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The fabrication of modern microelectronic devices is 
based on a sequence of physical and chemical processes, in 
which thin films are repeatedly deposited and etched.[1] 
Photolithography and reactive ion etching (RIE) are exten-
sively used in patterning blanket deposited thin films, to 
yield the complex 3-D structures that make up the devices. 
While these subtractive processing methods generally work 
well, the manufacturing of advanced devices is increasingly 
limited by such photolithographic and chemical etching 
techniques. It is now well appreciated, for example, that the 
design rules for devices are rapidly approaching limit-
ing sizes, beyond which lithography-based patterning meth-
ods will be pushed only with enormous difficulty.[2] The 
lack of suitable processes for etching advanced thin film 
materials also presents significant challenges to process de-
sign. For some thin-film materials of current interest in 
technology, such as the integrated platinum and lead zirco-
nium titanate (PZT) structures described in this report, 
conventional methods can not be used for fine scale pat-
terning;[2-4] the conditions needed to optimally process such 
materials are not ones which can be tolerated by either the 
Si substrate or the structures it bears (see below). 

So-called “macroelectronics”, where devices are inte-
grated into a large format assembly (such as a flat panel 
display),[5] also present complex manufacturing challenges 
related to the limitations of conventional thin-film pattern-
ing methods. For example, lithography is best suited for de- 
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veloping fine scale structures in a resist material, when the 
size of the image-field is not inordinately large.[6,7] It is also 
necessary for the substrate to be flat (or very nearly so). 
Such considerations form a partial motivation for our con-
tinuing efforts to develop additive patterning methodolo-
gies that lift these constraints. It is of interest to note, in this 
regard, that such methods need not achieve submicrometer 
resolution in order to find major applications in technology. 
In displays, for example, many of the components one 
wishes to integrate on a large, flat-panel substrate can be 
quite large. 

Recently, self assembled monolayers (SAMs) have begun 
to be explored for applications in microfabrication.[8-12] A 
variety of methods have been used to produce patterned 
SAMs, including microcontact printing (µCP)[8-11] UV-
photolithography,[12-14] e-beam lithography,[15,16] scanned-
probe based micro-machining,[17,18] and atom-litho-
graphy.[19] The patterned SAMs were used as thin resists, to 
transfer patterns onto thin films, either by selective chem-
ical etching or by selective deposition. 

In earlier reports, we have shown that patterned SAMs 
of octadecyltrichlorosilane (OTS) (formed by µCP), can be 
utilized as molecular resists and templates for directing the 
deposition of thin films.[20-24] We have successfully depos-
ited patterned metal thin films (e.g. Cu,[20,21] Pt,[22] and 
Pd[22]) by metal–organic chemical vapor deposition 
(MOCVD) and ceramic thin films (including LiNbO3,[23] 
(Pb,La)TiO3,[23] and Ta2O5

[24]) by sol-gel methods. Thin-
film fabrication on µCP modified surfaces is a potentially 
low-cost, high-throughput method, because it does not re-
quire expensive photolithographic equipment, and yet it 
can produce micrometer scale patterns in thin-film materials 
in two or three simple, but largely additive, steps. Al-
though single levels of thin films have been patterned with 
great success, significant obstacles must be overcome be-
fore it will be possible to fabricate useful devices that are 
made up of precisely aligned multilevel patterns. This pa-
per addresses these significant concerns. 

This report demonstrates the utility of non-lithographic 
patterning methods to effect the integrated fabrication of a 
prototypical thin-film device architecture. We describe an 
additive patterning technique, based on printed organic 
thin films (µCP patterned OTS SAMs), which has been 
used successfully to fabricate multilayered devices — simple 
ferroelectric capacitors consisting of a Pt/PZT/Pt thin-film 
structure.  Integrated ferroelectric thin films, such as 
Pb(Zr,Ti)O3, possess high dielectric constants (K = 300–
1300) and a remanent switchable polarization state, which 
make them useful as components in such applications as 
non-volatile memories,[25] dynamic random access mem-
ories (DRAMs),[26] piezoelectric micromotors,[27] and infra-
red detector arrays.[28] Such materials continue to find 
application in high performance information storage, mi-
cromachine, and thermal imaging devices. A key challenge 
exists in the patterning of thin films integrated with semi-
conductor  substrates,   since  platinum  electrodes,   electro- 

ceramic thin films, and substrate materials display widely 
disparate dry and wet chemical etch rates.[29] A novel and 
attractive method for patterning such complex structures is 
described here: the mediation of the initial metal and cera-
mic deposition chemistries, by selective functionalization of 
the substrate surface with a printed organic thin film. 

Figure 1 outlines the experimental procedure used to 
fabricate the three level thin-film structure of the capaci-
tors. Since high temperature processing steps are required 
in this processing scheme, we followed the common prac-
tice of first coating the single crystalline Si substrate with a 
titanium nitride diffusion-barrier layer, to prevent oxida-
tion of silicon and possible reactions with the metalliza-
tion.[2,30] The substrate surface was then patterned with 
SAMs of OTS by microcontact printing (step 1). To do this, 
the substrate (TiN/SiO2/Si) was washed with deionized 
(DI) water, acetone, and 2-propanol and dried with a 
stream of argon. The dried substrate was placed in a UV/ 
ozone generator for 30 min, to remove trace organic con-
taminants, immediately before microcontact printing with 
the OTS solution. A solution of OTS in dry hexane 
(10 mM) was used as the “ink” and applied to the stamp 
using a photoresist spinner (3000 rpm for 30 s); the inked 
stamp was then dried in a stream of high purity argon for 
30 s. The stamp was brought into contact with the substrate 
by hand and held in place for 30 s; this step transfers OTS 
from raised regions of the stamp to the surface of the sub-
strate. This procedure routinely yields OTS thin films with 
~25–30 Å mass coverages. Detailed studies of the structure, 
and chemical and thermal stability, of the contact printed 
OTS films, have shown that the OTS SAMs are robust en-
ough to withstand CVD deposition conditions (at 350 ºC), 
as well as annealing in air at 250 ºC. 

After the surface was printed with OTS, a platinum thin 
film was deposited by MOCVD in the presence of hydro-
gen, using bis(hexafluoroacetylacetonato)platinum(II), 
Pt(hfac)2, as the precursor.[22] The deposition was carried 
out at 350 ºC for 30 to 60 min at 0.5 torr. In a laboratory 
scale reactor, this process has been used to reliably micro-
fabricate Pt and Pd (using Pd(hfac)2) features as fine as 
1.5 µm, over areas as large as 1 square inch (~6.5 cm2).[22] 

Platinum was selectively deposited on areas not modified 
by the SAMs, to form 200 µm wide circular bottom elec-
trodes (1000 Å thick), as shown in step 2. The process ex-
ploits the advantages inherent in MOCVD, by carrying out 
the reaction under conditions of kinetic control, where re-
gions of the substrate modified with OTS remain essen-
tially inert, while the unmodified regions are reactive. The 
method provides a wide process window for selective de-
position on a variety of substrates. Most important, though, 
is that the high resolution patterned Pt features are formed 
in a simple two-step process without photolithography or 
RIE. We believe that printing-based processes could 
greatly simplify the patterning of metal thin films. 

The same OTS SAM also defines the stability of the sub-
sequently deposited, sol-gel derived lead zirconium titanate 
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Fig. 1. Procedure used for the fabrication of the ferroelectric capacitor (1– 
7). 1) The substrate surface is patterned with a SAM of OTS by microcon-
tact printing. 2) Platinum is selectively deposited by MOCVD (on areas not 
modified with OTS), to form the 200 µm wide bottom electrodes. The 
MOCVD is carried out at 350 ºC in an argon/hydrogen atmosphere using 
bis(hexafluoroacetylacetonato)platinum(ΙΙ), Pt(hfac)2, as a precursor. 3) 
The same OTS template was used to pattern a lead zirconium titanate 
[PZT, Pb(Zr,Ti)O3] thin film, deposited using a sol-gel method. The differ-
ences in adhesion after pyrolysis of the as-spun films results in pattern defi-
nition. 4) The loosely adhering material on the OTS derivatized regions is 
removed by polishing on cotton felt, to yield a patterned (self-aligned) 
PZT/Pt multilayer. 5) A conventional mask aligner is used to align and print 
the second OTS level, which defines the 50 µm wide top electrodes. 6) The 
top electrodes are deposited by a selective Pt CVD process. 7) Annealing at 
elevated temperatures yields a ferroelectric PZT layer, thus completing the 
construction of the Pt/PZT/Pt ferroelectric capacitor. 

(PZT, Pb(Zr,Ti)O3) thin films. A 0.3 M methoxyethanol-
based PbZr0.53Ti0.47O3 precursor solution[31] was spun atop 
the functionalized substrate immediately after Pt deposi-
tion. While some preferential wetting of the solution pre-
cursor was observed above the hydrophobic regions, pat-
tern definition occurs due to differences in the adhesion of 
PZT on the various regions of the surface. Upon heat treat-
ment to 175 ºC, the regions of amorphous film that formed 
above the OTS functionalized regions were severely 
cracked and displayed poor adhesion (step 3). In contrast, 
strongly adherent, continuous layers were formed above 
underivatized (platinum bearing) regions. The loosely-ad-
herent films on the OTS derivatized regions were selec-
tively removed by polishing on wet cotton felt, to yield 
(self-aligned) patterned PZT/Pt thin-film microstructures 
(step 4). A similar procedure has been used to pattern 
LiNbO3 and Ta2O5 structures, with dimensions ranging 
from 4 µm to 300 µm.[23,24] 

A conventional optical mask aligner was used to align 
and print a second OTS pattern that defined the top elec-
trodes (50 µm wide circles) (step 5). Alignment of the 
stamp was identical to conventional photolithographic pro-
cedures, except that a thin (0.5 cm), transparent PDMS 
stamp was used in place of the usual quartz mask. After the 
patterns on the stamp and the substrate were aligned, the 
substrate and the stamp were brought into contact by 
manually detaching the stamp from the optical mount. In 
addition to defining the areas for the top electrodes, the 
second printing step was needed to repair the defects gen-
erated during the PZT polishing step. We also believe (but 
have not proven) that the elastomeric stamp sufficiently 
conforms to Pt-PZT stack to effect passivation of the sides 
of the PZT thin film. 

The top electrodes were formed by selectively depositing 
platinum (800 Å) on the PZT/Pt stacks (step 6); the thin-
film deposition was carried out using conditions identical 
to those described above. The bright 50 µm wide circle, on 
top of the 200 µm circle, shows the alignment and fidelity 
achieved in constructing the Pt/PZT/Pt structure. This 
three layer stack was annealed at 700 ºC for 10 min to form 
a crystalline, ferroelectric PZT film, thus completing the 
fabrication process (step 7). 

Figure 2 shows a surface profilometry scan across two 
capacitor structures. The 50 µm wide platinum top elec-
trodes, on the 200 µm wide PZT/Pt stacks, are clearly 
revealed. Profilometry indicates that the top electrode 
is 800 Å thick, the PZT ferroelectric layer is 1000 Å 
thick, and the platinum bottom electrode is 1000 Å thick. 

Phase development of the PbZr0.53Ti0..43O3 layer, after 
annealing at 700 ºC in air,[32] was confirmed by examining 
the X-ray diffraction pattern of the Pt/PZT/Pt/TiN/SiO2/Si 
structure (Fig. 3). No evidence of secondary phases, such as 
pyrochlore [Pb2(Zr,Ti)2O7-x] or anatase (TiO2) from oxi-
dized TiN, was seen (which would appear at 29 º and 25 º in 
2θ, respectively). 
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Fig. 2. Surface profilometry of the capacitors shown in Figure 1, step 7. The 
scan was taken across the top electrodes of the capacitors to measure the 
thickness of the layers. 

 

 
Fig. 3. X-ray diffraction pattern of a Pt/PZT/Pt ferroelectric capacitor 
formed on a TiN/Si substrate. The data were taken after annealing at 700 ºC 
for 10 min and indicate development of the ferroelectric perovskite phase in 
the PZT thin film. 

 
 

The defining property of a ferroelectric thin film, a hys-
teresis loop demonstrating reversible electrical polariza-
tion, is shown in Figure 4 for PZT, on both CVD-derived 
and sputter-deposited Pt electrodes. The electrical mea-
surements were made on larger test architectures, since, in 
the microstructures shown, we have not made provisions for 
an electrical connection to the bottom electrode.[33]  In 
principle, such a direct connection could be made, but 
would require the addition of a third printing level to the 
process (using a master for the stamp that was not available 
to us).  The test structures for the electrical measurements 
were fabricated using conditions identical to those used to 
construct the microstructures shown.  Although the electri-
cal properties of the CVD platinum thin films are not opti-
mal,  this result is significant,  because it is the first dem- 
 
 

 
Fig. 4. Polarization hysteresis loops for Pt/PZT/Pt stacked capacitors on a 
Ti/Si substrate using either CVD (solid line) or sputtered (dashed line) Pt 
electrodes. The zero-field remanent polarization for both samples is charac-
teristic of a ferroelectric capacitor, though less ideal on the CVD-derived Pt. 
Remnant and saturation polarization values of Pr = 10 µC/cm2 and Ps = 
31 µC/cm2 were obtained for the CVD Pt metallization, as compared to Pr = 
20 µC/cm2 and Ps = 38 µC/cm2 for sputtered Pt electrodes. 

 
onstration that CVD platinum electrodes are useful for 
fabricating ferroelectric capacitors. Several aspects of the 
process still require further optimization. Firstly, the layout 
of the metallization scheme needs to be improved, to allow 
direct measurement of the electrical properties of the mi-
crostructures. Secondly, better methods are needed for ef-
fecting the alignment in processes requiring multiple print-
ing levels. Thirdly, a better material is required to replace 
the TiN used here, since it undergoes a large volume ex-
pansion on oxidation to TiO2 during the PZT crystalliza-
tion step, thus limiting its utility as a barrier layer. Finally, 
it is clear that a smoother Pt growth morphology, with a 
lower thin-film resistivity, must be obtained for the CVD-
derived platinum film. We are currently addressing these 
issues. 

In summary, patterned SAMs formed by contact printing 
have been successfully used as molecular templates for the 
additive fabrication of a model thin-film ferroelectric capa-
citor architecture. Some segments of this procedure clearly 
need further development to enable them to be used in mi-
crofabrication. Even so, the current level of development, 
given the modest level of resources expended, is sufficient 
to suggest that there is great potential in additive fabrica-
tion schemes based on chemically mediated nucleation and 
growth of multilayered thin-film architectures. 
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