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Monolayer and multilayer ultrathin films comprised of nanosized iron oxidg@pPeparticles and
polyimide molecules have been fabricated on single crystal silicon and quartz substrates by a novel
layer-by-layer electrostatic self-assembly process. This process involves the alternate dipping of a
substrate into an aqueous solution of anionic polyimide precypyamic acid salt, PAATEA
followed by dipping into an agueous solution of polycation polydiallyldimethylammonium chloride
(PDDA) which coats on nanoscale & particles as a stabilizer. The growth process and the
structure have been characterized using UV-vis spectroscopy, contact angle, and ellipsometry
measurements. The results suggest that well-ordered uniform monolayer and multilayer magnetic
films have been formed on silicon and silica surfaces. A recently developed highly sensitive fiber
optic magnetic field sensor was used to probe the small magnetic field intensity produced by the
multilayer films. © 1997 American Institute of Physid$§0003-695(97)03842-4

Magnetic nanoparticles and ultrathin films have attractedtoefficient and dielectric constant, and extremely low mois-
interest from both experimental and theoretical points ofture uptake, so may serve as good candidates for the protec-
view! because of their potential applications in informationtion of formed iron oxide layers. Therefore, a thermoplastic
storage’ magnetic imaging, ferrofluids* and magnetic polyimide precursor polyamic acid salPAATEA) of Ul-
separation. Several different techniques for the constructiontem™ with controlled molecular weightMw =30 000 g/
of thin magnetic films have been reported, includingmole, after the imidizatiol) was obtained and used as an-
sputtering® vapor trappind, carbon arc formatiofi,and mo- ionic polyelectrolyte inserted as a protective layer between
lecular beam epitaxyMBE).2 However, there are inherent alternating iron oxide particle layers.
limitations associated with these methods including very ex-  Third, the fabrication of (PDDA:F&O,)/PAATEA
pensive fabrication equipment, limited film area or thicknessmonolayer and multilayer films was carried out as follows.
high temperature processing, costly fabrication, and complex
and time-consuming processing.

Here we report a new method for the preparation of
monolayer and multilayer magnetic f&/polyimide films
by a novel molecular self-assembly process. Several steps
are involved in our approach. First, nanoscale magnetite par-
ticles (FeO,) were synthesized, according to a method de-
scribed elsewher2A mixed aqueous solution of ferric chlo-
ride and ferrous chloride was poured into ammonium
solution. The instantaneously formed black precipitate was
separated by centrifugation without washing with water.
Then, the precipitate was redissolved and ultrasonically agi-
tated in an aqueous solution of p@hallyldimethylammo-
nium chloide (PDDA) at a pH of 8.5. The coagulation and
precipitation of these particles were prevented by the adsorp-
tion of cationic polyelectrolytéPDDA). The resulting dark-
brown FgO, solution is stable over a period of months and
is sensitive to the pH values of the water solution. The typi-

cal size of the PDDA-coated magnetite particles is about 10 ﬁ
nm, as demonstrated by transmission electron microscopy L
(TEM) in Fig. 1. 400 nm

It is commonly known that any study of nanosized par-
ticles must insure against surface oxidation. This is particu-

larly a problem for iron-based materials, because surface oxi- uo 0003
! . . . 3 105000

dation can cause a reduction in total magnetizatfa@n the

other hand, polyimides have an excellent combination of

thermal Stab'“ty! Ch_em'cal resistivity, very hlgh meChan'C?‘IFIG. 1. Transmission electron micrograph of average 10 nm diameter iron
strength even at high temperature, low thermal expansiobxide particles coated with PDDA in the aqueous dispersion.
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FIG. 3. Contact angle on the surface(BDDA:Fe0,)/PAATEA multilayer

FIG. 2. Schematic illustration of the formation of multilayer ultrathin mag- films as a function of number of layers

netic films by electrostatic molecular self-assembly process.

q inal | sil 111 the pH values and temperature. Therefore, the processing
The substrates used were single crystal silicon p-111, quartg, riables must be adjusted to ensure the optimal conditions

a(r;d optical glass. .WeII cleaned §Iides were immersed N %or the construction of monolayer and multilayer films based
1% volume solution  of (N-2-aminoethyl-3-aminopropyl o, the electrostatic self-assembly process. The thickness of

trimethoxysilang/APS, 94%, Huls America, Ingin toluene bilayer of (PDDA:Fe,0,)/PAATEA is determined to be 11
for two hours at a temperature of 46 °C. After silanization, by ellipsometry measurements.

the slides were ultrasonically agitated for two minutes each A" ontact angle goniometer was used to probe the

in pure toluene, a toluene/metharial1) mixture twice, and  growth of the alternating multilayer structures. Whitesides
pure methanol twice, then thoroughly rinsed with ultrapur€et 51 and others have shown, qualitatively, the wettability of
water. Thus a monolayer of APS with amine functionalitiesy slid is determined by the structure of its outermost few
was covalently anchored onto the substrate which was to b§ngstr0m§,3 so one would expect that the contact angle
protonated, and a positively charged surface was provided ishould vary if a solid is modified by an electrostatic
the proper pH ranges. The slide was then immersed in a 1%uyltilayer film. Water contact angles measured for the out-
(w/w) aqueous solution of PAATEA with a pH of 8.5 for 10 ermost surface of théPDDA:Fe0,)/PAATEA multilayer

min, then rinsed extensively with ultrapure water and blownjims with increasing number of layers from 1 to 368

dry with nitrogen gas. Subsequently, the slide was dippegjlayers are shown in Fig. 3. For an APS modified silicon or
into the cationic solution ofFe;0,:PDDA)/H,0 (3/1.5/50,  silica surface, the water contact angle is 52°. After one layer
w/w) with a pH of 8.5 for 10 min, followed by thorough of anionic polyamic acid satPAATEA) is adsorbed on the
washing with water and drying with nitrogen gas. By repeti-surface, the water contact angle is increased to 65°. Then, the
tion of this simple two-step process in a cyclic fashion, al-contact angle rises to 80° when cationic PDDA modified
ternating layer-by-layer molecular self-assembly of one layeparticles are deposited on the surfdtiee higher the water

of PAATEA and one layer of PDDA:R©®, nanoparticles contact angle, the more hydrophobic the surfattecan be

into multilayer films was obtained, and in principle, there isseen that the average water contact angle oscillates according
no limit for the final thickness. to which molecules form the outermost lay®DDA:Fe,0,)

The spontaneous, layer-by-layer self-assembly of theind PAATEA, and remains about the same after 36 layers
cationic PDDA:Fg0O, nanoparticles between the anionic (18 bilayer3 are deposited onto the positively charged sur-
polyamic acid sal{PAATEA) layers is based on the ionic face (APS modified silicon surfage This clearly demon-
attraction developed between the oppositely charged speciestrates that the consecutive adsorption of anionic PAATEA
which promotes strong interlayer adhesion and a uniformand cationic PDDA:F£0, is stepwise and the deposition
and linear multilayer deposition proce€sThe key to a regu- process is very consistent from layer to layer and highly
lar multilayer buildup is the reversal of the surface charge inreproducible.
each adsorbed layer, as shown in Fig. 2. Since iron oxide Optical UV-vis spectroscopy was also used to character-
nanoparticles in a dispersion will rapidly aggregate if notize the growth of the multilayer structures and the amount of
provided with a potential energy barrier to prevent it, thematerial deposited per layer. Optical absorbance spectra fol-
cationic polyelectrolyte PDDA is used as a stabilizer to andfowing the deposition process and growth of
chor on the particle surfaces and guarantee the requisite pogPDDA:Fg0,)/PAATEA multilayer films on a modified
tive charge on the particles. On the other hand, the stabilitguartz slide are shown in Fig. 4. By UV-vis spectroscopy a
of the anionic polyamic acid salPAATEA) is dependent on linear deposition pattern of 17 bilayers film is observed with
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125 thickness of each layer can be variedoatgstr'bn level, so
\ the electrical resistance can be varied at very high precision

\ 0.9 . . .. N .
' g which will be very promising for the fabrication of giant
= . .
oo Y 2 o6 magnetoresistand&MR) devices. In future work, we hope
\ B to demonstrate that this new process of magnetic film forma-
Ay (ol . . . . . .
..\ a 2 02 tion can be carried out with several quite different functional
[ N .31 . . .
g o N g materials such as conjugated polymers, and nanosized met-
_§ b‘\ < . als. This remarkably simple technique provides molecular-
2 S 0 2 4 68101214 16 18 level control over the thickness and complicated architecture
< os0+4 e Number of Bilayers of multilayer magnetic, conducting, and luminescent

films.'® Thus it offers a potentially powerful strategy
for fabricating nanomagnetic, nanoelectronic-magnetic,

025 - nanomagnetic-optical, and nanomagnetic-electroluminescent

d devices.
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