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It is proposed that the ceramics community initiate and foster industrial interactions
through a series of workshops. The first of these workshops, to be held at the NSF on Jan.
22-23, 2004, will co-chaired by C. Barry Carter of the University of Minnesota and R.
Ramesh of the University of Maryland and it will focus on ceramics needed in data storage
technology. NSF would welcome the opportunity to host one or two additional workshops
per year at the foundation on other topics. This location allows directors to attend the
workshops and provide direction, in particular to add commentary on the avenues for
support. Copy of the initial prototype proposal will be made available to assist future
workshop organizers.

Invitees to the first workshop include persons at IBM/Hitachi, Seagate Technology, National
Institutes of Standards and Technology, other national laboratories, and several American
universities (e.g. Arizona State University, University of Arizona, University of California at
Davis, Lehigh University, University of Nebraska, North Carolina State University,
Pennsylvania State University, University of Pennsylvania and Stanford University). State of
the art and needs in storage technology will be outlined and examples of productive
industrial-university working relationships will be described. Scientific talks will focus on
different approaches to deposition of materials, e.g. combinatorial methods and cluster
tools, and characterization techniques (magnetic probes, electron microscopy, x-ray
methods and use of synchrotrons in understanding critical materials). Other topics include:
self-assembly, discs, lubrication coatings, and ferroelectrics.

Three mechanisms can be used by the NSF to foster industry-university relationships:
GOALI,? supplements® and industrial extensions.* GOALI provides the longest period of
support of the three options. It requires a new proposal with a co-PI from industry, a
industry-university agreement letter on intellectual property, and documentation of
collaborative arrangements of significance to the proposal. For investigators with active
grants, two further options exist: supplements and/or extensions of an additional six
months to facilitate cooperation with industry are possible. Investigators should consult the
guidelines and submit a short supplemental request proposal via FastLane. Industrial
extensions, falling under the purvue of special creativity, are initiated by the Program
Director and may provide for one to two years of additional funding at approximately the
same level.®

1. Co-authors who will not be present at the workshop may be listed here.

2. Principle Investigator (PI) submits new proposal under Grant Opportunities for Academic Liaison
with Industry (GOALI), program announcement 98-142
(http://www.nsf.gov/home/crssprgm/goali/start.htm)

3. Six months of additional funding may be requested by the PI through a FastLane submission.

4. Two-Year Extensions for Special Creativity initiated by the program director as described in the
Grant Proposal Guidelines (http://www.nsf.gov/pubsys/ods/getpub.cfm?gpg).

5. This section could describe positive outcomes (or anticipated benefits) of interactions with
industry.
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Nanostructured Magnetic Recording Discs

DIETER WELLER
Director of Media Research, Seagate Technology, 1251 Waterfront Place,
Pittsburgh PA 15222, U.S.A.
email: Dieter.Weller@seagate.com,
phone: (412) 918-7128, fax: (412) 918-7222

The areal density in magnetic recording has surpassed ~50 Gbit/in?> in products and
~100 Gbit/in? in laboratory demonstrations. These densities have been achieved with
recording media comprised of Co-alloy nanostructured materials with horizontal orientation
of the magnetization (longitudinal recording). Grain sizes are 8-10 nm and grain size
distributions are near 20% (sigma over mean). Going much beyond 100 Gbit/in®> requires
magnetically harder materials with smaller, thermally stable grains (5-8 nm) and tighter
distributions (<15%). Experiments indicate that this may be possible in perpendicular
recording, where a soft magnetic imaging layer is used to enhance the write field, enabling
such grains to be recorded on. Basic technology demonstrations of 170 Gbit/in> have
already been reported and modeling suggests that extensions to about 1 Tbit/in? should be
possible using that technology. Going much beyond Tbit/in?>, however, will require more
drastic changes of heads and media. One of the fundamental limitations relates to the
media sputter fabrication process, which may not allow the tight grain size and magnetic
dispersions required in models. So called self-organized magnetic arrays (SOMA) of
chemically synthesized FePt nanoparticles are being explored as alternatives. These
structures do not only show extremely tight size distributions (<5%) but are also
magnetically much harder than current Co-alloys. Writing will require temporal heating and
cooling in a magnetic field (HAMR: Heat-Assisted Magnetic Recording). It is envisioned, that
a combination of SOMA and HAMR may once lead to single particle per bit recording, with
ultimate densities near 50 Tbit/in? (10 years storage time, ambient temperature, FePt type
anisotropies).



Exchange-biasing with thin oxide films

ERIC E. FULLERTON*
San Jose Research Center
Hitachi Global Storage Technologies
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Since its discovery the giant magnetoresistive (GMR) effect has been utilized in many thin-
film devices such as spin valves found in magnetic recording read heads. A spin valve in its
simplest form comprises an antiferromagnetic (AF) layer, a pinned ferromagnetic layer, a
conductive non-magnetic spacer layer, and a free ferromagnetic layer. While the hysteresis
loop of the free layer is centered and exhibits very low coercivity, the pinned layer is
exchange-biased by the adjacent AF layer, resulting in its hysteresis loop being shifted.
Therefore only the free layer magnetization is switched in the low fields originating from a
bit transition written on the magnetic disk. As the relative magnetization of the pinned and
the free layer changes from parallel to antiparallel, the resistance of the spin valve
increases.

Spin-valves comprising an insulating pinning layer offer several advantages for use in read
heads designed for high-density recording. Being insulating they pin without shunting
current leading to potentially higher GMR values. They also can act as part of the insulating
gap reducing the thickness required for conventional gaps. I will highlight recent research
on understanding the exchange-bias mechanisms in insulating oxide AF LaFeOs [1,2] and
CoO [3-6] layers and ferrimagnetic CoFe,0O4 layers [7]. This includes: (i) Exploiting
magnetic linear and circular dichroism to image and correlate AF and ferromagnetic domains
in a LaFeO3/Co bilayer, respectively. (ii) Using thin CoO layers within Co/Pt multilayers with
perpendicular anisotropy to demonstrate perpendicular exchange biasing [3], explore the
symmetry of the reversal process [4], make model exchange bias systems [5] and image
the spins responsible for the exchange biasing using high field magnetic force microscopy
(MFM) [6]. (iii) Demonstrating the feasibility of CoO/CoFe,04 bilayers as a pinning layer in
spin valves and showing that the CoFe,0O4 layer could be reduced to as little as 3 nm in
thickness while maintaining high coercivity and thermal stability.

*collaborators include: O. Hellwig, S. Maat, T. Kirk, K. Takano, J. Kortright, J. Stohr, A.
Scholl, F. Nolting, J. Luening, J. Stohr, J.-P. Locquet, J. Seo, P. Kappenberger, and H. Hug.
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[2].
[3].
[4].
[5].
[6].
[7].

. Scholl et al, Science 287, 1014 (2000).

Nolting et al., Nature 405, 767 (2000).

. Maat et al., Phys. Rev. Lett. 87, 087202 (2001).

. Hellwig et al., Phys. Rev. B 64, 144418 (2002).

. L. Kirk, O. Hellwig, and Eric E. Fullerton, Phys. Rev. B 65, 224426 (2002).
Kappenberger et al., Phys. Rev. Lett. 91, 267202 (2003).

. Maat et al., Appl. Phys. Lett. 81, 520 (2002).
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Embedded Ferroelectric Memory with 0.58 uM? Cell Size Using 130 nm,
5LM Cu/FSG Logic Process

S.R. SUMMERFELT*

Texas Instruments, 13560 N. Central, Expy, MS-3736, Dallas, TX 75243
Email: s-summerfelt@ti.com

An embedded ferroelectric memory process has been created using 130 nm, 5 metal layer
Cu/FSG logic process and only 2 additional masks. Both FRAM memory (0.58 pm? cell size)
and SRAM memory (1.95 pm? cell size) have been created on the same wafers[1]. The
eFRAM density (~900 kb/mm?) demonstrated here surpasses SRAM density by roughly 2.5x
and is the most compact FRAM developed to date. Embedded FRAM has the potential to
replace embedded DRAM, embedded Flash and slow SRAM because of its small added
memory cost (2 added masks) and small cell size compared to SRAM. FRAM also has
performance advantages compared to standard semiconductor memories (lower standby
power compared to DRAM/SRAM & fast write speeds compared to Flash) that will help
enable future low-power portable electronics [1-3].

The eFRAM module is formed between the contact and first metal levels of a single-gate
oxide logic flow as shown schematically in Figure 1. The corresponding scanning-electron
micrograph for the fabricated structure is displayed in Figure 2. After the planar W contacts,
we employ sputter deposition for the TiAIN barrier/Ir electrode and metal-organic chemical
vapor deposition for the 70 nm Pb(Zry25Tig.75)03 ferroelectric layer [1,3,4]. Sputter-
deposited IrOy/Ir forms the top electrode structure and a TiAIN hardmask complete the
capacitor stack.

Following capacitor stack deposition, a single-mask stack etch removes the TiAIN hardmask,
Ir/IrOx top electrode, PZT, Ir bottom electrode and TiAIN diffusion barrier layers. The total
capacitor thickness is then 250 nm. A sidewall AlO, diffusion barrier layer and etch stop
layer is then formed and followed by the deposition of a SiO, inter-layer dielectric. A second
mask defines the VIAs that connect either the top of the capacitor to the first metal level or
the contact connecting to active level. The interconnect process flow then continues in a
manner nearly identical to that for the standard Cu backend.

For an eFRAM to be successful, it is essential that the CMOS characteristics are unaffected
by the insertion of the eFRAM module. The only significant impact on the CMOS
characteristics is that the additional VIA increases the apparent contact resistance to MET1
by roughly 50% (~24 ohm to 35 ohm as shown in Figure 3). Almost no difference in
standard transistor characteristics has been observed. Fully functional 4 Mb SRAMs without
repairs have been demonstrated on same wafers with a 4 Mb FRAM test chip.

The ferroelectric properties for the integrated capacitors are shown in Figure 4 following Cu
metallization. The figure shows small reduction in switched polarization as the individual
capacitor size is reduced from 1 pm? (30 pC/cm?) to 0.25 uym? (24 pC/cm?). Minimal
reduction in switched polarization is observed as the individual capacitor size is reduced



from 100 pm? to the sub-micron regime—consistent with previous reports [3,4]. More
property and reliability data will be presented at the meeting.

The 1T-1C cell size is 0.58 ym? (0.86 ymx0.68 pm) and the capacitor size is 0.25 pm? which
is 1.8x smaller than the capacitor size reported recently for a 32 Mb FRAM [5]. The
embedded FRAM open bit line cell, separated into three drawings for clarity, is shown in
Figure 5. The horizontal word line (poly) is routed parallel to the plate line (MET1). The bit
line (MET2) is perpendicular to the word line and connects to the pass transistor between
two capacitors. The multi-level VO lands both on the capacitor and on the CONT.

Bit distributions for 512 kb sections of the 4 Mb embedded FRAM have been measured using
“after-pulse” sensing and the results from a representative section are displayed in Figure 6.
A clear voltage separation exists between the two data states demonstrating bit operation
for this high-density eFRAM process. The data shown in Figure 6 has been corrected for
sense amplifier voltage offset and variation.

[1] T. Moise et. al, IEDM Tech Dig. (2002).

[2] H. Takasu, Integrated Ferroelectrics, Vol. 14, pp. 1- 10 (1997)

[3] T. Moise et al, IEDM Tech. Dig., Vol. 33, pp 940- 942 (1999)

[4] S.R. Summerfelt, et.al, Appl. Phys. Lett., Vol. 79, pp. 4004-4006 (2001)
[5] H. Kim et al., VLSI Tech. Dig., pp 210-211 (2002)

co-authors: *, T.S. Moise, H. McAdams, S. Aggarwal, K.R. Udayakumar, F.G. Celii, J.S. Martin, G.
Xing, L. Hall, K.J., Taylor, J. Rodriguez, K. Remack. M.D. Khan, K. Boku, G. Albrecht, and B.
McKee (Texas Instruments),

J. Rickes (Agilent Technologies, 5301 Stevens Creek Blvd. MS 51L-G0, Santa Clara, CA 95051),
R. Bailey, F. Chu, G. Fox, S. Sun, and T. Davenport. (Ramtron International Corporation, 1850
Ramtron Drive, Colorado Springs, CO 80921)
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Figure 1. Cross-sectional schematic diagram of
embedded FRAM. For clarity, we have shown only the
first two of five Cu metal interconnect levels.

Figure. 2. Cross-sectional scanning-electron micrograph showing
the eFRAM module integrated between CONT and MET1.
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Figure 3. Measured 220k contact chain resistance from
MET1 to NMOAT. The chain resistance is higher for
the wafers with the FRAM module because of the
additional VIA.
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Figure 4. Measured switched polarization (Pp-Pu, Pn-
Pd) for integrated capacitors (4x10°m?) after the first
Cu interconnect layer using a resistor-based (200 Ohm)
PUND technique (2ps pulse width)..
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Figure 6. Measured bit distribution histogram for a
512kb segment of the 4Mb embedded FRAM
demonstrating bit operation for this device. A 100ns
plate line pulse duration was used for this measurement.



Micromagnetics and Nanoscale Magnetic Information Storage

E. DAN DAHLBERG
School of Physics and Astronomy, University of Minnesota
Minneapolis, Minnesota 55455, USA
Email: dand@umn.edu

Independent of either the magnetic material utilized or its specific application, ultimately we
must understand the magnetic properties of materials on a nanoscale. This knowledge will
only come from a synergistic combination of theory and experiment. As a mechanism to
understand these statements, consider a single nanoscale magnetic particle as a storage
bit. Its magnetic state determines the sign of the bit; the determination of its sign may
come from either an effect its field produces or its effect on a physical probe, such as a
current passing through it or its affect on light. In any case, the bit read-out signal is
sensitive to some average of the spin orientations in the particle.

We know, due to the long range dipole-dipole interaction, there is not a single magnetic
domain nanosized particle. We do not know how specific particle shapes, interfaces,
defects, magnetic fields, or particle-particle interactions alter the average for a specific
read-out technique. We do know the path to higher magnetic storage requires ever smaller
magnetic particles and the effects of interactions between particles for the highest densities
and the effects of surfaces, and interfaces and their domination as the surface to volume
ratio increases must be understood.

We are only at the beginning of this knowledge quest but beyond this, and even more
important, we need a fundamental understanding of the dynamics of the magnetic
elements. At the present, a humber of groups are able to determine the linear response of
rather large magnetic particles and thin films but this must be connected to the full
magnetic reversal of the magnetic state in nanosized particles, i.e., changing the sign of the
bit.

Obtaining the above critical knowledge base will require a concerted effort by experts in
magnetic imaging, magnetic simulations, and theory.

Exotic Memory Applications of Manganites

We have recently shown both an exchange field between two magnetic elements is a
macroscopic vector field and the vector sum of exchange fields controls the colossal
magnetoresistance in magnetic oxides ["Exchange Field Induced Magnetoresistance in
Colossal Magnetoresistance Manganites," I.N.Krivorotov, et al, Phys. Rev. Lett. 86, 5779
(2001)]. Although not yet exploited, this discovery may provide a path to significantly
larger sighal memory elements for use in spintronic applications. It is well known that a
magnetic oxide’s resistance depends upon the magnitude of an applied field. Unfortunately,
these fields are larger than can be obtained in practical devices. Exchange fields, however,
can be orders of magnitude larger. At the simplest level, consider a magnetic oxide thin
film sandwiched between two nonconducting ferromagnetic elements. When the elements
are antiparallel, the oxide would be in a high resistance state and when parallel a low
resistance state.



First Industrial Workshop in Ceramics: Data Storage Technology
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In this presentation I will attempt to answer the following questions:

(1) What is the role of ceramic materials in advanced data storage?

(2) What materials science advances are needed to exploit ceramics for data storage
applications?

(3) How can we improve connections between industry, national laboratories and
universities?

Concerning the role of ceramics in advanced data storage; the applications in which
ceramics play the most central role are probably ferroelectric memory devices which I will
leave to other participants to discuss. There are, however, other emerging applications for
ceramic materials that may be relevant to magnetic data storage. Presently, the magnetic
sensors used to read the magnetic data employ the giant magnetoresistance (GMR) effect.
GMR read sensors are comprised of ultra-thin layers of ferromagnetic, anti-ferromagntic and
non-magnetic metals and alloys. Ceramic materials (often non-crystalline aluminum oxide)
enter as electrically insulating and structural components of the head and as extremely thin
layers (perhaps one or two atomic layers) placed in the ferromagnetic layers that enhance
the electrical performance of the device. An area in which a functional ceramic material
might enhance performance in the read sensor would be in the anti-ferromagnetic pinning
layers, which presently degrade performance by shunting some of the current. Sensors for
higher density magnetic recording may employ current perpendicular to the plane (CPP)
devices, which might benefit more from ceramic materials. One candidate CPP device is the
magnetic tunnel junction (MTJ]), which uses ferromagnetic electrodes separated by an
insulating tunnel barrier usually non-crystalline aluminum oxide, although other ceramic
materials offer the promise of higher performance under certain conditions. An alternative is
a CPP-GMR device, which would be comprised of metallic elements. Interestingly, these
“metallic” layers might be ceramics, e.g. CrO, is a metallic ferromagnet. In fact, it is a “half-
metal” meaning it is a metal in one spin channel and an insulator in the other. The spacer
layer might be RuO,, which is a metal. Another possible data storage application of CPP
devices is as storage elements in magnetic random access memory devices (MRAM).
Concerning materials science advances in ceramics that are needed for data storage
applications; the most critical need, in my opinion, is to better understand and control
phenomena that occur at the atomic level in the vicinity of interfaces. So far, for example, it
has proven to be very difficult to exploit the expected half-metallic nature of ceramic
materials because of effects that we do not understand or cannot control at their interfaces
with other ceramics or with metals.

Concerning connections between industry, national laboratories and universities; I will
describe my experiences in dealing with national laboratory-university, industry—university
and national laboratory—-industry relations. I suggest that as a first step, it is useful for each
of the three to attempt to understand the needs and constraints of the prospective partner.



Interfacial Structure and Dynamics of Perfluoropolyether Hard Disk Lubricants

CURTIS W. FRANK*
Director, Center on Polymer Interfaces and Macromolecular Assemblies (CPIMA)
Dept Chemical Engineering, 381 North-South Mall, Stanford University, Stanford, CA 94305
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We have developed a research program based on the hypothesis that in the molecular or boundary
lubrication regime chemical interactions between hard-disk lubricant molecules and the bearing
surfaces can determine the tribological properties of the system. To this end, we manipulate the
chemical properties of model lubricants at the head-disk interface and assess the impact that
systematic changes in lubricant molecular structure have on lubricant-disk and lubricant-lubricant
interactions, interface tribology, and the physical properties of the lubricant films.

We have used a quartz crystal microbalance and surface plasmon resonance to study the solution-phase
adsorption of the PFPE lubricants Fomblin ZDOL (MW 2740) and Demnum SA (MW 2200) from
perfluorohexane and perfluorobutylmethylether onto carbon-coated hard-disk surfaces. The adsorption
isotherms are relatively simple and exhibit Langmuir-like behavior. The kinetic data suggest that
adsorption takes place through a multi-step process in which a molecule is initially adsorbed in a
relatively random fashion and then reorganizes on the surface. This leads to an overshoot in the
adsorbed mass followed by decay to the equilibrium value. The timescales for surface reorganization are
quite long. Thus, a reasonably well-organized film may be obtained for longer equilibration times and a
dip-coating regime where the majority of the as-deposited film is made up of adsorbed material.
However, a disorganized film may be obtained for shorter equilibration times and a dip-coating regime
where the majority of the as-deposited film is made up of viscously entrained material.

We have also used atomic force microscopy (AFM) to investigate the tribological and
mechanical characteristics of hydrogenated amorphous carbon hard-disk surfaces coated
with Fomblin ZDOL. The thickness of the lubricant is varied from a few Angstroms to
approximately 30 A. The film behavior is strongly dependent on the lubricant thickness and
the extent of lubricant bonding to the carbon surface. There is a clear correlation between
no-load friction and the surface energy of the carbon-coated disks lubricated with ZDOL. By
contrast, the force-distance measurements, which should provide a direct measure of the
adhesion, do not follow the surface energy trends. Pull-off force data show that
submonolayer films are solid-like, but just above a monolayer, the film becomes
viscoelastic. In this regime, mechanical properties are rate dependent and the film can
appear either solid-like or liquid-like, depending upon the frequency of the measurement.
For thicker films, the rate-dependence disappears and the films become liquid-like.

Since the velocity regime probed by the AFM is many orders of magnitude lower than that
experienced in a disk drive, there could be pronounced differences in the dynamic response
of the lubricant. To address this issue, we have used a combination of AFM and quartz
crystal resonators to make high-velocity friction-force measurements on lubricated and
unlubricated model carbon-coated, hard-disk surfaces. This combination technique allows us
to access a dynamic range covering over eight orders of magnitude, with a maximum
relative velocity between the AFM tip and the sample surface of approximately 1 m/sec. This
is still one order of magnitude lower in linear velocity than commercial disk drives, but it is
substantially better than has been available for the dynamic friction measurements. The
friction force data exhibit a bell-shaped curve over the accessible velocity range. We
interpret these results in terms of frictional forces that exist in two distinct regimes:
adhesion-dominated and topography-dominated. As the relative velocity increases, the
capacity to form strong adhesive contacts between the AFM tip and the sample surface
decreases, leading to a decrease in adhesion and friction at high velocities.

*co-authors: Larry F. Bailey and George Tyndall



Nano-Patterning of Sapphire: A Novel Approach

HELEN M. CHAN*
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Ongoing work (supported by NSF) is aimed at further developing and understanding
a novel method for generating a pristine sapphire surface. The technique is capable of
producing a high quality surface (Rrms value as determined by AFM ~ 0.761 nm), starting
with 3 mm polishing damage [1]. The process (which has been given the acronym AGOG)
consists of 3 steps: 1) deposition of a thin surface coating of Al, 2) an annealing treatment
to Grow a polycrystalline Oxide layer, and finally 3) a high temperature Grain growth step
whereby the single crystal substrate consumes the grains in the oxide layer (solid state
conversion). Currently, a novel application of the AGOG process for the fabrication of nano-
patterned sapphire substrates is being explored. The rationale for this work is as follows.

Low dislocation density epitaxial GaN films are ideal for use in solid state laser and
LED (light emitting diode) devices [2,3]. Such components are finding increasing application
in flat panel displays and commercial lighting (e.g. traffic lights). Sapphire substrates are
commonly used for heteroepitaxial growth of many optical thin films because it is
transparent, thermally stable, and also a decent lattice match. Nonetheless, the mismatch is
still sufficiently large that it causes the formation of numerous misfit dislocations that
reduce the device performance [4,5]. In the case of silicon substrates, Zubia et al [6]
demonstrated that substrates that were patterned with nanoscale features resulted in GaN
films with lower defect density and enhanced photoluminescence. It was suggested that due
to their size, the mesas are highly compliant and can strain to accommodate much of the
lattice mismatch. Our goal, therefore, was to adapt this approach to sapphire. However, the
high hardness and chemical inertness of sapphire (a-Al;Os) render surface patterning an
expensive and time consuming process. In comparison, techniques for producing a
patterned metallic aluminum film are relatively quick and straightforward, and are widely
used in the microelectronics industry.

Recent results on the fabrication of nano-patterned sapphire substrates using the
AGOG process will be described. Aluminum coatings deposited on sapphire substrates were
patterned by e-beam lithography to yield an array of mesas ~ 400 x 400 x 100 nm. It will
be seen that by suitable heat-treatment, it is possible to maintain the patterned array and
achieve epitaxial conversion to sapphire. Future directions and other possible applications of
the process will be discussed.
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