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Abstract

Radiation hard nonvolatile random access memory (NVRAM) is a crucial component for DOE
and DOD surveillance and defense applications. NVRAMs based upon ferroelectric materials
(also known as FERAMs) are proven to work in radiation-rich environments and inherently re-
quire less power than many other NVRAM technologies. However, fabrication and integration
challenges have led to state-of-the-art FERAMs still being fabricated using a 130nm process while
competing phase-change memory (PRAM) has been demonstrated with a 20nm process. [1] Use
of block copolymer lithography is a promising approach to patterning at the sub-32nm scale [2],
but is currently limited to self-assembly directly on Si or SiO2 layers. Successful integration of
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ferroelectrics with discrete and addressable features of ∼15-20nm would represent a 100-fold im-
provement in areal memory density and would enable more highly integrated electronic devices
required for systems advances. Towards this end, we have developed a technique that allows us to
carry out block copolymer self-assembly directly on a huge variety of different materials and have
investigated the fabrication, integration, and characterization of electroceramic materials–primarily
focused on solution-derived ferroelectrics–with discrete features of ∼20nm and below. Significant
challenges remain before such techniques will be capable of fabricating fully integrated NVRAM
devices, but the tools developed for this effort are already finding broader use. This report intro-
duces the nanopatterned NVRAM device concept as a mechanism for motivating the subsequent
studies, but the bulk of the document will focus on the platform and technology development.
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Summary

This project investigated patterning and integration techniques that would be compatible with
PZT-based ultra-high density rad-hard NVRAM. In particular, the project focused on extending
lithography techniques based on the directed self assembly of block copolymers to non-Si/SiO2
substrate layers and studied techniques for integrating these discrete and ordered ∼20nm features
into functional device structures. In addition to developing a fabrication platform that enables the
formation of nanoscale feature of essentially any material that can be deposited by sputtering and/or
chemical solution into ordered nanofeatures, this project also initiated in-depth in-situ diffraction
studies of PZT-based thin films, laid the groundwork for etching and pattern transfer from and into
a variety of non-standard materials at the extreme nanoscale, and developed characterization and
analysis tools that can determine quantitative chemical distribution at the ≤5nm scale.
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Nomenclature

FERAM Ferroelectric Random Access Memory

NVRAM Non-Volatile Random Access Memory

IC Integrated Circuit

PZT Pb(Zr,Ti)O3, a family of ferroelectric and piezoelectric ceramic materials

RF MEMS Radio Frequency MicroElectroMechanical Systems

PRAM RAM built around the change in resistance that accompanies a phase change, typically
between amorphous and crystalline forms of chalcogenide materials

SONOS Silicon-Oxide-Nitride-Oxide-Silicon RAM similar in function to flash but using Si3N4
instead of polysilicon for the charge storage layer

CNT-RAM RAM based on hysteretic mechanical deflection of carbon nanotubes (CNT).

RRAM RAM based on a change in resistivity of transition-metal-containing layers as a function
of processing and electrical pulse history

BCP Block copolymer, two or more immiscible polymers covalently bound together

ITRS International Technology Roadmap for Semiconductors

PS polystyrene

PMMA poly(methylmethacrylate)

DSA Directed Self Assembly

LER Line Edge Roughness, a measure of the uniformity of lithographically-defined lines and
features

NMP N-methyl-2-pyrrolidone, a solvent

SEM Scanning Electron Microscope

Pt//Si Si substrate coated with Pt and adhesion layers; here refers to Si coated with 400nm thermal
SiO2, 40nm TiOx and 170nm Pt

TEM Transmission Electron Microscopy

EDS Energy Dispersive Spectroscopy
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SI Spectral Imaging, a technique for collecting, in this case, full x-ray spectra as a beam is rastered
across a sample followed by post-collection data analysis

PCA Principal Component analysis, a statistical method for deconvolution of signals from a finite
number of discrete overlapping sources

MVSA Multi-Variate Statistical Analysis, a matrix-based statistical method for analysis of a (rel-
atively) large number of co-varying but not necessarily dependent values

AFM, PFM Atomic Force Microscopy and Piezoresponse Force Microscopy, respectively; can-
tilever deflection-based techniques for measuring topography and/or electromechanical re-
sponse of materials with nanometer-scale resolution
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Chapter 1

Introduction

Ferroelectric random access memory (FERAM) possesses several attractive characteristics
when compared to other types of non-volatile memory (NVRAM) technologies (see Table 1.1),
especially for low-power operation in challenging environments, but it is currently fabricated at
areal bit densities 10-100x lower than competing technologies. Defining <30nm features is a chal-
lenge for the entire integrated circuit (IC) community, but three additional and significant hurdles
stand in the way of using present technology to scale FERAM fabrication to the nanoscale: in-
tegration, crystallinity, and potential lateral size effects. The most common and best-performing
ferroelectric materials for FERAM are those in the Pb(Zr,Ti)O3 family (collectively referred to
here as ‘PZT’) but the propensity for severe reaction between Pb and Si requires the use of buffer
layers and, commonly, metallic electrodes between any Si-containing layers and PZT. Ferroelec-
tricity is a collective phenomenon that emerges from the interactions of neighboring unit cells of a
polar (i.e. possessing a spontaneous polarization) crystalline material. Since PZT layers are typi-
cally deposited from chemical solution or via one of several vapor phase techniques, they require
thermal annealing to crystallize, typically at temperatures ≥650◦C. This thermal treatment step is
associated not only with the phase transition(s) involved in crystallizing the PZT layer, but also
some poorly-understood interactions between the PZT layer and the underlying electrode material
(often Pt).

Under all but the most precisely controlled conditions, the PZT layer will crystallize into a com-
plex polycrystalline layer. Depending upon stoichiometry and processing conditions, this resulting
crystalline layer may or may not exhibit a preferred crystallographic orientation with individual
crystallite grains ranging in size from a few nanometers to a micron or more. Grains of differ-
ent orientations exhibit significantly different ferroelectric behavior, and the boundaries between
such grains lead to additional complexity, both in terms of electrical response and the chemical
reactivity that is critical for etch behavior. Presently, integrated ferroelectric films, whether for
use in FERAM, RF MEMS, or other applications, are patterned by depositing blanket films and
then etching away everything except for the desired functional regions.[3] Besides severely de-
grading the electrical properties of ferroelectric materials at and near either wet or dry chemical
etch boundaries, [4, 5, 6] this etch process represents a serious limitation to the down-scaling of
FERAM fabrication technology because of the difficulty in achieving reasonable etch anisotropy in
such systems. In addition, the emergent nature of the ferroelectric response means that there must
be some fundamental minimum size below which electric field-driven reversal of the spontaneous
polarization will be impossible, thereby setting an absolute minimum feature size for ferroelec-
tric memory elements. Recent experiments have shown that the ferroelectric response can persist
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for continuous epitaxial films as thin (in the direction of the applied electric field) as 3 unit cells
(∼1.2nm), [7, 8] but there has not yet been a systematic study of the effect(s) of lateral feature
size on the existence and magnitude of ferroelectric polarization reversal. In order to address these
fabrication scaling limitations and–ideally–provide a platform for performing systematic studies
of feature size scaling effects on the ferroelectric response, we undertook the development of a
technique that would be capable of fabricating discrete and addressable nanoscale features of fer-
roelectric PZT.

Figure 1.1. Schematic of BCP
thin film mask

Block copolymers (BCP) consist of two chemically different
polymer blocks that are driven to phase separate by their chemi-
cal incompatibility but are constrained by the fact that the blocks
are covalently bound to one another. The resulting microphase
separation can produce ordered equilibrium morphologies such
as ordered arrays of spheres, bicontinuous spinodal (gyroid) mor-
phologies, or lamella. [9, 10, 11, 12] The small dimensions (com-
monly ∼10-50nm) associated with these structures makes them
interesting for a variety of applications, and their promise for
lithography in particular has attracted a great deal of interest over
the past dozen years. [13, 14, 15, 16] In practice, surface interac-
tions with the substrate complicate equilibrium, introducing sig-
nificant challenges for researchers but also providing an oppor-
tunity for additional control over achievable morphologies. [17]
Research on block copolymer lithography has progressed to the
point where it has been included on the ITRS roadmap as a
potentially-feasible solution for patterning at and below the 22nm
node. [2] A very simple schematic representation of this concept
is shown in Figure 1.1. A thin surface layer is used to neutralize
the substrate surface to prevent either block of the subsequently-
deposited copolymer thin film (illustrated here as PS-b-PMMA)
from preferentially wetting the surface. During annealing, these
blocks separate to form, for example, lines or cylinders. Removal

of the PMMA block leaves a PS mask with nanoscale openings.

The overall goal of this project was to examine promising avenues for the eventual fabrication
of integrated nanoscale ferroelectric structures with a particular focus on identifying and inves-
tigating patterning, processing, and performance challenges. Aspects that received the greatest
attention were:

• Extension of BCP-based lithography to a variety of substrate materials compatible with the
patterning of ferroelectric nanofeatures
• Expansion of pattern transfer capabilities to accommodate the integration of these non-

standard material in an integrated process
• Combining BCP-based pattern definition techniques with solution-based fabrication routes
• Optimizing the fabrication of PZT-based ferroelectrics from chemical solution through ad-

vanced characterization and analysis
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Chapter 2

Patterning

In order for BCP lithography to be useful for the pattern definition of Si-incompatible materials
such as PZT, it is important that the BCP can be assembled on materials other than Si/SiO2. In
theory, this simply involves neutralizing the surface of the desired substrate such that neither block
preferentially adheres to the surface; in practice, this requires the development of a brush layer that
can be grafted to essentially any surface, yet still present a neutral surface to an overlying BCP
layer. Our collaborators at the University of Wisconsin, Profs. Padma Gopalan and Paul Nealey as
well as their graduate students, were able do just this, as described in more detail elsewhere [18].
This custom-engineered polymer brush layer enables the assembly of vertically-oriented PS-b-
PMMA cylinder-forming diblock copolymers on essentially any substrate including, for example,
Si with native oxide (Figure 2.1), MgO (Figure 2.2), ZnO (Figure 2.3), PZT (Figure 2.4), and even
ZrB2 (Figure 2.5). Attempts to graft the brush layer directly to Pt did meet with difficulty, though
when the Pt layers were coated with as little as 3nm of Ti that then formed a native oxide layer,
grafting the neutral brush and subsequent BCP assembly were successful (Figure 2.6).

Once features of the proper size can be produced, they must be patterned in a controlled man-
ner such that they could be arbitrarily addressed. As evident from Figures 2.1 – 2.6, the basic self
assembly process that defines the mask via phase separation produces features that are relatively
uniform in size and shape and that exhibit reasonable short-range order but which are entirely
disordered beyond the first few nearest neighbors, severely limiting their utility for electronic de-
vices which require that each pixel feature be individually addressable. By introducing additional
constraints to the system, the self assembly process can actually be directed to impart long-range
order on the resulting pattern. One such directed self assembly (DSA) approach uses an initial
photolithography and shallow anisotropic etch procedure to introduce guides to the substrate which
geometrically confine assembling features, as illustrated schematically in Figure 2.7. This tech-
nique, generally referred to as ‘graphoepitaxy,’ has been successfully demonstrated with line- and
cylinder-forming BCP masks across multiple micron length scales, and the use of regularly-spaced
posts within an otherwise empty field has been shown to successfully maintain order over relatively
large areas as well [19, 20, 21]. Working with our collaborators at the University of Texas-Austin
(Prof. John Eckerdt and his students), we too have successfully demonstrated graphoepitaxy of
PS-b-PMMA BCP (see Figure 2.8). DSA can also effectively shrink the relevant feature pitch by
integral multiples. In other words, using Figure 2.8 to illustrate, the initial photolithographically-
defined feature is 210nm wide, but the resulting ordered BCP features are only 21nm in diameter,
essentially resulting in a 10-fold reduction in feature pitch–or, expressed another way, 10x density
multiplication.
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Figure 2.1. PS mask oriented on Si Figure 2.2. PS mask oriented on MgO

Figure 2.3. PS mask oriented on ZnO Figure 2.4. PS mask oriented on PZT

Figure 2.5. PS mask oriented on ZrB2 Figure 2.6. PS mask oriented on Pt
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Figure 2.7. Graphoepitaxy schematic (adopted from
[20])

Figure 2.8. Successful graphoepitaxy

While graphoepitaxy is an effective approach to extending long-range order, its drawbacks in-
clude difficulty in controlling exactly where individual features will be located (note, for example,
the ‘outline’ of the geometric confinement seen in Figure 2.8) and the disruption of the planarity
of the substrate layer which could be problematic for some processes. Prof. Paul Nealey’s group
at the University of Wisconsin, with whom we also collaborated on this project, have pioneered
an alternative approach to DSA that is based on the use of a photo-patternable brush layer which
allows one to control the relative preference of each copolymer block to wet the substrate. This
chemical patterning approach provides fine control over the very thermodynamic interactions that
lead to the copolymer phase separation in the first place, with resolutions of standard photolithog-
raphy and without the requirement of any etch procedures. This process is illustrated schematically
in Figure 2.9.

One large advantage of chemical patterning over graphoepitaxy is the fact that the thermody-
namic wetting-based control of the substrate-mask interactions and the finite polymer block lengths
actually combine to improve the line edge roughness (LER) of patterned features [22, 23]. In ad-
dition, the geometric constraints of the initial pattern are less stringent than for graphoepitaxy. For
example, successful graphoepitaxy requires that the spacing between the confining walls and the
associated neutralizing brush layer be an exact multiple of the block pitch for successful pattern
assembly, but chemically-patterned substrates can actually produce high-quality well-ordered BCP
patterns even when the underlying chemical pattern varies by as much as ±10% from the polymer
block pitch.

This combination of finer control of the associated driving forces and relaxed constraints on
the initial ‘directing’ pattern means that the BCP mask layers whose assembly is directed by a
chemically-patterned substrate can actually be of higher quality than the initial directing pattern in
terms of feature regularity and general pattern fidelity, even when combined with density multipli-
cation [23]. In addition, the fact that the directing pattern is now in the brush layer that sits on top
of the substrate rather than etched into the substrate layer itself means that the substrate remains
planar. This also allows the directing pattern to be extended across very large areas, extending the
BCP order from a handful of nearest neighbors to mm2-scale or larger areas.
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Figure 2.9. Schematic illustration of
chemical patterning using the
photopatternable brush layer developed
at UW [24].

One of the goals of this project was to develop a
fabrication technique that resulted in nanoscale ferro-
electric features without actually chemically etching
the ferroelectric material itself. Since the solution- and
vacuum-based deposition techniques that lead to fer-
roelectric thin films with the best properties are blan-
ket deposition approaches, a lift-off step is an attrac-
tive alternative to chemical etching. The polystyrene
masks are ideal for this since they are robust enough
to survive the initial deposition steps (whether in vac-
uum for sputter deposition, for example, or the spin
coating and drying steps associated with solution de-
position) but are easily removed by solvents such as
NMP (N-methyl-2-pyrrolidone) or toluene that do not
affect the patterned materials of most interest (metals
and metal-oxides). Figures 2.12 and 2.13 demonstrate
the effectiveness of this approach.

To fabricate these discrete nanopillars, the UW-
developed neutral brush layer was first grafted to the
substrate of interest (here, MgO-coated Pt//Si wafers).
The PS-b-PMMA BCP layer was then assembled on
top of this neutral brush and the vertical orientation
of the PMMA columns was verified by SEM. A brief
UV exposure followed by a∼10sec rinse in acetic acid
removed the PMMA blocks, leaving a ∼32nm thick
PS layer with ordered, vertically-arranged holes. A
descum step (a low-power oxygen plasma etch is the
preferred route) removes the neutral brush layer that
remains at the bottom of these ‘holes’ in the mask,
exposing the MgO layer. At this point, the ‘filler’
material is deposited. For sputter-deposited features
(see for example, Figure 2.13), a thin layer of mate-
rial is sputtered across the entire sample. Since for the
particular BCP composition used here the PS layer is
only ∼32nm thick and the ‘holes’ are ∼32nm thick,
one must be careful not to sputter a layer that is thick

enough to become continuous or the subsequent liftoff step will be problematic. Similarly, for
successful liftoff, solution-deposited layers also need to become discontinuous in order to allow
solvent infiltration and PS removal. This is easily accomplished by using a low-concentration solu-
tion. Figure 2.12 shows features that were deposited from an initial 0.025M solution of Ti(OiPr)4
using acetic acid as a chelating agent and methanol as a solvent. This solution was dispensed onto
the sample and allowed to sit for ∼5sec before spinning at 4000rpm to planarize and remove ex-
cess solution. The sample was then dried at 100◦C for 10min to remove excess solvent and gel
the precursor sufficiently to avoid its removal with the PS. After cooling to room temperature, the
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sample was immersed in NMP and placed in an ultrasonic bath for 5min then removed and rinsed
with toluene before returning to 5 additional minutes of ultrasonic NMP treatment followed by a
final toluene rinse, leaving discrete nanopillars of amorphous TiO2 gel.

Figure 2.10. Patterned solution-derived PZT Figure 2.11. Large-area solution-patterned TiO2

Figure 2.12. Patterned solution-derived TiO2 Figure 2.13. Patterned sputtered Ti

One of the great advantages of this approach is that the only limitation to the materials that
can be deposited in this fashion is that they have to be compatible with some sort of thin blanket
deposition technique, which is not a very limiting condition. For example, the PZT solutions that
our group has used for years for successfully fabricating capacitor films [25, 26] are closely related
to the simple solution used to deposit the TiO2 features seen in Figure 2.12, so it should not be
surprising that the same process works quite well for fabricating amorphous nanofeatures of PZT
directly on Pt//Si substrates (Figure 2.10). Such solutions readily fill the PS mask and appear not
to be affected at all by the NMP PS removal process, as illustrated well by the large area shown in
Figure 2.11 where the only defects visible are direct reproductions of the defects in the original PS
mask layer.
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Figure 2.14. Schematic of
MgO-mediated PZT patterning

To investigate additional liftoff-based approaches to pattern-
ing ferroelectrics, we used e-beam lithography to create complex
patterns on top of MgO-coated Pt//Si substrates. After develop-
ing the resist, the substrate was soaked in a weak oxalic acid
solution (0.005M) for 5min to etch through the exposed regions
of the ∼50nm-thick MgO layer and then rinsed with deionized
water. After removal of the PMMA-based e-beam resist, a stan-
dard PZT solution was spin-deposited across this patterned sam-
ple and subjected to our standard PZT processing cycle which
includes a 400◦C pyrolysis step and 10min at 700◦C for crystal-
lization. The sample was again soaked in oxalic acid to remove
the remaining MgO and liftoff any overlying PZT. This approach
successfully resulted in a patterned layer of ∼35nm-thick PZT
(Figure 2.15) as defined by the original e-beam pattern. Further,
piezo force microscopy (PFM) measurements (see Chapter 4 for
more details about the PFM technique and associated measure-
ments) confirmed that the patterned PZT exhibited a hysteretic
piezoelectric response, strongly suggesting that it was ferroelec-
tric even when patterned into the complex shape of a CINT logo.
Finally, as further demonstration of the capabilities of this MgO-
mediated patterning and liftoff approach, we carried out the same
process again, only between the PZT crystallization process and
the MgO-removal liftoff step we also sputter deposited a blan-
ket Pt layer to serve as a top electrode (see schematic in Figure
2.14). After successful removal of the MgO and overlying PZT
and Pt layers, we were left with a Pt/PZT/Pt capacitor structure
having an arbitrary shape defined by e-beam lithography (Figure
2.16).

Figure 2.15. e-beam defined patterned PZT Figure 2.16. Patterned Pt/PZT on Pt//Si substrate
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Chapter 3

Integration

Formation of nanoscale features makes for nice images, but to be useful in a device, such fea-
tures must be functional when integrated into a device-relevant process flow. For the specific case
of the PZT nanofeatures of interest here, this requires that the PZT be crystallized without under-
going any deleterious reactions with nearby materials and that the individual pixels be connected
to the rest of the electronic device in some way. The most likely strategy for addressing nanoscale
FERAM pixels would be to use some variant of the crossbar architecture[27, 28]; the remainder
of this chapter will focus on the challenges of integrating PZT-based nanofeatures into a relevant
fabrication process.

The features shows in Figures 2.12 – 2.11 are amorphous; in order to exhibit any ferroelectric
response, they must be crystalline. Continuous solution-deposited PZT films are crystallized by
heating to ∼700◦C, but because of Ostwald ripening, simply heating the amorphous nanofeatures
will destroy their discrete and ordered nature (Figure 3.1).

Figure 3.1. Sufficient thermal energy to crystallize discrete
nanofeatures (TiO2 shown here) also results in Ostwald ripening
which destroys the BCP-imparted order.

Thus, in order to crystallize freestanding PZT nanofeatures without destroying their order, it
is necessary to immobilize them somehow during thermal treatment in a way that does not lead
to harmful chemical reactions and, ideally, allows their return to discrete, free-standing features
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after crystallization. The list of materials with which PZT is known not to react when in intimate
contact at ∼700◦C and which are easily removed by some sort of treatment–ideally a simple wet-
etch–that does not harm crystalline PZT is extremely short. MgO is a common substrate that has
been used for PZT crystalline studies which have shown no evidence of reaction during thermal
processing, and–as shown in Chapter 2–can be removed using an oxalic acid wet etch that appears
not to damage crystalline PZT.

One conceptually-simple approach is to fabricate the amorphous nanofeatures just as discussed
in Chapter 2 and then to coat these samples with a blanket of sputtered MgO before heating the
sample to crystallize the PZT, followed by a MgO-removing oxalic acid rinse. Under this approach,
the complication of then applying appropriate circuitry to individually address the nanofeatures
is not addressed. Figure 3.2 shows the result of such a process: the features are ∼150% their
original diameters and appear to have lost some of the original short-range order. Additionally, the
rough surfaces and poor dielectric response of these features suggested that some sort of reaction
was occurring during thermal processing; chemical analysis of MgO layers sputtered on the same
instrument for a different effort indicated significant alkaline contamination which may explain
some of the problems seen in the sample shown in Figure 3.2.

Figure 3.2. MgO was sputter-deposited over amorphous PZT
nanopillars similar to those shown in Figure 2.10 followed by a
crystallization heat treatment of 700◦C for 10min and subsequent
oxalic acid MgO removal.

A preferred approach to providing a robust inert matrix for PZT nanofeature crystallization
would be to directly transfer the BCP-defined pattern from the PS into the inert layer (MgO, for
example) prior to PZT solution deposition. The process flow for such a process would look nearly
identical to Figure 2.14 where the initial pattern is defined in this case not by e-beam lithogra-
phy but instead by BCP lithography. Unfortunately, while wet etching MgO using oxalic acid is
straightforward, dry etching MgO is anything but simple. Exhaustive studies led by Jeff Stevens
were unable to determine appropriate conditions for dry etching MgO with a PS mask; selec-
tivity values were typically ∼0.1-0.2, which, for PS layer thickness of only ∼32nm was simply
insufficient for effective pattern transfer directly into MgO. Continued etch recipe development
efforts (see Figure 3.3 for an example of a small subset of such data) eventually resulted in a
multi-material stack consisting of PS//SiO2//Cr//MgO//Pt which, according to individual etch-pair
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selectivities studied separately should enable the transfer of a BCP-defined pattern into an MgO
layer on Pt//Si. Unfortunately, this development occurred too late in the project to allow in-depth
studies of the maintenance of pattern quality during these etch steps, so it is presently unknown
whether this stack and the associated etch recipes would allow pattern transfer into MgO for direct
PZT infiltration and crystallization.

Figure 3.3. A large number of materials and parameters were
studied in an attempt to develop a reliable dry etch recipe for MgO
and, ideally, a technique for transferring the BCP-defined pattern
into an MgO layer. The above plot shows but a very small subset
of such data.

The difficulties of maintaining PZT feature fidelity during thermal treatment highlighted the
need for better understanding of the phase transformations and other chemical interactions that
occur during the crystallization process of solution-derived PZT thin films, particularly on Pt//Si
substrates. This led to a project demand for improved thermal processing of PZT thin films, which
in turn led to a focus on the development and use of appropriate analytical techniques for evaluating
solution-derived nanoscale PZT during and after thermal processing.
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Chapter 4

Analysis

It has long been recognized that both the substrate and the thermal profile exert strong influ-
ences on the phase and texture evolution of solution-derived PZT thin films during thermal pro-
cessing, but since all prior studies were carried out ex-situ, an understanding of the complex phase
and interface reactions was lacking. Through a collaboration with Prof. Jacob Jones and his group
at the University of Florida, we initiated an in-situ X-ray diffraction-based study of PZT-based thin
films on Pt/Si substrates during thermal processing which has since expanded into a major com-
ponent of a separate project. The initial studies carried out under this project were instrumental in
establishing the phase progression (amorphous→ interfacial PtxPb intermetallic→ fluorite→ per-
ovskite) as well as showing that the formation of the PtxPb phase could be avoided by shunning the
common practice of compensating for Pb-species volatility through the use of super-stoichiometric
precursor solutions (Figure 4.1).

Figure 4.1. in-situ x-ray diffraction of PZT-based thin films es-
tablished the sequence of phase formation during thermal process-
ing and highlighted the role of Pb stoichiometry in the develop-
ment of a transient interfacial intermetallic layer.

The ongoing diffraction work complements a chemical analysis tool that Chad Parish devel-
oped and adapted for this project. Because of the lower crystallization temperature of PbTiO3 rel-
ative to PbZrO3, solution-derived PZT thin films are often observed to be Ti-rich near the bottom
electrode, a common source of heterogeneous nucleation sites, and Zr-rich near the films surface.
Calame and Muralt showed that this effect can be counteracted by carefully tailoring the composi-
tions of deposited layers, and used chemical depth profiles to support the claims of homogeneous
B-site cation (Ti + Zr) distribution. [29] The Calame work is an excellent example of an engi-
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neering solution to a difficult problem, but it also highlights a shortcoming of the analytical tools
commonly available for use in such studies. Microstructural features in such films are commonly
∼100s of nm in size, while variations in cation distribution could (and has been seen to) occur on
the order of individual nanometers. Surface-based techniques can achieve depth resolutions on the
order of individual nanometers, but typically sample across 10s–100s of µm2 of lateral area and
therefore sample across many microstructural features (see Figure 4.2). At the other extreme are
typical TEM EDS linescans which offer nanoscale resolution in the lateral dimension during a scan
across the thickness of a film, but because of this are limited to looking at what is essentially a 1.5-
dimensional slice out of a 3-dimensional sample. It is possible to string together a large number of
EDS linescans in an attempt to increase the lateral expanse of the analysis, but the associated long
acquisition times are not only inconvenient, but are complicated by unavoidable sample drift and,
often, beam-induced sample damage.

Figure 4.2. Spectral Imaging (SI) combines the high-resolution
chemical information necessary to quantify cation distributions
with the broad range required to connect measured variations to
microstructural features.

Spectral imaging (SI) combined with advanced statistical analytical tools such as principle
component analysis (PCA) and multi-variate statistical analysis (MVSA) enables the rapid collec-
tion of data at length scales relevant to both nm-level cation distributions as well as microstructural
features, enabling researchers to associate measured distributions with microstructure, a critical
capability that is not possible using other analytical techniques. What this means in a practical
sense is that, with careful experimental setup and technique, we now have the capability of ac-
quiring quantitative chemical maps across square microns of sample area with individual pixel
resolution of ∼3–5nm. Not only has this tool verified the Pb deficiency of surface fluorite lay-
ers and confirmed the tendency of slowly-crystallized PZT films to be Ti-rich near the electrode
and Zr-rich near the film surface, it also allowed us to discover the tendency for La and Zr to
co-segregate during the crystallization of PLZT films (Figure 4.3). Significantly greater detail
about the spectral imaging technique and its application to PZT-based thin film is available in the
reference works. [30, 31, 32]

Structural and chemical analysis are indispensable tools for understanding the origins of ferro-
electric and piezoelectric response, but in terms of material function and device performance, direct
measurement of the desired electrical (and/or electromechanical) response is what really matters.
Piezoelectric force microscopy (PFM) is a contact scanning probe technique where small distor-
tions of the sample surface induced by an oscillating (ac) voltage applied with a conductive tip are
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Figure 4.3. Chemical analysis enabled by the combination of
SI, PCA, and MVSA can give quantitative chemical information
on the ∼3-5nm level across micron-scale areas, providing a direct
link between microstructural features and chemical distribution.

imaged. [33] This allows for the simultaneous acquisition of the topography and the amplitude and
phase of the piezoelectric signal with respect to the applied voltage and is shown schematically in
Figure 4.4.

While the PFM technique has been used extensively during the last decade to measure qualita-
tive properties of piezoelectric and ferroelectric surfaces, it is still challenging to get quantitative
measurements of the piezoelectric coefficients. Care must be taken in calibration to obtain quanti-
tative results. To achieve high lateral resolution in measurements, a conductive AFM tip must be

Figure 4.4. Schematic illustration of a PFM setup.
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used as the top electrode. This produces an inhomogeneous and very localized electric field near
the tip, which can induce local clamping and nonlinear surface responses [34] and leads to a non-
trivial evaluation of the piezoelectric response. [35, 36] In measuring nanostructures, topographic
artifacts can cause additional problems. [37] Despite these difficulties, this technique offers excel-
lent resolution and is the most accessible experimental means to measure piezoelectric properties
of nanomaterials.

For the current project, electromechanical response was measured for continuous and mi-
croscale patterned (using the MgO-mediated e-beam patterning approach described in Chapter 3)
PZT films. AFM scans were also collected of amorphous nanopillars, but due to their amorphous
nature, such features were not piezoelectric. The micro-patterned films exhibited a linear elec-
tromechanical response indicative of piezoelectricity; this response was also hysteretic, suggesting
but not proving the existence of a reversible spontaneous polarization (i.e., ferroelectricity) in these
films. Figure 4.5 shows PFM data collected from one of these micropatterned PZT samples.

Figure 4.5. ∼30nm thick PZT thin films patterned using an
MgO-mediated approach exhibited a piezoelectric response as
measured by PFM. Scans shown in this figure are 10µm x 10µm.

Figure 4.6. AFM scan of nanopatterned amorphous PZT features
fabricated directly on Pt//Si using the BCP-liftoff technique.
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Chapter 5

Conclusions

This project investigated patterning and integration techniques that would be compatible with
PZT-based ultra-high density rad-hard NVRAM. In particular, the project focused on extending
lithography techniques based on the directed self assembly of block copolymers to non-Si/SiO2
substrate layers and studied techniques for integrating these discrete and ordered ∼20nm features
into functional device structures. In addition to developing a fabrication platform that enables the
formation of nanoscale feature of essentially any material that can be deposited by sputtering and/or
chemical solution into ordered nanofeatures, this project also initiated in-depth in-situ diffraction
studies of PZT-based thin films, laid the groundwork for etching and pattern transfer from and into
a variety of non-standard materials at the extreme nanoscale, and developed characterization and
analysis tools that can determine quantitative chemical distribution at the ≤5nm scale.

The project also helped SNL establish relationships with leading university professors (specif-
ically Prof. John Ekerdt at the University of Texas at Austin, Profs. Paul Nealey and Padma
Gopalan at the University of Wisconsin, and Prof. Jacob Jones at the University of Florida) which
led to two follow-on projects with Profs. Nealey and Jones. The work in this project spanned
basic to applied science and received significant recognition from outside of SNL, as evidenced
by the 16 invited talks that resulted from these efforts. While substantial challenges remain for
the integration of functional nanoscale ferroelectric features into working devices, the fabrication,
integration, and analysis tools developed as part of this project have established the fundamental
background essential to further development in this area.
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