin film assembly according to claim 2, wherein said

substrate is conductive.

7. A thin film assembly according to claim 2, wherein a

portion of said substrate is conductive.

8. Athin film assembly according to claim 2, wherein said

substrate is non-conductive.

9. Athin film assembly according to claim 2, wherein said

dipolar material comprises a material selected from the

group consisting of inorganic compounds, organic

compounds, and metals.

10. A thin film assembly according to claim 9, wherein

said inorganic compound is selected from the group con-

sisting of CdSe, CdS, GaAs,AgCaSe2, ZnSe, GaP, InP, ZnS,

SiOz, A1203, ZrOz, TiOz, SrTiO3, PbTiO3, BaTiO3, FeO3,

Fe3O4, ZnO, and mixtures thereof.

11. A thin film assembly according to claim 9, wherein

said organic compound is selected from the group consisting

of poly(sodium 4-styrenesulfonate), poly S-119 (poly

(vinylamine)backbone azo chromophore),

polyfiuorocarbons, polychlorocarbons, polyacrylonitriles,

polycarboxylic acids, polyureas, polyurethanes, bio-

polymer molecules, polyanilines, tetramines, polyimides,

membrane polymers, poly(N-vinyl pyrrolidone)

homopolymer, random PVP-co-vinyl acetate copolymers,

aromatic polymers with dipole moment groups in the main-

chain or side-chains, or in both the main-chain and the

side-chains, and mixtures thereof.

12. A thin film assembly according to claim 9, wherein

said metal is selected from the group consisting of Pt, Pd, Ni,

Ti, Cr, Fe, Ag, Au, Cu, and metal alloys and mixtures

thereof.

13. A thin film assembly according to claim 2, wherein

said plurality of layers comprising a dipolar material further

comprise at least one non-dipolar functional material.

14. A thin film assembly according to claim 2, wherein

said at least one of said plurality of layers comprising a

dipolar material has a thickness of less than 200 nm.

15. A thin film assembly according to claim 2, wherein

said at least one of said plurality of layers comprising a

dipolar material has a thickness from about 0.1 nm to about

100 nm.

16. A thin film assembly according to claim 2, wherein

said plurality of layers other than said at least one layer

comprising a dipolar material, have a thickness from about

0.1 nm to about 1000 nm.

17. A thin film assembly according to claim 2, wherein

said plurality of layers other than said at least one layer

comprising a dipolar material, have a thickness from about

0.1 nm to about 500 nm.

18. A thin film assembly according to claim 17, wherein

said plurality of layers other than said at least one layer

comprising a dipolar material have a thickness of about 0.1

nm to about 200 nm.

19. A thin film assembly, formed by the electrostatic

self-assembly (ESA) method of claim 1, said assembly

comprising:
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(a) a substrate; and

(b) a film comprising one or a plurality of layers disposed

on said substrate, wherein at least one of said layers

comprises a dipolar material and is at most 500 nm

thick, further comprising on said one or plurality of

layers comprising said dipolar material an encapsulant

layer which prevents ion escape, wherein said film

assembly has a piezoelectric coefficient d33 of at least

10.8 pC/N.

20. A thin film assembly according to claim 2, further

comprising on said plurality of layers a highly conductive

thin film electrode layer.

21. The electrostatic self-assembly (ESA) method of

according to claim 1, therein said film is electrostrictive.

22. The electrostatic self-assembly (ESA) method accord-

ing to claim 1, wherein said film is piezoelectric.

23. The electrostatic self-assembly (ESA) method accord-

ing to claim 1, further comprising before step (a), providing

said substrate with ions or ionizable compounds having the

same charge over the entire surface of the substrate, wherein

the subsequent layer provided in step (a) comprises ions

having a same charge which is opposite to the charge of the

ions or ionizable compounds of the substrate.

24. A thin film assembly according to claim 2, wherein

said film has a piezoelectric coefficient (d33) greater than

approximately 83.6 pC/N.

25. A thin film assembly according to claim 2, wherein

said film has a piezoelectric coefficient (d33) from approxi-

mately 83.6 pC/N to approximately 990 pC/N.

26. A thin film assembly according to claim 2, wherein

said dipole moments of said dipolar material have the same

orientation.

27. A thin film assembly according to claim 9, wherein

said inorganic compound is selected from the group con-

sisting of BaTiO3, PbTiO3 and SrTiO3.

28. A thin film assembly according to claim 9, wherein

said organic compound is selected from the group consisting

of PolyS-119, PDDA, PVDF, TrFE, PAN and PEI.

29. A thin film assembly according to claim 2, wherein

said plurality of layers consist of polymer layers, each of

said polymer layers in contact with at least one other said

polymer layers in series.

30. A thin film assembly according to claim 2, wherein

said plurality of layers consist of layers comprising a

polymer, each of said layers comprising a polymer is in

contact with at least one other layer comprising a polymer in

series.

31. A thin film assembly according to claim 30, wherein

at least one of said layers comprising a polymer further

comprises a nanocluster.

32. A thin film assembly according to claim 2, wherein

said plurality of layers consist of inorganic nanocluster-

containing layers, each of said inorganic nanocluster-

containing layers in contact with at least one other said

inorganic nanocluster-containing layer in series.

33. The thin film assembly of claim 2, wherein said film

comprises at least two layers comprising a dipolar material

and at least two layers are at most 500 nm thick.

34. The thin film assembly of claim 2, wherein each layer

of said plurality of layers comprises a dipolar material and

is at most 500 nm thick.

35. The method claim 1, wherein the charges of the

dipolar material are aligned by said depositing.

36. The method of claim 1, wherein said depositing of the

first layer and said depositing of the second layer are each

conducted without external poling.

37. The method of claim 1, wherein said depositing of the

first layer and said depositing of the second layer comprise

immersing in a solution.
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38. A method of using the thin film assembly of claim 2,

comprising:

subjecting the thin film assembly to an electric field, and

measuring displacement of the thin film assembly result-

ing from said subjecting to said electric field to deter-

mine electrostrictive response.

39. A method of using the thin film assembly of claim 2,

comprising:

inducing displacement to the thin film assembly and

measuring an electric field resulting from said displace-

ment to determine piezoelectric response.

40. The thin film assembly of claim 4, wherein said

assembly has a piezoelectric coefficient d33 of at least 83.6

pC/N.

41. The thin film assembly of claim 4, wherein said

assembly has a piezoelectric coefficient d33 of at least 35.3

pC/N.

42. The thin film assembly of claim 4, wherein said

assembly has a wet piezoelectric coefficient d33 of at least

598.4 pC/N.

43. An electrostatic self-assembly (ESA) method of fab-

ricating a thin film assembly comprising (i) a substrate, and

(ii) a film comprising a plurality of inorganic-containing

layers in contact in series disposed upon said substrate, said

method comprising:

(a) depositing on said substrate a first inorganic-

containing layer, from a solvent solution, comprising

ions having a same charge and

(b) depositing on said first layer in a sequential manner

one or a plurality of subsequent inorganic-containing

layers, from a solvent solution, wherein each subse-

quent layer of said plurality of subsequent layers com-

prises ions having a same charge which is opposite to

the charge of an immediately preceding layer;

wherein at least one of i) said first layer and ii) said one

or plurality of subsequent layers comprise a dipolar

material and is at most 500 nm thick to produce said

thin film assembly to have a piezoelectric coefficient

d33 of at least 10.8 pC/N.

44. The electrostatic self-assembly (ESA) method of

claim 43, wherein said film is electrostrictive.

45. The electrostatic self-assembly (ESA) method of

claim 43, wherein said film is piezoelectric.

46. The electrostatic self-assembly (ESA) method of

claim 43, further comprising, before step (a), providing said

substrate with ions or ionizable compounds having the same

charge over the entire surface of the substrate, wherein the

subsequent layer provided in step (a) comprises ions having

a same charge which is opposite to the charge of the ions or

ionizable compounds of the substrate.

47. The electrostatic self-assembly (ESA) method claim

43, wherein the at least one sequential layer is deposited on

the first layer prior to any drying of the first layer.

48. The electrostatic self-assembly (ESA) method of

claim 43, said thin film assembly further comprising (iii) an

interlayer, said method further comprising:

(c) depositing on said substrate said interlayer such that

said depositing of said first layer of said subsequent

layers is on said interlayer.

49. A thin film assembly, formed by the electrostatic

self-assembly (ESA) method of claim 43, said assembly

comprising:

(a) a substrate; and

(b) a film comprising a plurality of inorganic material-

comprising layers in contact in series disposed on said
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substrate, wherein at least one layer of said plurality of

layers comprises a dipolar material and is at most 500

nm thick and said film assembly has a piezoelectric

coefficient d33 of at least 10.8 pC/N.

50. The thin film assembly of claim 49, wherein said thin

film assembly has a piezoelectric coefficient d33 of at least

35 .3 pC/N.

51. A method of using the thin film assembly of claim 49,

comprising:

subjecting the thin film assembly to an electric field, and

measuring displacement of the thin film assembly result-

ing from said subjecting to said electric field to deter-

mine electrostrictive response.

52. A method of using the thin film assembly of claim 49,

comprising:

inducing displacement to the thin film assembly and

measuring an electric field resulting from said displace-

ment to determine piezoelectric response.

53. A thin film assembly comprising:

(a) a substrate;

(b) at least one layer comprising a first organic ionic

material having an overall negative or positive charge

disposed on the substrate; and

(c) at least one layer comprising a second organic ionic

material having an overall opposite charge to that of the

layer comprising the first organic ionic material,

wherein at least one said layer comprising said first

organic ionic material contacts at least one said layer

comprising said second organic ionic material,

wherein at least one of said layers comprises dipolar

material and is at most 500 nm thick.

54. The thin film assembly of claim 53, wherein the first

organic ionic material is a polymer and the second ionic

material is a polymer.

55. The thin film assembly of claim 53, wherein said thin

film assembly is formed by the steps comprising:

(a) depositing on said substrate said at least one layer

comprising said first organic ionic material from a

solvent solution; and

(b) depositing on said at least one layer comprising said

first organic ionic material in a sequential manner said

at least one layer comprising said second organic ionic

material

such that said assembly has a piezoelectric coefficient d33

of at least 10.8 pC/N.

56. The thin film assembly of claim 53, wherein said

assembly has a piezoelectric coefficient d33 of at least 10.8

pC/N.

57. An electrostatic self-assembly (ESA) method for

producing a film comprising (i) a substrate and (ii) a film

comprising plurality of layers disposed upon said substrate,

said method comprising:

(a) depositing on said substrate a first organic layer with

nanoclusters from a solvent solution comprising ions

having a same charge; and

(b) depositing on said first layer in a sequential manner at

least one subsequent organic layer with nanoclusters

from a solvent solution, wherein each at least one

subsequent layer comprises ions having a same charge

which is opposite to the charge of an immediately

preceding layer;

wherein at least one of i) said first layer and ii) said at least

one subsequent layer comprises a dipolar material, is at

most 500 nm thick, and said film assembly has a

piezoelectric coefficient d33 of at least 10.8 pC/N.
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58. A thin film assembly, formed by the electrostatic

self-assembly (ESA) method of claim 57, said assembly

comprising:

(a) a substrate; and

(b) a film comprising a plurality of organic layers with

nanoclusters in contact in series disposed on said

substrate, wherein at least one layer of said plurality of

layers comprises a dipolar material and is at most 500

nm thick and said film assembly has a piezoelectric

coefficient d33 of at least 10.8 pC/N.

59. The thin film assembly of claim 58, wherein said thin

film assembly has a piezoelectric coefficient d33 of at least

35.3 pC/N.

60. A method of using the thin film assembly of claim 58,

comprising:

subjecting the thin film assembly to an electric field and

measuring displacement of the thin film assembly result-

ing from said subjecting to said electric field to deter-

mine electrostrictive response.

61. A method of using the thin film assembly of claim 58,

comprising:

inducing displacement to the thin film assembly, and

measuring an electric field resulting from said displace-

ment to determine piezoelectric response.

62. An electrostatic self-assembly (ESA) method for

producing a film comprising (i) a substrate and (ii) a film

comprising a plurality of layers disposed upon said

substrate, said method comprising:

(a) depositing on said substrate a layer from a solvent

solution comprising ions having a same charge; and

(b) depositing on said first layer in a sequential manner at

least one subsequent layer from a solvent solution,

wherein each at least one subsequent layer comprises

ions having a same charge which is opposite to the

charge of an immediately preceding layer;

wherein at least one of i) said first layer and ii) said at least

one subsequent layer comprises a dipolar material, is at

most 500 nm thick, and said film assembly has a

piezoelectric coefficient d33 of at least 10.8 pC/N.

63. The method of claim 62, wherein said film has a

piezoelectric coefficient d33 of at least 35.3 pC/N.

64. A thin film assembly, formed by the electrostatic

self-assembly (ESA) method of claim 62, said assembly

comprising:

(a) a substrate; and

(b) a film comprising a plurality of layers in contact in

series disposed on said substrate, wherein at least one

layer of said plurality of layers comprises a dipolar

material and is at most 500 nm thick and said film

assembly has a piezoelectric coefficient d33 of at least

10.8 pC/N.

65. The thin film assembly of claim 64, wherein said film

has a piezoelectric coefficient d33 of at least 35.3 pC/N.

66. A method of using the thin film assembly of claim 64,

comprising:

subjecting the thin film assembly to an electric field and

measuring displacement of the thin film assembly result-

ing from said subjecting to said electric field to deter-

mine electrostrictive response.

67. A method of using the thin film assembly of claim 64,

comprising:

inducing displacement to the thin film assembly and

measuring an electric field resulting from said displace-

ment to determine piezoelectric response.
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68. A thin film assembly, formed by the electrostatic

self-assembly (ESA) method of claim 62 comprising:

(a) a substrate;

(b) a film disposed on said substrate, said film comprising 5

a first plurality of layers comprising a first dipolar

material and a second plurality of layers comprising a

second dipolar material; each of said layers comprising

said first dipolar material, and each of said layers

comprising said second dipolar material, is at most 500

nm thick, wherein each layer of said first plurality of

layers contacts at least one layer of said second plu-

rality of layers, wherein said first dipolar material is an

organic material and said second dipolar material is an

organic material.

69. A thin film assembly of claim 68, wherein each layer

of said first plurality of layers comprise ions haVing a same

charge which is opposite to the charge of each layer of said

second plurality of layers.

70. A thin film assembly of claim 68, wherein the first

plurality of layers consist of a dipolar polymer and an

optional non-dipolar material and the second plurality of

layers consists of a dipolar polymer and an optional non-

dipolar material.
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71. A thin film assembly, formed by the electrostatic

self-assembly (ESA) method of claim 62 comprising:

(a) a substrate;

(b) a film disposed on said substrate, said film comprising

a first plurality of layers comprising a first dipolar

material and a second plurality of layers comprising a

second dipolar material; each of said first layers com-

prising said first dipolar material, and each of said

layers comprising said second dipolar material, is at

most 500 nm thick, wherein each layer of said first

plurality of layers contacts at least one layer of said

second plurality of layers, wherein said first dipolar

material is an inorganic material and said second dipo-

lar material is an inorganic material.

72. A thin film assembly of claim 71, wherein each layer

of said first plurality of layers comprise ions haVing a same

charge which is opposite to the charge of each layer of said

second plurality of layers.

73. A thin film assembly of claim 71, wherein said first

dipolar material is a metal and said second dipolar material

is a metal.


