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Abstract This chapter gives an overview of probe-based data storage research
over the last three decades, encompassing all aspects of a probe recording system.
Following the division found in all mechanically addressed storage systems, the
different subsystems (media, read/write heads, positioning, data channel, and file
system) will be discussed. In the media subsection various recording media will
be treated, such as polymer based, phase change, ferroelectric and magnetic. In the
probe array subsection various generations of thermal probes will be discussed, as
well as examples of alternative write probes using currents, electric or magnetic
fields, and different principles for data detection. Special attention is paid to paral-
lel readout of probe arrays. In the positioning section, examples will be shown of
electric and magnetic scanners, either precision engineered or realized by microma-
chining technologies, or combinations thereof. In the systems subsection the data
channel will be discussed, including the read/write electronics circuitry, data detec-
tion, and coding algorithms. Special attention is paid to the writing strategy and
considerations for probe-based storage file systems.

Keywords MEMS - Probe storage - Nanomechanical storage - Nano-tips -
Thermomechanical recording - Homogeneous recording media

Introduction

The area of probe-based data storage leverages two important developments of the
last decades. On the one side there is the invention of the Scanning Tunneling
Microscope by Binnig and Rohrer [18] in 1985, which triggered the very fruit-
ful field of Scanning Probe Microscopy (SPM). On the other side, the industrial
maturity of silicon-based MEMS (Micro Electrical Mechanical System). It is now
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practicable, for example, to use SPM technology to modify the surfaces of mate-
rials on the nano-scale, rather than just for microscopic imaging. Such surface
modification might comprise the writing and reading of data, so providing a stor-
age system with, ultimately, atomic resolution. Indeed, such atomic resolution was
demonstrated in 1990 by Eigler and Schweizer [43] who placed individual Xe atoms
on single crystal nickel substrate to spell out the IBM logo. However, this approach
was exceedingly slow and, from a system perspective, offered an impracticably low
data rate. A much higher data rate was achieved at IBM Almaden by using a heated
AFM probe mounted over a rotating disk with polymer film. Data were written by
creating small indents, at impressive data rates over 10 Mbps [111, 112], but still
too slow for most applications.

Since the active part of AFM probes has dimensions in the order of 100 pm,
the logical step forward is to use arrays of probes to multiply the data rate.
Dense stacking of probes was made possible by micromachining technology [21],
which developed from integrated circuit technology following Feynman’s [Genitive]
famous 1959 lecture “There’s Plenty of Room at the Bottom.” The manufacturing
technologies had matured by the end of the last century, entering the VLSI age of
MEMS (as Binnig calls it) with the development of arrays of AFM probes [119] and
integrated nano-positioning systems [24].

The chapter provides a description of the architectures that make up storage
devices based on probe technology that was first proposed by IBM [105] (Fig. 3.1).

The chapter details recording medium, probe arrays, and positioning sys-
tems in sections “Recording Medium,” “Probe Arrays and Parallel Readout,” and
“Positioning Systems.” Probe storage electronics and data coding are discussed in
sections “Probe Storage Electronics and System Considerations” and “Coding for
Probe Storage”. The chapter will close with an overview of the implications of this
new type of mechanically addressed storage device for the computer architecture,
specifically the file system.

Why Probe Storage?

Probe storage concepts are being studied and developed alongside the three existing
main mass storage technologies: tape drives, flash memories, and hard disk drives.
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Considering just the cost of the cartridges, tape drives have the lowest cost per
bit but have slow access times due to their sequential storage. Their use is therefore
limited to backup. The evolution of this storage technology depends on the ability
to increase track density, through improvements in track-following and reel-to-
reel servomechanisms, and the ability to increase linear density, through head-tape
interaction control and the advances in magnetic particle size control.

On the other hand the hard disk drive roadmap largely depends on the super-
paramagnetic limit of its media: as bit volumes decrease, the energy stored in one
bit becomes comparable to its thermal energy and the magnetization state becomes
unstable. Moreover, the decrease in access time has not kept the pace with the
increase in areal density. The access time is limited by the fact that a single head
is addressing an increasing amount of data as areal density (and therefore disk
capacity) increases. Furthermore, the access time is limited by the disk rotational
speed.

The density of flash memories depends on the resolution of the electrical
interconnections used to address the individual bit (or groups of bit levels, as in mul-
tilevel recording) through a planar silicon manufacturing process. Flash memory’s
evolutionary roadmap is therefore driven by the ability to decrease the minimum
lithographic feature size, which in turn is fueled by continuous investments in new
costly semiconductor fabs. At the time of publication a NAND flash manufacturing
facility requires an investment of $3.4 billion. Such an investment would generate
less than 1% of the yearly shipped capacity of hard disk drives. Due to such huge
capitalization it is unlikely that lithographically defined patterned media or SSDs
will replace a substantial amount of hard disk drive production [53].

A storage pyramid is used to map the hierarchy of storage products against total
industry capacity. The higher levels of the pyramid are the highest performing and
most expensive storage products. Thus the lower level is occupied by tape storage,
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due to its lowest cost (per bit) and higher capacity. NAND flash, on the other hand,
is currently mapped as the tip of the storage pyramid but due to its cost its use will
be very selective, using its scalability to target lower capacity applications where
flash level performance is required. The majority of data for the majority of the time
will not require such performance and will be mapped in the greatest area of the
pyramid hierarchy occupied by the magnetic disk.

Probe storage overcomes the limitations of both of these technologies since the
ultimate bit size is neither lithographically defined nor bound by the superpara-
magnetic limit. Unlike in hard disk drives, access time in probe storage benefits
from the smaller movements of the read/write heads relative to the media. Parallel
probe operation allows data rates to be competitive with hard disks and NAND flash.
When represented on the storage pyramid, the economics and performance of probe
storage place it between the magnetic disk and the NAND flash (see Fig. 3.2).

Recording Medium

Requirements

A mass storage, non-volatile recording medium has to meet stringent requirements
in order to be successful. The most important are bit size (for density), endurance,
(the number of read—write cycles the memory can sustain), and the retention. The
combination of probe and medium characteristics determines the bit density and
therefore the final capacity of the device. Not only should the medium be able to
support the small bit diameters that can be written by the probe tip, it also should
be able to keep the data for over a sufficient length of time. This means that the
energy barrier for erasure should be sufficiently high (over 1 eV for 10 years storage
at room temperature). Next to this, the medium should be capable of data overwrite,
with sufficient suppression of previously written data. And moreover, the medium
should be resilient against wear caused by multiple (read) passes. A minimum target
is the endurance of flash memory chips that are typically guaranteed to withstand
10° write—erase cycles.

There are a wide variety of recording media for probe storage under investigation.
The most studied media for probe data storage are polymer-based media, in which
information is stored by means of indents. Other storage principles that have been
investigated include chalcogenide phase change media, ferromagnetic and ferro-
electric media, and even data storage into single molecules and atoms.

Topographic Media

The initial experiments performed by IBM groups in Almaden and Ziirich used
changes in film thickness to store data. One could characterize these media as “topo-
graphic media,” just like the old punch card or CD.
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Fig. 3.3 AFM images of a random pattern of indentations recorded in a PEAK polymer. A density
of 2 Tb/in? was obtained on a normal spin-coated sample. Densities up to 4 Tb/in®> were achieved
on a templated sample. Experimental data by IBM [185]

The first media used for probe-based data storage were simply thick PMMA
(perspex) disks of 1.2 mm [110]. Using a single cantilever heated by a laser through
the PMMA disk, Mamin et al. were able to write bits with a radius below 100 nm
and a depth of 10 nm, allowing for data densities up to 30 Gb/in?.

In the following work, the bulk PMMA or polycarbonate (compact disk material)
disks were replaced by silicon wafers on top of which a 40 nm PMMA recording
layer on top of a 70 nm cross-linked hard-baked photoresist was deposited [19]. This
allowed for small bit dimensions down to 40 nm, and data densities up to 400 Gb/in?
were shown.

Next to PMMA, other polymers were studied, such as polystyrene and poly-
sulfone [183]. The method of trial and error was taken out of the research by the
development of a write model by Diirig [183]. He discovered that a balance needs
to be found between stability and wear resistance of the medium on the one side,
requiring highly cross-linked polymers [58], and wear of the tip on the other side,
for which a soft medium is necessary. Based on this knowledge, a so-called Diels—
Adler (DA) polymer has been introduced [57]. These DA polymers are in a highly
cross-linked, high molecular weight state at low temperature, but dissociate at high
temperature into short strains of low molecular weight. This reaction is thermally
reversible: rather than a glass transition temperature, these polymers have a dis-
sociation temperature. Below the transition temperature, the polymer is thermally
stable and has a high wear resistance, above the transition temperature the polymer
becomes easily deformable and is gentle on the tip. Using the new DA polymer,
densities up to 1.1 Tb/in? were demonstrated.

The work was continued with a polyaryletherketone (PAEK) polymer, which
incorportes diresorcinol units in the backbone for control of the glass transition
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temperature and phenyl ethynyl groups in the backbone and as endgroups for cross-
linking functionality [185]. The results are illustrated in Fig. 3.3. As with the DA
polymer, this polymer is highly cross-linked to suppress media wear during read-
ing and to enable repeated erasing. In contrast to the DA polymer, however, it
has a conventional, but very low, glass transition temperature of less than 160°C
in the cross-linked state, enabling indentation on a microsecond timescale using
heater temperatures of less than 500°C. It exhibits exceptional thermal stability up
to 450°C, which is crucial for minimizing thermal degradation during indentation
with a hot tip. Using this polymer densities up to 4 Tb/in> have been achieved, onto
ultra-flat polymers which were made by templating the polymer on a claved mica
surface [143]. Modeling shows that in this type of polymer media the density is lim-
ited to 9 Tb/in? [185]. Further improvements could be made by evaporating material
rather than indenting, but of course rewritability is sacrificed.

Apart from the IBM work, others have been investigating polymer media as well.
Kim et al. from LG demonstrated bit diameters of 40 nm diameter [85] in PMMA
films. Bao et al. of the Chinese Academy of Sciences investigated friction of tips
with varying diameters on PMMA and concluded that blunt tips can be used to
determine the glass transition temperature, whereas 30 nm diameter tips can be used
to detect local (B) transitions [8].

Next to deformation of polymers, topographic changes can also be induced in
other materials. The density of phase change materials decreases, for instance,
when a transition from the amorphous to crystalline phase occurs, thus changing
the film thickness [17, 55, 62] by a few percent. Densities up to 3.3 Tb/in? have
been obtained at IBM Watson laboratories using an AFM tip heated by a laser.
Shaw et al. have investigated shape memory alloys for probe-based data storage,
using thermally heated probes [169], and have calculated a maximum data density
of 0.5 Tb/in’.

It is also possible to induce topographic changes by simply removing material
with excessive heat pulses, such as can be applied by STM tips. Eagle et al. have
written bits as small as 3.5 nm in amorphous carbon films [42]. Of course the method
is write only, since material is removed.

Conductive Media

Rather than writing indentations, one can use changes in electrical conductivity
caused by phase transformation in thin films, such as in phase change solid-state
memories. From a generic point of view one can define a category “electrical
probe storage,” which might be viewed as using an electrical potential applied to
a probe that is in contact (or quasi-contact) with a medium whose properties are
altered in some way by the resulting flow of electrical current through the medium
toward a counter electrode. The change in medium properties should be electrically
detectable, e.g., by a change in electrical resistance.

Major work has been done on probe recording on phase change media at
Matsushita [78, 182], Hokkaido University [56], CEA Grenoble and the University
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Fig. 3.4 Conductance AFM images of bits written in a Ge;SbyTes layer [55]

of Exeter [6, 35, 55, 186] (Fig. 3.4), Hewlett-Packard [120], and NanoChip. By
passing a current from the tip, the medium can be locally heated. At sufficiently
high temperatures, a phase transition from amorphous to crystalline is induced,
which increases the conductivity by several orders of magnitude. The write pro-
cess is self-focusing, resulting in very high bit densities over 1 Tbit/in> [55]. The
large change in conductivity can then be used for readback, by measuring the con-
ductance of the medium by conductive AFM in contact [17] or in non-contact modes
by changes in field emitter currents [120] or tip/sample capacitance by Kelvin probe
force microscopy [124], which measures the work function of the surface.

Rather than heating the phase change material by passing a current from tip to
sample, one can use heated tips. At Tohoku University, Lee et al. used dedicated
heater tips to write in to AgInSbTe films [101]. Readout was achieved again by
measuring the conductance.

As an alternative to the phase change media based on inorganic compounds such
as GeSbTe alloys, one can use polymers which become conductive under application
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of a voltage [178]. The change in conductivity can be due to a change in phase,
for instance, caused by polymerization [170] or by electrochemical reactions [50,
190, 191]. The latter method is especially interesting, since it is reversible. The
exact nature of the reaction is unknown: it could be either an oxidation-reduction or
protonation—deprotonation reaction. Polymer media are softer than alloys, and tip
wear is expected to be less of an issue. Rewritability, however, could be a problem
since the polymer tends to polymerize.

Electrical probe recording as a generic approach has several attractions, in partic-
ular that the power consumption for the writing process is low with respect to other
technologies (0.1 nJ per written bit). This is because only the dot memory vol-
ume, as opposed to the entire tip volume, is heated. Also, since the electrical current
only passes through the Hertzian contact area between tip and media, the tip/media
contact area could be very small (for hard materials) even if the tips themselves
are not necessarily sharp (and a “smoother” tip should alleviate tribology and wear
issues).

Magnetic Media

Magnetic recording is one of the oldest data storage technologies, and many
researchers have attempted to write on magnetic media with probes. The stray field
of magnetic force microscopy probes is, however, too low to write into modern
recording media, so some type of assist is necessary. There are essentially two
methods: applying a uniform external background field or applying heat.

An external field can be easily applied by means of a small coil mounted below
the medium. As early as 1991, Ohkubo et al. of NTT have used permalloy tips
on a CoCr film used for perpendicular recording [125-127]. By applying the field
in opposite directions, the magnetization of the tip could be reversed and higher bit
densities could be obtained by partially overwriting previously written bits. Bit sizes
down to 150 nm could be obtained [128], and overwriting data was possible. Similar
bit sizes were obtained by Manalis [113] at Digital Instruments, using a CoCr alloy
and CoCr-or NiFe-coated tips.

The bit sizes are relatively large, limiting data densities to somewhere on the
order of 30 Gb/in?. This is either due to the media used or by the limited resolution
of the MFM tip. Detailed analysis at CMU by El-Sayed shows, however, that densi-
ties up to 1.2 Tb/in? should be possible with a rather conventional 30 nm tip radius
[44, 45].

Onoue et al. at the University of Twente showed that care must be taken when
applying high voltages to coils below the medium. In the case that the medium is
not grounded, a large capacitive charging current will flow from the tip into the
sample, unintentionally heating the medium [131] and resulting in relatively large
bits. Without grounding, no bits could be written due to the high switching field
distribution in the Co/Pt multilayer used.

Rather than applying background fields, with the risk of erasing previous infor-
mation, one can heat the medium to reduce its switching field. This is a method
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also suggested for future hard disk systems with extremely high anisotropy media
[151, 166].

In contrast to hard disk recording, in probe storage delivering heat to the medium
is surprisingly easy. The most straightforward method for heating is to pass a current
from the tip to the medium. Watanuki et al. of IBM Japan [184] used an STM tip
made from an amorphous magnetic material, around which a coil was wound. The
tip—sample distance was controlled by the tunneling current. A bit size on the order
of 800 nm was achieved.

For testing purposes, one does not even have to use a magnetic tip or apply
a background field. When starting from a perpendicularly magnetized film, the
demagnetization field of the surrounding film will reverse the magnetization in the
heated area. Of course this only allows for write-once experiments. Hosaka et al.
at Hitachi have experimented with writing bits into magnetic films by passing a
current from an STM tip into a Co/Pt multilayer with perpendicular anisotropy.
The minimum domain size, observed by optical microscopy, was 250 nm [72,
121], but smaller domains might have been present. In a joint cooperation between
Carnegie Mellon University and Twente University, the experiment was repeated
but now the bits were imaged by Magnetic Force Microscopy (MFM) [194-200].
Bits sizes down to 170 nm were observed in Co/Pt multilayers and weakly coupled
CoNi/Pt granular media at the University of Electronic Science and Technology of
China [202].

The big disadvantage of using STM tips is that direct imaging of written bits is
only possible by spin polarized tunneling, which is a difficult technique. By using
MFM tips, imaging can be done immediately after writing. Hosaka et al. used an
MFEM tip in field emission mode [72] and wrote bits as small as 60 x 250 nm.
Onoue et al. combined this method with applying a pulsed background field [129,
130], so that bits could be erased [131] (Fig. 3.5). The minimum bit size obtained
was 80 nm, which is close to the bubble collapse diameter for the Co/Pt films used
in these experiments [131].

Rather than using currents, one can also use heated tips, similar to those used on
the polymer media described above. Algre et al. from Spintec proposed to write by
means of a heated AFM tip [4]. They start from a Co/Pt multilayer patterned medium
prepared by sputtering on pillars of 90 nm diameter, spaced by 100 nm. The pillars
are etched into nano-porous silicon to achieve good thermal insulation. The authors
show that the media are suitable for heat-assisted magnetic probe recording. The
readback method is not clear, however, and the authors do not demonstrate actual
recording experiments.

Readback of magnetic information can be done by techniques based on Magnetic
Force Microscopy. Being a non-contact mode however, the operation is complex
and resolution is strongly determined by tip—sample contact. One can also imagine
integrating a magneto-resistive sensor at the end of the probe, similar as in hard
disk recording. An initial step in this direction has been taken by Craus et al. at the
University of Twente using scanning magnetoresistance microscopy. The magnetic
layer in the probe can be used as a flux focusing structure, so that the same probe
can be used for writing [33].
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Fig. 3.5 Magnetic Force
Microscopy images
demonstrating the erasure
of individual bits in a Co/Pt
multilayer [131]

Ferroelectric Media

The electric counterpart of magnetic recording, ferroelectric storage, has been
investigated for decades. In ferroelectric media, the domain walls are extremely
thin, indicating a very high anisotropy. A promising piezoelectric material such
as PZT has a typical coercive electric field of 10-30 MV/m [142] and a polariza-
tion of 0.5 C/m? [203]. The energy densities therefore appear to be in the order of
5-15 MJ/m?3, which is a factor of 2 above the highest ever reported energy densities
for magnetic materials. More important, however, is the fact that the write head field
is not material limited, as is the case with the yoke in the magnetic recording head.
Franke et al. at IFW Dresden [54] were the first to demonstrate the modifica-
tion of ferroelectric domains by conductive AFM probes. In their case the probe
was in contact with the surface. Writing was achieved simply by applying a tip—
sample voltage up to 30 V. Readout was achieved by monitoring the response of
the probe to a small AC tip/sample voltage at a frequency of about 1 kHz. The
sample thickness varies with this frequency due to the piezoelectric effect and with
double the frequency due to electrostriction. Soon after Hidaka, Maruyama et al. at
Hewlett-Packard in Japan obtained storage densities up to 1 TB/in? [64, 114].
Readout can also be performed in non-contact mode. In the early 1990s,
Saurenbach and Terris at IBM Almaden induced and imaged charges in polymer
disks, using tungsten probes [157, 158]. Imaging was done in non-contact mode
by measuring the electric field generated by the polarization charges. Saurenbach
measured in dynamic mode, monitoring the changes in resonance frequency of the
cantilever caused by changes in the force derivative. It should be noted, however,
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Fig. 3.6 Scanning Nonlinear Dielectric Microscopy images of bits written in a LiTaO; film at a
bit rate of 1 Mb/s. The bit spacing is 206 nm [68]

that on application of an electric field, also the permittivity changes, which gives
rise to second harmonics as well [54].

In 2000, Shin et al. at KAIST experimented with AFM data storage on sol—gel
deposited PZT. Bits were written at 14 V. Data were read back by measuring electric
forces either in non-contact or contact mode [171]. Dot diameters on the order of
60-100 nm were written. Data retention appeared to be a problem, because either
free charges accumulated on the medium surface or polarization was lost. Later
work in cooperation with Samsung revealed that the polycrystalline nature of sol—
gel-deposited PZT films [84] limits the data density, similar as in hard disk storage.
The authors conclude that the grain size needs to be decreased.

At Tohoku University, ferroelectric probe storage research started in the same
period with experiments on PZT by Lee et al. [101] and LiTaO3 by Cho et al. [25].
A frequency modulation technique was used for data readout. The method is based
on the fact that the storage medium’s capacitance changes slightly on reversal of
the ferroelectric polarization due to the nonlinear terms in the permittivity tensor.
This minute change in capacitance causes tiny changes in the resonance conditions,
which can, for instance, be detected by monitoring the cantilever vibration if excited
with a fixed AC voltage, preferably using a lock-in technique.

Experiments at Tohoku University were continued on LiTaO3 [27, 28, 66, 67],
which has superior stability. Since epitaxial films were used, pinning sites are
needed for thermal stability [26]. By using thin (35 nm) LiTaO3 single crystal films
and a background field, arrays of domains could be written at a density of 13 Tb/in?
[179]. A realistic data storage demonstration was given at 1.5 Tb/in?. A raw bit error
rate below 1 x 10™* could be achieved at a density of 258 Gb/in? at data rates of
12 kb/s for reading and 50 kb/s for writing [68]. An illustration is shown in Fig. 3.6.
The data retention was measured by investigating readback signals at elevated tem-
peratures, and an activation energy of 0.8 eV at an attempt frequency of 200 kHz was
found, which is sufficient for a data retention of 10 years [179]. A spin-off of this
activity has started at Pioneer, mainly in the production of probes [174, 176, 177].

Rather than using probes, Zhao et al. at Seagate realized a read/write head sim-
ilar to hard disk heads, where bits are defined at the trailing edge of the head
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[201]. Readout was done by Piezelectric Force Microscopy (measuring resonance
frequency shifts) or by a destructive readout technique where the displacement
currents are measured while the bits are erased by a high electric field emanat-
ing from the head. Using this novel type of head, densities up to 1 Tb/in> were
demonstrated.

Rumors were that also nanochip was attempting probe storage on ferroelectrics.
Shafthauser [159] claims the company licensed a medium based on chalcogenide
glass from Ovonix. In 2009, however, Nanochip ceased to exist.

Molecular and Atomic Storage

With ever shrinking bit dimensions, it is inevitable that mechanically addressed data
storage will become impossible in continuous thin films, whether they are polymer
based, ferroelectric, magnetic, or phase change. We will finally end up at the single
molecular or atomic level. That this is not mere science fiction is elegantly proven
both in molecular and atomic systems.

Cuberes, Schlitter, and Gimzewski at IBM Ziirich demonstrated as early as in
1996 that Cep molelcules can be manipulated by STM and positioned on single
atomic Cu steps [34]. The experiments were performed at room temperature, and
molecules remained stable during imaging. If the binding energy of the molecules
is above 1 eV, indeed this method could be used for long-term data storage. Instead
of fullerenes, which bind by van der Waals forces, Nicolau et al. therefore suggest
to use ionic and chelation bonds between the molecules and the metal surface [123].

Storage of data into single atoms has been beautifully demonstrated by
Bennewitz et al. in 2002 [11], who deposited Si atoms from an STM tip onto a
5x2 reconstructed silicon—gold surface (Fig. 3.7). Due to the nature of the recon-
structed surface, every bit is stored into an area of 20 surface atoms, resulting in a
density of 250 Thit/in. Of course, the method used by Bennewitz is a write-once
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Fig. 3.7 Atomic storage at room temperature: silicon atoms are positioned on top of a recon-
structed silicon surface, leading to a density of 250 Thit/in? [11]
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technique, but one can also envision deposition of atoms from the gas phase, using,
for instance, H or CI1 [9, 148].

Even higher storage densities can be achieved, if one does not use the position of
molecules or atoms, but modifies their state. For molecules one could use conformal
changes or change the charge state of single atoms [147].

Probe Arrays and Parallel Readout

Although the probes used in probe-based data storage are originally derived from
standard AFM and STM probes, with time they have become very complex. Not
only do the probes require electrical actuation and readout, they also have to be
extremely wear resistant (see section “Tip Wear”) and have to fit within a restricted
area. Another challenging task is to realize probe arrays with thousands of tips in
parallel, which will be discussed in the section “Parallel Readout”, followed by
an analysis of the integration challenges in the section “Integration Challenges”.
Readout of these arrays is far from trivial, especially when the number of probes is
going to increase.

Probe Technology and Arrays

The most advanced probe arrays have been realized by the IBM Ziirich probe stor-
age team. Already in 1999, Lutwyche et al. realized a 5x5 array of probes with tip
heaters and piezoresistive deflection readout [105]. Ultrasharp tips were obtained
by oxidation sharpening of isotropically etched tips. The tips are located at the end
of cantilevers that are bent toward the medium by purposely introducing stress gra-
dients, in order to clear the lever anchors from the medium. Boron implantation
of specific regions of silicon cantilevers was used to define piezoresistors and tip
heaters. In order to increase the sensitivity up to a AR/R of 4 x 107>/nm, constric-
tions were introduced at the base of the cantilever. These constrictions, however,
lead to higher resistance, increasing the 1/f noise.

Most likely by accident, the team discovered that the resistance of the heater
platform dropped with cantilever/medium separation, caused by an increase in heat
transfer from the platform to the medium. The effect could be used for readout
by heating the platform to about 300°C, well below the temperature needed for
writing, and a sensitivity of 1 x 10~3/nm was obtained [40]. In the next 32x32 array
therefore piezoresistive heating was abandoned [36]. In this array the cell size was
reduced from 1000 to 92 wm, while keeping the cantilever spring constant at 1 N/m
with a resonance frequency of 200 kHz. The array size was 3 x3 mm, and thermal
expansion deteriorating the tip alignment became an issue. Integrated heaters were
positioned in the array to keep temperature variations within 1°C over the chip. The
array worked remarkably well, 80% of the cantilevers worked [106], and a density
of 200 Gb/in? at 1 Mb/s net data rate was shown [40].
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The thermal readout was investigated in more detail by King et al., who showed
that the fraction of heat transferred through the tip/medium interface is very small
and most of the heat flow passes across the cantilever-sample air gap [89]. This
observation opened the possibility to heat a section of the cantilever, and avoid read-
ing with heated tips, which causes unwanted erasure and increased medium wear.
Simulations were performed to optimize the probe design. By decreasing the tip
heater dimensions, the heating time could be decreased down to 0.2 s [88], and
a shorter tip increased the sensitivity to 4 x 10~*/nm. Of course, these values are
power dependent.

The design by King et al. was realized using a mix of conventional and e-beam
lithography [38]. The cantilevers in this design are 50 pm long and only 100 nm
thick, yielding extremely low spring constants of 0.01 N/m. The heater platform
size was reduced down to 180 nm, resulting in time constants on the order of 10 ps.
The writing energy was less than 10 nJ per bit, mainly caused by parasitic effects
and an inappropriate measurement setup, so there is potential for improvement. In
order to guide and speed up the design of more sensitive probes and assist in the
readback data analysis, Diirig developed a closed form analytical calculation for the
response of the height sensor [39].

The storage density is limited by the medium properties, but more importantly by
the probe tip dimensions. Lantz et al. tried to achieve higher densities by applying
multiwalled CNT tips with a tip radius down to 9 nm. The advantage of the carbon
nanotube tips is that the tip radius does not increase by wear, instead the tip just
shortens. Densities up to 250 Gb/in? were reached [96], which was disappointing
since at that time densities up to 1 Tb/in?> were already attained with ultrasharp
silicon tips. However, power efficiency was improved due to better heat transfer
through the nanotube. Data could be written at heater temperatures of 100 K lower
than comparable silicon tips.

Since tip wear is reduced by applying less force to the tip, the probe design was
modified so that the spring constant reduced to 0.05 N/m. As a result, during read
actions the probe applies very little force to the tip. During write actions this force
can be electrostatically increased up to 1 wN by means of a capacitive platform at a
potential of 20 V. With the new polymer media developed at that time, densities up to
1 Tb/in? could be reached. Using this array a read/write demonstration at 641 Gb/in®
was given, following the stringent rules of the hard disk industry [145]. Figure 3.8
displays a SEM image of the thermo-mechanical probe used in the demonstration.

An impressively tight integration of the probe array with CMOS was demon-
strated by Despont et al. [37]. In this method only the integrated cantilevers are
transferred to the CMOS chip, and the MEMS carrier wafer is first ground and then
etched away. As many as 300 high electrical copper interconnects of 5 pm were
realized per square millimeter. An array of 4096 probes with outer dimensions of
6.4x6.4 mm was realized (Fig. 3.9), and the interconnects had a yield of 99.9%.

The work of IBM triggered the interest of other companies. For heated tip writing
on piezoelectric and phase change media, researchers at LG Electronics in Korea
realized a small array of thermal probes [101]. Heater platforms were integrated in
boron-doped silicon by realizing a constriction at the cantilever end and covering
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Fig. 3.8 SEM image of the three-terminal thermo-mechanical probe which was used to perform
the read/write demonstration at 641 Gb/in?. During read operation the read resistor is heated to
200-250°C, during write operation the write resistor is heated to approximately 400°C. The inset
shows an enlarged view of the sharp silicon tip which is located on the write resistor [145]

NELL g

Fig. 3.9 Scanning Electron 100 pm
Microscopy image of part of
a 4096 cantilever array,
interconnected to a wiring
wafer [37]

the cantilever legs with gold. Conductive tungsten tips were grown by focused ion
beam deposition.

In the next generation, readout was added by integrating piezoelectric PZT layers
on the cantilever legs [100]. Feature heights of 30 nm could easily be distinguished.
The array was extended to a size of 128x 128 probes and sensitivity improved to
20 nm [122]. A wafer transfer method was developed for a 34 x34 array [86, 87],
very much along the lines of the IBM process. Rather than silicon, 300 nm thick
silicon nitride probes were used with polysilicon integrated heaters. The spring con-
stant was still relatively high (1 N/m). Sharp tips were realized by KOH etching of
pits into the silicon wafer and subsequent filling with silicon nitride, enabling bit
dimensions of 65 nm.

Researchers at the Shanghai Institute of Microsystems and Information
Technology have realized a small cantilever array, with integrated heater tips and
piezoelectric deflection detection [188]. These arrays have been used to character-
ize wear of polymer recording media as a function of tip temperature and radius [8].
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Fig. 3.10 Diamond probe with silicon-based piezoresistive strain gauge [175]

At the Data Storage Institute in Singapore, Chong et al. realized 20x 1 and 15x2
arrays, using a fabrication technique along the lines of the early IBM work [31].
The scanning concept is, however, different, featuring a large stroke actuator in one
direction. The total storage area can thus be much larger than the size of the array
[187]. The 90 pm long and 1 pwm thick cantilevers of the array had a spring con-
stant of 1 N/m and resonance frequency of 164 kHz. The tip radius was rather large
(220 nm), resulting in bit dimensions in the order of 600 nm. An interesting exper-
iment was performed where the temperature of the heater platform was monitored
by means of an infrared camera. Cooling times of 2 s were measured this way.

Researchers at Pioneer and Tohoku University in Japan investigated probes with
diamond tips and integrated piezoresistive sensors for ferro-electric data storage
[175, 176], see Fig. 3.10. The boron-implanted silicon piezoresistive Wheatstone
bridge was very sensitive (1 x 10~7/nm). In contrast, the diamond probes had rela-
tively poor radius of curvature. Attempts were made to replace the diamond tip by
metal versions, and it was demonstrated that ruthenium tips perform relatively well
[177].

Tip Wear

Tip wear poses one of the largest problems for a probe storage system. To get a feel
for the extent of the problem a description of the wear issue in thermo-mechanical
storage is taken from [99]. Consider a system operating at 1 Tb/in? and a data rate
of 100 kbps per probe. With the data storage industry lifetime standard of 10 years
and continuous operation of the device each probe slides a distance of 10-100 km.
This translates to a maximum tolerable wear rate on the order of 1 atom per 10 m
sliding distance in order to maintain the 1 Tb/in? density. When operated in normal
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contact mode on a polymer medium, a silicon tip loaded at 5 nN wears down in
750 m, sliding to a bluntness that corresponds to data densities of 100 Gb/in>.

A first estimate of the tip—sample force threshold at which wear starts to become
an issue is reported by Mamin et al. [111]. A loading force of 100 nN is men-
tioned to maintain reliable operation for the relatively large-sized indentations
(100 nm) described in this early work. Such a force is detrimental for any reported
probe—medium combination when densities above 1 Tb/in? are targeted. Strategies
to reduce tip wear include hardening of the tip, softening of the medium, and mod-
ulation of the tip—sample forces. One of the first attempts to reduce tip wear is the
inclusion of a photoresist layer of 70 nm in between the silicon substrate and the
storage medium (PMMA) [19]. Several more measures to reduce tip wear from the
medium side have been taken, see section “Recording Medium” for details. Another
approach to reduce tip wear is hardening of the probe. Coating the tip with a hard
material or molding a tip leads, however, to larger tip radii. For thermo-mechanical
storage silicon is therefore preferred [99]. Usage of carbon nanotube tips has been
reported for Tb/in? storage. In this case an AFM is used to store data by anodically
oxidizing titanium [32]. Tips for phase change recording have been successfully
made more wear resistant by changing the fabrication material. By first depositing
platinum on a silicon tip and then performing an anneal step a hard layer of PtSi
is obtained. A second measure to strengthen the tip is encapsulating the conductive
PtSi tip with siliconoxide. The loading pressure on the tip apex is now decreased due
to the increase of the tip area. The resolution of storage is, however, still determined
by the conductive PtSi core [13—15].

A third way of reducing the tip wear is the modulation of the tip—sample contact.
It is known from AFM that the intermittent-contact mode of operation reduces tip
wear and this is one of the foremost reasons that intermittent contact is preferred
over contact mode in many microscopy environments. Application of intermittent-
contact mode is not very straight forward for probe storage. There are many
requirements on the probes and some of them conflict with the requirements for
intermittent contact, e.g. a high stiffness cantilever required for TM-AFM conflicts
with the feeble cantilever used in thermo-mechanical storage to allow easy electro-
static actuation. In [153] a solution is presented by using an amplitude modulation
of the cantilever by electrostatic actuation, despite high nonlinearity in the cantilever
response. The authors show successful read and write operation at 1 Tb/in? densities
after having scanned 140 m. An impressive reduction of tip wear is demonstrated by
Lantz et al. [99] by application of a 500 kHz sinusoidal voltage between the sample
and the substrate. The wear over a sliding distance of 750 m is reduced to below the
detection limit of the used setup.

Parallel Readout

The massive parallelism of the probe arrays, which is requisite for obtaining
data rates comparable to magnetic hard disk heads, poses a large challenge in
probe-based data storage. Several thousands of probes have to be simultaneously



116 M. Gemelli et al.

addressed. The main functions of each probe are positioning, reading, and writ-
ing. Positioning, as described in the section “Positioning Systems”, is in most cases
done by moving the complete array or the storage medium in plane and parallel
to the probe array, simplifying the task of each probe. Scanning the medium has
two distinct advantages over scanning the probes. To obtain desired read and write
speeds arrays have to scan at considerable rate, thereby inducing high-frequency
vibrations that create unwanted cantilever movement. Preventing the occurrence of
these vibrations is a major extra challenge for any control loop. Second, electrical
connections to the probes can more easily be realized, because the probes are not
moving with respect to the read-channel electronics. Researchers at the Data Storage
Institute show a solution where the coarse positioning has a flexible wire to the read-
out electronics, though also in this design the fine positioning is directly connected
to the cantilever array [187].

Movement in the z-direction, where z is defined as the direction normal to the
medium, can be done on a per-array basis instead of a per-probe basis. This hugely
simplifies the control required to operate an array of thousands of probes. On the
other hand the fabrication tolerances of the array and medium have to be such that
every probe in the array is in the appropriate tip-medium distance range. A too large
tip—sample separation results in a failure when an attempt to write or read a bit
is done. The other extreme leads to a probe that is pushed into the medium with
considerable force (depending on the spring constant of the cantilever) leading to
excessive tip wear. Without independent z motion these demands on the medium
and probe array increase tremendously. The technically most mature probe storage
system, described in [135], is based on thermo-mechanical storage and features a
64x64 array where 32 levers are active. By determining the electrostatic pull-in
voltage for each cantilever the initial tip—sample separation is calculated to have a
standard deviation of 180 nm. With a cantilever spring constant of 1 N/m this would
lead to a maximum additional loading force of 180 nN.

The read and write operation requires the independent addressing of each probe.
Traditionally AFM probes are monitored by an optical readout system of which
the optical beam deflection technique [116, 117] is the most widely used. Although
optical readout has been demonstrated for arrays of cantilevers [5, 95, 173] none
of the readout schemes has been implemented in probe storage. Optical readout
alone would, however, not suffice. The probes have to be actuated for the write
operation. Wired schemes are implemented to achieve this. Wireless schemes and
passing signals through the storage medium have also been proposed [1] but are not
yet realized.

Integration Challenges

Probe storage systems face the same integration challenges as other MEMS such
as inkjet print heads, accelerometers, and gyroscopes: the monolithic integration
of the micromechanical portion of the system — actuators and probes — and the
CMOS electronics. Such integration brings benefits to the overall performance of



3 Probe Storage 117

the system, reducing the parasitics in critical areas such as position sensing from
capacitive structures. Monolithic integration is fundamental to enable economically
viable mass volume fabrication of probe storage systems.

What can impede monolithic integration is the nature of the different materials
and processing techniques applied on the same substrate. For example, processing
steps with temperatures greater than 400-450°C cannot be performed on CMOS
structures because they would compromise the aluminum interconnect layers.

Wiring solutions are based on a time-multiplexing scheme to address the array
row by row [36, 87] much like is usually done in DRAM. With a growing num-
ber of probes the maximum current passed through a row or signal line grows. For
higher number of probes we must use an electrically stable wiring material capable
of carrying high current densities and also having a low resistivity. Despont and co-
workers have used a two-level wiring of both gold and nickel in the 32 x 32 array
that is reported in [36]. Schottky diodes formed by doped silicon/nickel interfaces
were introduced to avoid cross talk between probes. Bondpads are used for con-
nection to the outside world, as shown in Fig. 3.11. In the 64 x 64 array, reported
in [37], the number of connections has increased to three per probe. In this case a
second wafer with the CMOS circuitry is used to which the probes are bonded, as
is the case in [87]. An alternative integration with CMOS is a single wafer process
described in [167]. Here first the CMOS circuitry is created on top of the last metal-
ization by starting with a chemical mechanical polishing (CMP) step, see Fig. 3.12.
Next an insulating layer of 400 nm SiC and a sacrificial oxide layer of 3 pm are

Fig. 3.11 Photograph of a 32 x 32 array (14 x 7 mm?). The probes are interconnected by a
32 x 32 row/column addressing scheme. A total of 128 bondpads provide connection to the outside
world [36]

Fig. 3.12 Schematic drawing
of a cross section showing

the integration of a cantilever
array with CMOS circuitry  ESNLE S
based on a one wafer D) S CMOS M6
design [167]
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deposited. A structural SiGe of 3 wm is later on deposited to allow definition of
the cantilevers. Consequently the cantilevers are etched and the sacrificial oxide is
removed to allow cantilever actuation. Others are still working on the integration of
the cantilever array with the readout electronics [122, 187].

Positioning Systems

In order to access data at different positions, a positioning system is required. The
positioning system should be able to move in the two horizontal directions (x and y)
with nanometer precision. Actuation in the vertical z-direction is usually not present
in the positioning system, as it is generally part of the probe (array) design. Although
arguments can be mounted in favor of having a separate positioning system for
each probe, all systems are designed such that there is a single moving platform for
the complete device. Most designs feature a stationary probe array and a moving
medium sled (scan table)', to prevent exciting unwanted vibrations in the probes
during servoing and (perhaps more important) to circumvent the problem of how
to route many wires to a moving suspended probe array (see also section “Parallel
Readout”). The separation of probe array and storage medium with positioning sys-
tem greatly simplifies the design; the wafers with the probe array and positioning
system can be fabricated separately and bonded together afterward.

The movement trajectory usually follows a raster; defining a fast axis x and a slow
axis y, the medium sled is scanned back and forth in the x-direction, while making
steps in the y-direction. A case can be made to use an outward spiral trajectory
similar to a Compact Disc (CD) [91, 109]; however, here we assume a rectangular
scan raster that is used in all probe storage systems so far. This means a triangular
positioning waveform in the x-direction and a staircase waveform in the y-direction.

Requirements

To fully utilize the storage medium, the displacement range should be at least the
probe pitch, currently on the order of 100 wm (see section “Probe Arrays and
Parallel Readout”), although this may decrease in the future. If overlapping probe
fields are desired, the displacement range should be larger. The required positioning
accuracy is on the nanometer scale, depending on the bit size (3-30 nm, see sec-
tion “Recording Medium”) and the allowable bit error rate [145, 164]. For example,
Pozidis et al. from IBM showed that at 641 Gbit/in?, a 2 nm displacement from the
track centerline results in a five times larger raw bit error rate. For the 64 x 64 probe
array described by Despont et al. [37], a medium sled size of at least 6.4 x 6.4 mm?

1A notable exception is a design by Yang et al. from the Data Storage Institute in Singapore, where
the probe array is moved by a one-dimensional linear motor [187].
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is required. The areal efficiency is defined as the ratio between medium sled size
and total device size.

The performance in terms of access speed is determined by the actuator’s maxi-
mum acceleration (maximum force divided by mass), sensor bandwidth, and control
circuit. The maximum acceleration should be large, not only for faster seek access,
but also so that it is possible to quickly reverse motion at the end of each scan line.
Because a higher read/write speed will lead to a longer turn-around time, there is an
optimal read/write speed and a corresponding optimal data rate [23]. A higher accel-
eration means a higher continuous data rate can be reached, either by increasing the
read speed or by decreasing the turn-around time. Increasing the acceleration capa-
bility by reducing the medium sled mass must be done with care, so that the sled
is still mechanically rigid enough for reliable probe reading and writing. Increasing
the maximum acceleration by increasing the maximum force is limited to what the
power budget allows and what is physically possible without damaging the device
(e.g., breakdown voltage or electromigration limit).

To perform seek operations or compensate for residual shock forces, the actuation
force at any given position must exceed the suspension spring restoring force. The
available force equals the actuator force minus the suspension spring force and gen-
erally depends on the position of the actuator. Usually, the available force is large for
small displacements and smaller for large displacements [47]. The minimum value
of the available force is an important measure of how shock-resistant the design
is and of how fast the actuator can accelerate. Especially for mobile applications,
shock resistance is important [98].

Finally, there may be a certain power limit for the complete positioning system.
Although certain types of actuators require very little power for themselves (and
seem attractive), their driving or control circuitry may require a lot of power, leading
to a high overall energy consumption. For a fair comparison of required power, one
should view the positioning system as a whole.

Actuators

Bell et al. [10] have written an extensive review of macro and MEMS actuators
and sensors, comparing different kinds with respect to maximum displacement,
maximum force, resolution, and resonance frequency. Hubbard et al. [74] published
areview of actuators specifically for micro- and nanopositioners. Both articles show
that several physical actuation principles may be used in a probe storage device. Not
surprisingly then, different types of scanners that have been designed specifically
for probe storage are found in the literature. It is yet unclear which actuation type
is best suited for probe storage. Research focuses on MEMS actuators because they
have a large ratio of in-plane motion range to device volume compared to macro
actuators. Agarwal et al. [2] show a comparison in terms of “specific work™ (force
times travel range divided by footprint); different types of MEMS actuators all score
about 10 wN/mm, an order of magnitude lower than conventional milli-actuators.
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It shows the challenging problem of creating MEMS actuators with large force,
large displacement, and small footprint.

Electromagnetic Actuation

An advantage of electromagnetic scanners is their linearity (linear voltage/current
vs. displacement curve), simplifying controller design. Another advantage for
mobile probe storage is that an electromagnetic scanner, because it is current driven,
can operate at the generally low available voltage of about 3.6 V. A disadvantage is
that permanent magnets are needed. Assembling an electromagnetic scanner will
therefore be more complicated than assembling, for instance, an electrostatic comb
drive scanner. It also means that it is difficult to make the scanner very thin. The
energy consumption of electromagnetic scanners is relatively large because of the
relatively large required currents.

Figure 3.13 shows the evolution of IBM’s electromagnetic scanner designs. In
2000, Rothuizen et al. from IBM reported their proof-of-concept electromagnetic
scanner: a five degree of freedom x/y/z scanner (including tilt about the x-and y-
axes) [149] fabricated from silicon and electroplated copper springs and coils. The
scanner has a 2x2 cm” moving platform held within a 3x3 cm? outer frame.
It can reach a displacement of 100 wm; however, the required power of about
200 mW is very high. An improved design [150] was reported 2 years later, fab-
ricated from a 200 pm thick SU-8 layer. The design uses a similar coil/magnet
configuration. It improves on power dissipation (3 mW at 100 wm displacement),
on fabrication cost, and on compactness (the spring system is below the platform),
and the spring system provides damping to suppress platform resonance during
operation. Two years later, a radical change in design was reported [98, 133]. The
new design is fabricated from a 400 wm thick silicon wafer by deep reactive-ion
etching through the full thickness of the wafer, the design being an extrusion of a
two-dimensional layout. It features a mass-balancing concept to render the system
stiff for external shocks while being compliant for actuation, such that the power
dissipation is low. The actuator and scan table masses are linked via a rotation
point, enforcing their movement in mutually opposite directions: when the actua-
tor moves up, the table moves down and vice versa. External shocks exert inertial
forces on the actuator and scan table mass, but, because the directions of the iner-
tial forces are equal, they cancel each other through the rotation point (the scan
table and actuator cannot move in the same direction at the same time). Because
the springs are 400 wm high (wafer thickness), the stiffness in the z-direction is
large for passive shock rejection. Coils and magnets are glued manually onto the
device. The actuator generates a force of 62 WIN/mA. Its power usage at 50 pm dis-
placement is 60 mW (80 mA current); this has been improved to about 7 mA and
2 mW power.> The medium sled is 6.8 x 6.8 mm?, while the complete device is
16 x 16 mm?; the areal efficiencyis about 25% and has decreased dramatically in

2 Private communication with Mark A. Lantz, IBM Ziirich.
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Fig. 3.13 Evolution of IBM’s electromagnetic scanner. (a) Scan table is 2x2 cm? large and has
five DOF (2000) [149]; (b) Fabricated from SU-8, 1.5x 1.5 cm? scan table (2002) [150]; (¢) Mass
balanced and x/y only, 6.8 6.8 mm? scan table (2004) [133]

comparison to the earlier designs. The in-plane resonance frequencies lie around
150 Hz; the first out-of-plane resonance frequency lies an order of magnitude
higher.

Another electromagnetic scanner was reported in 2001 by Choi et al. from
Samsung [29, 30], see Fig. 3.14. The scanner is fabricated from silicon; the coils are
made by filling high aspect ratio silicon trenches. The medium sled size equals 5 x
5 mm?. The displacement of 13 jum at 80 mA is smaller than the scanner by IBM;
however, this was measured without top magnets and yokes planned in the design.
The measured in-plane resonances are 325 (translational) and 610 Hz (rotational);
FEM simulations indicate that the first out-of-plane mode lies at 2160 Hz [29].

A plastic electromagnetic scanner is described by Huang et al. from Seagate;
however, not much design and fabrication details are available [73]. The scanner has
three DOF: x/y translation and rotation about the z-axis. The £150 pwm displacement
range is large, but the resonance frequency is only 70 Hz. The 1% cross talk between
the x- and y-axes is equal to the cross talk in IBM’s scanner [98].
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Permaent MagueaN)

Fig. 3.14 The electromagnetic scanner by Samsung [29]. The size of the total device and scan
table is 13x 13 and 5x5 mm?, respectively

Electrostatic Comb Drives

Because of scaling, electrostatic force becomes relatively large at small dimensions.
Using the electrostatic force in MEMS devices is therefore attractive, and several
different types of electrostatic scanners have been published. The electrostatic comb
drive [180] is a popular choice for MEMS actuators, because its design and fabrica-
tion are relatively simple and straightforward. Its force, however, is small and many
fingers are needed to generate sufficient force, reducing its areal efficiency. Other
electrostatic actuators like the dipole surface drive [69] and shuffle drive [181] can
generate more force but are more complicated to manufacture, and control is more
difficult. Because the electrostatic force is proportional to the square of the applied
voltage, the polarity of the applied voltage is unimportant and the force is always
attractive. In order to move a stage in both positive and negative directions, two or
more electrostatic actuators will be required.’

The maximum force of an electrostatic actuator depends on its breakdown volt-
age (depending on the minimum gap size) and the maximum available voltage. The
breakdown voltage is generally quite high (>70 V) and is usually higher than the
available voltage.

The main advantage of comb drive actuators is their ease of fabrication. Usually,
no assembling is required in contrast to electromagnetic scanners, and the device
can be made thinner than an electromagnetic scanner. Although a comb drive is
a nonlinear (usually quadratic) actuator, driving one is much simpler than driving
other electrostatic actuators. The energy consumption of comb drives is very low;
however, the energy consumption of the driving (DC/DC conversion) circuitry must
be taken into account for a fair comparison with other scanners. Disadvantages
include the (generally) high required voltage and the low areal efficiency due to

3A single dipole surface drive or shuffle drive can move in both positive and negative directions.
In the sense meant here, they should be thought of as compound actuators consisting of three or
more small actuators.



3 Probe Storage 123

Anchor areas

Fig. 3.15 The topology used by Alfaro and Fedder from Carnegie Mellon to find a scanner design
with optimal footprint for the required 50 pum stroke [3]
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Fig. 3.16 Simplified layout of the micro XY-stage by Kim et al. [83]. The top layer is 48 pwm thick

the large area needed for comb fingers to generate sufficient force. The force out-
put is highly dependent on the minimum gap size that can be fabricated; reduced
gap sizes due to improved fabrication methods will result in stronger comb drive
actuators.

Already in 1992, a nanopositioner with integrated tip was published by Yao
et al. [189]. It featured electrostatic parallel-plate (gap-closing) actuators, moving
the probe instead of the “medium”. However, its displacement range of 200 nm at
55 V is very limited.

In 2000, Carley et al. from Carnegie Mellon University described a comb drive
actuated scanner for probe storage, which was originally designed for a vibratory-
rate gyroscope [22, 23]. The scanner reaches 50 pm displacement at 120 V; it
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Fig. 3.17 Simplified model Driving Electrode
of the actuation principle by
Kwon et al. [94]. b
(a) Movement to the right by

actuating the rotational comb
drives on the right;

(b) diagonal movement by
actuating the comb drives

on the right and top Ii,ﬁ
w K

contains 800 fingers in total with 500 wm height and 16 pwm gap. Alfaro and Fedder
from Carnegie Mellon University further improved this design using parametric
optimization to optimize the footprint for 50 wm stroke keeping the topology
fixed [3], see Fig. 3.15.

The comb drive scanner reported by Kim et al. uses 27,552 3 pm thick fingers
with 48 pwm height and 3 jwm gap [83], see Fig. 3.16. The scan table is 5 x 5 mm?
large and 18 pm static displacement is reached at 13.5 V. Because of the large
amount of fingers, the force is large and the required voltage is low; however, it also
leads to a low areal efficiency of approximately 11%.

Kwon et al. published an x/y-scanner for optical application, but the design
could also be applied to probe storage [94]. The design uses “L”-shaped sus-
pension springs and rotational comb drives (Fig. 3.17). Its displacement range is
55 wm at 40 V. It is unclear whether the suspension is stiff enough for use in probe
storage.

The somewhat unconventional positioning system design by Yang et al. from
the Data Storage Institute in Singapore [187] features an electrostatic comb drive
x/y scanner [104] for precise positioning and a one-dimensional miniature electro-
magnetic linear motor for course positioning of the one-dimensional probe array
(Fig. 3.18). The comb drive scanner features a scan table of 5 x 5 mm?; the areal
efficiency is 25%. Simulations indicate static displacement of 20 pm at 55 V, but no
measurement results are shown.

All the comb drive scanners mentioned above directly link the actuators to
the scan table. This means that in-plane shocks have to be actively compensated
for by the actuators. Especially at large displacements, when the available force
is low, this leads to a low shock rejection capability. Engelen et al. designed a
shock-resistant electrostatic scanner, by replacing the electromagnetic actuators in
the mass-balanced scanner by IBM discussed earlier with comb drives [47, 48]
(compare Figs. 3.13c and 3.19). In order to increase the comb drive force, modi-
fied comb finger shapes are used that increase the force at large displacements,
both increasing the maximum stroke and the shock resistance without increasing the
maximum voltage. A displacement of 48 um was reached at 120 V, corresponding to
a force of 3.5 mN; the electromagnetic scanner generates 6 mN at 100 mA current.
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Fig. 3.18 A schematic of the design by Yang et al. from the Data Storage Institute in Singapore,
featuring a comb drive XY-stage that carries the storage medium and beneath it a miniature linear
motor with a one-dimensional probe array [187]. The MEMS stage’s size is 1x 1 cm?

Fig. 3.19 Photograph of a ' i i
fabricated device (2x2 cm?). .

1: scan table, 2: C-bracket, 1

3: x-comb drives, 4: y-comb 1

drives, 5: pivoting element i

[47]. Compare with

Fig. 3.13¢c 1

The electrostatic scanner designs by Sasaki et al. use mass balancing for internal
shock force rejection [156]. Inertia forces due to fast acceleration in the y-direction
may influence the comb drive gap in the x-direction, which may lead to instabil-
ity in the x-direction comb drives. To cancel these inertia forces in the y-direction,
the scan table is split into two plates of equal mass that are actuated in mutually
opposite directions. However, this opposite movement is not mechanically enforced,;
therefore inertial forces due to external shocks or vibrations are not canceled out.
The best of the three investigated designs reached static displacements of 110 pm
at 70 V and 90 pm at 125 V for the x- and y-directions, respectively.
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Electrostatic Stepper Motors

The dipole surface drive [70] has the advantage of potentially providing much force
at low voltages, due to the gap size that is not limited by lithography or deep
reactive-ion etching limits. Another important advantage is the high areal efficiency.
Disadvantages include the more complex fabrication process and drive circuitry
and the significant out-of-plane motion at high forces. To make the design more
shock resistant, perhaps a mass-balancing scheme could be used similar to IBM’s
electromagnetic scanner [98] without decreasing the areal efficiency.

In the “dipole surface drive” design by Hoen et al. [2, 70] from Agilent
Laboratories, the actuator is placed under the scan table, greatly increasing the areal
efficiency over comb drive designs. Figure 3.20 shows a cross section of this dipole
surface drive design, which is similar to a magnetic stepper motor. The bottom of the
scan table (translator) features electrode strips, while the stator (to which the scan
table wafer is bonded) features electrode strips with a different pitch. By changing
the voltages on the electrodes in a special pattern, a force is exerted on the scan table
and the scan table will move in small steps of 400 nm determined by the difference
in electrode pitch between stator and translator. Smaller displacements are made by
adjusting the voltage on one of the electrodes. Operation of the device is very dif-
ferent from a comb drive. Instead of increasing the voltage, here the voltage pattern
is shifted with a fixed bias voltage. In the design reported by Agarwal [2], the gap
between the stator and translator electrodes is 2.4 pwm. A high out-of-plane to in-
plane stiffness ratio is required, because the available force is limited by the snap-in
voltage (48 V in this case). A displacement of 17 pm was reached with 30 V bias;
larger displacements up to 70 wm were reached; however, in that case significant
out-of-plane motion was observed.

Like the dipole surface drive, the shuffle drive [181] too can provide much force
at low voltages. This also results in a high areal efficiency. Disadvantages include
the more complex fabrication process and drive circuitry. Because the device is
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Fig. 3.20 The dipole surface drive actuator by Agilent [2]. (a) Schematic cross section; (b) wiring
diagram of the translator and stator electrodes
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Fig. 3.21 Step sequence left le electro-elastic plate right le
of the shuffle motor [140]. d — ¥ ’
The circles indicate that a
voltage is applied on the
corresponding leg or plate
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electrostatically clamped to the base plate, it is inherently shock resistant. But when
the shock force exceeds the stiction force, there is no way to compensate for it.

The shuffle drive by Tas et al. [181] from the University of Twente is an electro-
static stepper motor. Figure 3.21 shows how the motor makes a step. The step size
ranges from 0.6 nm up to 100 nm and is limited to a smaller range for a particular
device. The actuator’s output force is determined by how much plate deformation is
obtained when applying a voltage on the plate. The force is large because the plate
is pulled downward like a parallel-plate gap-closing actuator and because the plate
acts as a mechanical lever. Sarajlic et al. describe a shuffle motor 200 x 1500 jLm?
with a 70 wm displacement range and an output force of 0.45 mN at driving voltages
of 65 and 150 V for the plate and clamps, respectively [155]. A 482 x 482 jum? one-
dimensional shuffle motor reached displacements of 60 pwm (corresponding to 0.64
mN force) at driving voltages of 45 and 36 V for the plate and clamps, respectively,
only being limited by the design layout [154]. Unfortunately, several problems arise
due to stiction and friction of the motor’s legs [139].

Piezoelectric Actuation

Piezoelectric actuation is commonly used for scanning probe setups. However, com-
mon piezo-elements need to be quite large to provide the required displacement
range for probe storage. An advantage of using piezo-actuators is that their force is
very large and that the areal efficiency can be very high when mechanical ampli-
fication is used to increase the displacement range of small piezo-elements. The
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Fig. 3.22 Photograph of the
silicon microstage to which
PZT- stacked actuators have
been attached [51]. The total
device is 2x2 cm? large
piezo

required voltage is reasonable in comparison to electrostatic actuators. However,
fabrication is complex and requires attaching the PZT actuators on the silicon stage.

A laser-cut scanning stage fabricated completely from PZT material is described
by Zhang et al. [193]. The work continued and the improved design reaches 82 pm
at an applied voltage of 70 V [52]. The scanner consists of a silicon MEMS stage,
to which PZT actuators have been attached manually (Fig. 3.22). The scan table is
9.5x9.5 mm? large. The PZT actuators generate very large forces (~3 N) and their
small displacement is mechanically amplified 20 times to move the scan table. The
maximum force on the scan table of 150 mN is very large in comparison to other
actuator types.

Sensors and Control

A variety of MEMS displacement sensor types are available for probe storage sys-
tems [10]. One of the challenges in a probe storage system is the need for nanometer
resolution over 100 pm displacement range. To improve the resolution, a medium-
derived error signal can be used [118, 165]. Several probe fields are designated as
servo-fields and are written by the device itself with special patterns; these servo-
fields are then used to obtain very precise information about the position of the probe
array relative to the bit track.

Capacitive sensors using comb drives are an attractive solution when comb
drives are already used for actuation. An example of a positioning system using
comb drives for actuation and sensing is given by Cheung et al. from the University
of California at Berkeley [24]. Pang et al. from DSI in Singapore propose to use
the same comb drive for actuation and sensing; however, no measurement results
are available yet [132]. Kuijpers [92] from the University of Twente has studied an
incremental long-range capacitive displacement sensor based on the capacitance



3 Probe Storage 129

Fig. 3.23 IBM’s differential @T~T, Ri=R,
displacement sensor setup
using a pair of matched
thermal sensors. The sensors
are heated with equal power.
A difference in overlap with
the scan table leads to a
difference in cooling between
both sensors. This difference
is measured in a difference

in resistance [97]

(b) Ty< T, Ry<Ry

change between two periodic structures, and obtained 10 nm resolution with, in
principle, unlimited displacement range. However, the bandwidth of the sensor is
severely limited by a low-pass filter at the end of the capacitance sensing circuit
(a bandwidth of 5 Hz is used in reference [93]). Moreover, the output of the sensor
is periodic, and extra circuitry is needed to count how many cycles have been
measured.

IBM uses a differential thermal displacement sensor, shown in Fig. 3.23, mea-
suring the change in resistance due to the temperature change when the overlap
between heater and scan table changes [97]. It provides 2.1 nm resolution (10 kHz
bandwidth) at 10 mW power and a maximum resolution of 0.49 nm at 32 mW. Less
than 6 nm of drift over 100 min was measured. The required power makes it less
attractive for use in a mobile device. IBM has performed extensive research on the
control of their electromagnetic actuator [133, 134, 162, 163]. Different controller
architectures have been investigated in order to optimize the time it takes to access
a certain part of the medium (the seek time). Using 200 mA as maximum current
for the electromagnetic scanner, the fastest seek time for 50 um movement is on the
order of 1.6 ms [134].

For the same reason a comb drive can be used as actuator and sensor, the elec-
trode patterns in a dipole surface drive can also be used for sensing the position.
Such a fine line capacitive position sensor integrated with a dipole surface drive
is described by Hartwell et al. [63]. The resolution is 0.3 A/VHz. Lee et al. from
Seagate use a similar capacitive sensor for their electromagnetic scanner [102]. Like
the incremental capacitive sensor by Kuijpers et al., the output signal of both sensors
is an ambiguous measure of the position, requiring extra circuitry that keeps count
of the number of cycles that have been measured. For the same dipole surface drive
Hartwell used, Agarwal et al. describe a capacitive sensor with large plates with a
resolution of 0.5 A/+/Hz [2]. Because of the large plates, the output signal is no
longer periodic and the output signal is a direct measure of the displacement.

Open-loop and closed-loop control for a shuffle motor was investigated by
Patrascu et al. [140]; unfortunately only a microscope with camera was available
for position measurement, severely limiting the control bandwidth. The actuator
position could be measured every 33 ms with 10 nm accuracy. A state-machine
controller was designed to generate the correct voltage sequences for making a small
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or large step in positive or negative direction or standing still. If the measured posi-
tioning error is non-zero, the state machine generates correction signals every 33 ms
in the form of a number of steps in one direction. Open-loop control resulted in a
maximum positioning error of 140 nm. Closed-loop control was shown to work;
however, an integrated sensor with much larger bandwidth than the video setup is
needed to obtain a fair assessment.

Probe Storage Electronics and System Considerations

Probe storage devices require dedicated, on-board electronics to perform media
writing, media reading, media positioning, and generate the data stream to interface
the memory to computer systems through standard interfaces such as USB or SATA.
Each electronic function depends on the chosen media, read/write mechanism, and
MEMS actuator principle.

Due to the intrinsic parallel operation of a probe storage device, each electronic
block has an area budget — for instance, the average read/write probe circuit can-
not extend beyond the area occupied by a single probe — and a power budget.
Specifically, the area budget Apudger can be computed as the area subtended by the
full swing of the microactuator in both axes of operation X,ctyation a0d Vactuation- This
is also referred to as the scanning area of a single probe. Probes are then stepped at
intervals of the full actuation swing as depicted in Fig. 3.24.

The average power budget for each probe analog front end P, depends on the
number of probes that need to be simultaneously activated. This in first approxima-
tion depends on the total memory module data rate DR divided by the data rate
DRypyrobe oOf each individual probe. Other system functions draw power during the
memory operation, including the power Pactation to drive the scanning platform,
the power for the channel electronics Pchannel and the power Pcongroller required by
the controller, DC-DC conversion, and interface electronics. The sum of all these
powers cannot exceed the total power Py, set by the memory specification that
is determined by the market segment targeted by the memory, for example, the
Universal Serial Bus standard. Thus the total power can be represented as

Piotal = Pactuation + Pchannel + Peontroller + Pafe (DRtot/ DRprobe)

yactuV M

-

X actuation

Fig. 3.24 The area budget of the analog front end
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Finally, there are cost budgets that determine the technology node (also known
as the minimum feature size or technology node) available to the circuit designers.
More expensive deep sub-micron processes will indeed provide lower power and
smaller area designs. However, using such expensive processes will defeat the cost
benefits of probe storage architectures. The technology node should therefore be
several generations behind the technology used in competing NAND flash for probe
storage to be economically viable, using depreciated manufacturing fabs and over-
coming the need of the huge investments for lithographically driven memories as
described in the section “Introduction”.

Analog Front End

Read/write electronics circuit architectures depend on the read/write mechanism
that in turn depends on the media type as seen in the section ‘“Recording Medium”.
While substantial research work has been carried out to develop different media and
read/write mechanisms, only integrated electronic circuit prototypes of the analog
front end (AFE) portions have been developed alongside them.

The read/write electronics examples presented in this chapter are specific to
thermo-mechanical media. When utilizing this media, typically a polymer, the
read/write AFM system needs to reliably form and read back the presence of an
indent (representing the bit) by running a current through the selected cantilever.
The micromechanical cantilever is modeled in the mechanical, thermal, and electri-
cal domains as a transducer during writing and as a sensor during reading. The block
diagram of the read/write channel is described in Fig. 3.25. One of three modes will
occur: inactive, write, or read.

In the inactive mode the cantilever is kept at the same potential as the media to
avoid accidental pull-in of the cantilever to the surface.

During writing on a PMMA polymer media an indentation is created by applying
a current pulse flowing through the resistive portion of the cantilever, heating the

cantilever read write )
& switch channel channel inactive
matrix -
amplifier, B0 =€
] filter, £2 2 _§ 2
g & SH-stage §3.32 28
= 8 g‘g
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i o reference Eg 3
T 2 + ) subtraction _.3
* & offset comp. 2

Fig. 3.25 Block diagram of the read/write channel
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tip to ~400°C through the Joule effect while simultaneously applying a capacitive
force to move the cantilever toward the medium [90]. The sensitivity and noise of
the cantilever depend on the power dissipated in the heating element.

During readback a lower current is run through the cantilever in order to raise its
temperature to only 200-250°C. This temperature is not enough to deform the media
and create another indentation. The resistivity of the cantilever varies according to
the thermal conductance between the cantilever and the medium. There will be more
heat dissipated out of the cantilever when the tip is in an indent, causing the tem-
perature of the cantilever to be lower than when the tip is not in an indent. A lower
temperature corresponds to a lower cantilever electrical resistance. An analog front
end therefore needs to be able to discriminate between a signal varying between two
values of resistance, AR, compared to the baseline resistivity, R. The signal-to-noise
ratio, or AR/R, is less than 1073 [61].

The read/write time constant of the heaters is on the order of a few microsec-
onds to 10ws. Due to this relatively low data rate, several hundred channels need to
operate in parallel to achieve data rates suitable for mass storage applications, such
as the 40 Mbit/s required for blue-ray video streaming or the 480 Mbit/s maximum
achievable speed of the USB 2.0 High Speed protocol.

An example of the input stage schematic is represented in Fig. 3.26 where the
cantilever is supplied with a differential voltage from two operational amplifiers
OPI and OP2. The current proportional to the signal of the indentation Ijgna is
obtained by subtracting the reference current /¢ from the total current in the can-
tilever. This is done to remove the offset from the readback waveform to avoid the
need of high-resolution analog-to-digital conversion. The reference current is gen-
erated by biasing a reference element — effectively an unused cantilever — with the
same biasing voltage as the cantilever used for readout. Not more than a few hundred
microwatts can be budgeted for each probe input stage and the power consumption
is dominated by the power consumed in the current path through the cantilever.
Another adder and an integrator are added to the path to eliminate the residual DC

OP1

Vbias
|

raf

I ... fo other
out cantilevers

Fig. 3.26 Schematic of the input stage
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component. Hagleitner et al. show how, through modeling of the thermoelectric
behavior of the micromachined scanning probes and the electrical simulation of the
analog front end, an optimum trade-off can be reached between the heating power,
the biasing current, and the signal bandwidth.

Probe Channel Electronics

The challenges of read channel designs for probe storage devices are due to the par-
allel operation of probe read heads as well as novel physical read/write mechanisms
that are different from traditional magnetic recording. A typical channel is repre-
sented in Fig. 3.27. The area and power budget of the channel section depend on the
number of AFE blocks that are shared by the same channel.

Low-power, small-area ADC sections using XA modulators have been studied
in [20] achieving a resolution of 7 bits for AFE signal bandwidths up to 50 kHz with
a power consumption of only 14 WW.

The analog-to-digital converter samples the input signal from the AFE at a fre-
quency f; that is higher than the symbol rate fyr.. The ADC output is synchronized
to the symbol through a timing recovery loop — a PLL that synchronizes to the
zero crossings of the derivative of the readback signal — and an interpolator. These
two blocks are represented as SRC (Sampling Rate Converter). The resulting sig-
nal is passed to a digital filter that further eliminates residual DC fluctuations and a
threshold detector to generate the digital output data stream.

The parallel operation of probe storage presents unique challenges for the chan-
nel circuit design: the system can be considered as a multiple-input multiple-output
channel (also known as MIMO). Just like in multiuser wireless communication sys-
tems, decoding algorithms can potentially exploit the interactions among the input
and output signals from multiple tips to improve system performance. However, area
and power budgets limit the complexity of each analog front end. Section “Error
Correction Coding for Global Jitter” describes where the MIMO parallelism is used
to design an optimal detector for global jitter.

Sensor
cantilever

Tunable
resistor

Fig. 3.27 Block diagram of a probe storage channel
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Channel algorithms need to be able to recover from electrical non-linearities and
cross talk, mechanical tip wear or tip faults while at the same time homogenize the
use of the media surface, to avoid that certain areas of the media age more than
others. Section “Channel Coding” discusses an RLL code for dealing with partial
erasure.

Servo-Control and Actuation Electronics

The positioning systems described in the section “Positioning Systems” require ded-
icated on-board electronics to control the actuation of the moving media platform.
The positioning on the bit needs to be sufficiently precise to avoid excessive raw bit
error rate degradation when the probe is off track. Furthermore, since the same probe
serves as both read and write transducer, partial erasure of adjacent bit may occur,
providing more nonlinear distortion of the readback signal. These factors contribute
to increased requirements for error correction algorithms that in turn limit the useful
area density.

Electromagnetic actuators have been described in the section “Electromagnetic”.
They are current driven and generally require low voltages to generate electro-
magnetic fields through their coils required for actuation. These actuators can be
modeled as a two-input (coil currents), two-output (x—y displacements) closed-loop
system that uses positioning sensors and data from dedicated servo-bits to generate
a position error signal (PES).

Pantazi et al from IBM [135] have demonstrated prototypes of such closed-loop
servo-systems having a standard deviation of the total positioning error of 0.7 nm
in the x-axis and 0.6 nm in the y-axis. The positioning sensors are two pairs of
differential thermal sensors located on the edge of the scan table driven with a con-
stant voltage that heats them at a temperature of about 100 °C as described in the
section “Sensors and Control”. The electrical resistance varies with the actuator
displacement and this resistance change is read back as a variation in the current.
The servo-data in this system is recovered by four servo-field bursts, three of which
are deliberately placed out of track during formatting. Since the readback signal
depends on the centering of the probe vs. the indentation, the PES is obtained by
correlating the relative amplitude of these four servo-signals to a pulse shape repre-
senting a typical indentation. Such control design schemes that use multiple sensors
(thermal sensors and PES) achieve a nanometer-scale positioning precision in a large
scan area.

Transconductance amplifier circuit topologies (voltage-controlled current
sources) are used to drive electromagnetic actuators but suffer from efficiency lim-
its of the output stages, generally class AB push—pull drivers. Research is ongoing
to increase efficiencies by using class D or pulse-width modulation (PWM) driving
schemes.

Electrostatic actuators have been described in the section “Electrostatic Comb
Drives”. The actuation force is proportional to the voltage across the two actuation
surfaces. To increase the maximum voltage, DC/DC step-up conversion is used.
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Examples of DC/DC converters specifically designed for MEMS applications are
a high-voltage CMOS design by Saheb et al. that converts 3 V up to 380 V using
an external coil [152] and a standard CMOS design by Hong and El-Gamal that is
capable of converting 1.2 to 14.8 V without external components [71].

Coding for Probe Storage

Introduction

The purpose of encoding data recorded on a probe storage device is the same as for
any other information storage system: it is to store as much information as possible
while being able to retrieve this information with a vanishingly small (typically
10~!2) probability of error. In other words, the purpose of encoding information to
be stored is to use as much capacity offered by the storage device as possible.

As is common for all storage systems, the role of information encoding for probe
storage is to eliminate or reduce the effect of various distortions which degrade
the quality of the readback waveform. Redundant bits are judiciously added to the
information string and this redundancy is exploited at the reading stage to restore
the original information [168]. What makes coding research for probe storage so
exciting is the unique nature of readback impairments stemming from massive par-
allelism of the read channel, nonlinearity of recording process at nano-scales, and
the nano-scale precision required of the positioning system.

The three main specific causes for coding in probe storage are

e Reliability of probe arrays
e Nonlinear bit erasure effects
e Probe positioning errors

We discuss each of these phenomena together with the corresponding coding
schemes designed to counter their detrimental effect on the readback waveform
below. The main example we will use in our discussion is the Millipede concept
of probe storage developed by IBM, which is based on the principle of thermo-
electrical writing and reading, see [46, 112, 183] for details. However, most of our
conclusions apply to any nano-scale probe storage device.

Coding for Reliability

The throughput of a thermo-mechanical probe storage is not expected to exceed
1 Mbps per probe [164]. Therefore, in order to meet the throughput requirements
typical of a modern storage system (about 3 Gbps for a magnetic hard drive, raising
to 6 Gbps in the near future, [115]), a probe storage system must consist of an array
of thousands of probes reading and writing in parallel.
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Therefore a probe storage device is an example of complex electronic system and
its reliability has to be closely examined.* The simplest question to ask is what is
the lifetime of a probes storage device given the lifetime of a single probe? While
the long-term reliability data for nano-scale probes and actuators are not yet avail-
able, the lifetime is unlikely to exceed 100 years. Accordingly, let us assume that
individual probe fail independently at the constant probability rate

A =102 years ~\. (3.1)

Given the way probe arrays are fabricated, the independence of probe failures
is perhaps an oversimplified yet very useful assumption, as it allows us to make
conclusions about the minimal amount of coding needed to make the array of probes
reliable.

It follows from our assumptions that the probability of a single probe not failing
during the interval [0, 77 years is

Pr(1) = Poe 7, (3.2)

where Py is the probability that the brand new probe is unbroken. In what follows
we will assume that Po = 1. Then, the probability that the probe does not fail during
the first 10 years of operation is close to 1: P1p(1) = e—10/100 ~ 0.9,

In order to achieve a throughput of 1 GB/s, we need an array of 1024 probes
reading and writing in parallel is required. If un-coded data are written on the probe
storage device, a single probe failure within the array will lead to read/write errors.
Therefore, the array fails if at least one probe fails. The probability of the array of
N probes not failing for T years is

Pr(N) = eV, (3.3)

For T = 10 years and N = 1024 this probability is e 10%4/10 & 3.4 x 10, which
is essentially zero. In fact, it can be easily seen from the above expression that the
mean lifetime of an array of 1024 probes is equal to 100/1024 years which is just
over 1 month! Recall that for mobile applications the lifetime of a storage device
should be measured in years, whereas an archival storage should have a lifetime of
about 50 years!

The conclusion we have just reached is staggering: even if we assume that
the probe storage channel is noiseless, a probe storage device with very reliable
individual probes is unusable due to a high probability of system failure!

The problem of reliability in large storage systems is not new. For exam-
ple, redundant arrays of inexpensive disks (RAID’s) [141] can achieve very high
degree of reliability by adding one or two “parity” disks to the array of up to

4 All results obtained in the section “Coding for Reliability” have been originally reported in [137].
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254 information disks. Parity is generated using Reed—Solomon (RS) code [108]
over the Galois field GF(2%) in such a way that all information can be restored if any
two disks of the array fail.

Can we use the same approach and protect the probe storage array against failures
by adding redundant probes which will read and write parity information?

The answer to this question is “yes”, but the cost of protecting the array of probes
measured in terms of storage capacity loss is much higher than for RAID. The rea-
son for that is very simple: failed disks in RAID are replaced immediately; therefore
coding only needs to ensure that the probability of more than two disks failing simul-
taneously is small to avoid the loss of data. Unfortunately, individual nano-scale
probes cannot be replaced or repaired. Therefore, sufficient redundancy is needed to
prevent information loss during the lifetime of the array.

Assume that the fraction RN of all probes in the array read/write information bits
and (1-R)N probes read/write parity bits. Here R < 1 is the rate of information
storage: we store R bits of information per every bit recorded on the medium. The
closer the R to one, the smaller is the fraction of storage “wasted” on redundant bits.

How small should R be to ensure that the probability of information loss is small
given that the target lifetime of the device is 7?7 Let us assume as we did above that
probes in the array fail independently at a constant rate A. Let us also neglect effects
of electronics noise and array positioning errors on the quality of the readback sig-
nal. Then we can model the array of probes as a binary erasure channel: if the probe
is working it outputs crisp zeros and ones, if it fails it outputs nothing. The capacity
of this channel is known:

Cgec = pr(1), 34

where pr(1) is the probability that a single probe does not fail in the interval of
[0, T'] years.

The answer for the minimal amount of redundancy we need to protect the probe
array against failures is given by Shannon’s theorem [168]: If R > Cpgc then the
probability of error (irrecoverable information loss in the context of probe array)
is close to 1 no matter which code is used to generate parity. If on the other hand,
R < CgEgc, there exists a code of rate R such that the probability of information loss
is vanishingly small.

Given that Ag = 1072 years™!

, we conclude that at least

1—Cprc=1—-pr(l)=1-e"110~ 0]

fraction of storage capacity has to be reserved for parity to ensure small proba-
bility of information loss during 10 years of operation. Ten percent of capacity
loss to ensure the increase of lifetime from a month to 10 years seems like a
very good trade-off. The corresponding probe storage system will be suitable for
mobile and backup applications. If, however, we wanted to use probe storage for
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archival applications with required information lifetime of 50 years, we would need
to spend

| — =50/100 o, 4

fraction of capacity on parity, which leads to a significant system performance hit!

Having realized how much capacity we need to spend, we now need to construct
a practical error correction code which will allow the system to sustain probe fail-
ures without any information loss and will operate near capacity of binary erasure
channel.

In general Shannon’s theorem only tells us that such a code exists, but says
nothing about how to construct it.

Fortunately for probe storage, there is a classical code with rate close to capacity
which will do the job. Consider Reed—Solomon (RS) code operating on 10 bit sym-
bols. The maximal block size for such a code is N = 2! — 1 = 1023 symbols which
closely matches the number of probes in the array. (The block size can be reduced
via shortening.) If P out of N symbols are parity symbols, RS code can correct up
to P erased symbols in known positions. Therefore, if data are encoded with Reed—
Solomon code with T parity symbols, information can be retrieved even if up to P
probes are broken. The rate of Reed—Solomon code is

R=1-P/N.

Therefore, the minimal number of Reed—Solomon parity bits we need to ensure the
required lifetime of the probe storage device is

Pin = pr(DN.

In particular, it follows from the examples considered above that RS(900,1000)
code will ensure a lifetime of about 10 years for the probe storage device, whereas
RS(600,1000) code is needed for archival probe storage.

Note that in order to realize the full potential of Reed—Solomon codes, the struc-
ture of the code block must reflect the fact that a Reed—Solomon decoder operates
on m-bit symbols rather than individual bits. To achieve this we must identify m
consecutive outputs of a given probe with one Reed—Solomon symbol. If b;; is the
bit read by the ith probe at time ¢, one block of Reed—Solomon code matched to the
probe array consisting of 1000 probes looks as follows:

bl,t b2,t ce blOO(),t
b1, bri—1 ... b10o00,s-1 3.5)

b1 —m—1) b2s—m—1) - - b1000,1—(m—1)
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For the coding scheme we have just described, the probability of irrecoverable
information loss is equal to the probability of more than P probes failing in the
interval of time [0, T']. Therefore, the probability that the probe array survives T
years is given by a simple binomial formula

P

PN =Y @’)(1 — e Mk TR, (3.6)

k=0

where (]Z) is a binomial coefficient. In the limit N — oo, (3.6) approaches zero if
R > e~*T and it approaches one if R < e *”, which is in complete agreement with
Shannon’s theorem. For finite N we can determine the evolution of survival prob-
ability with time by examining (3.6) numerically. For example, to ensure survival
of the array of 1024 probes for 50 years with probability 0.992 we need to use RS
codes with rate R = 0.57. This means that 43% of storage capacity has to be used
by parity bits to protect stored information against probe failure.

We calculated the minimal amount of coding redundancy needed to protect a
probe storage device against probe failures and constructed a practical code which
achieves the capacity of the channel which models probe failures. Our next task is to
discuss channel and error correction coding necessary to protect stored information
from channel noise stemming from the effect of partial erasure and probe array
positioning errors.

Channel Coding

Since the beginning of data storage revolution created by the very first IBM
disk drives, modulation codes have been used to maximize storage capacity
[7, Chapter 1]. Thermo-mechanical storage is not an exception. Indentations in the
medium cannot be placed too close to each other due to the effect of partial erasure:
if the probe attempts to write two “ones” in a row, melted plastic displaced from
the second indentation will partially fill the first one. The effect is so strong that it
can be used to erase data written on the medium thus enabling a truly rewritable
thermo-mechanical probe storage device.

The effect of partial erasure can be described by the following nonlinear ISI
model:

e = ap — a(L)agagt1 + B(L)agar— + Noise, (3.7

where ry is the sample received at time &, and a; € {0, 1} is the bit recorded at time
k, and «(L) and B(L) are positive coefficients which depend on bit spacing L, [146].

As suggested by (3.7), the easiest way to deal with the problem of partial erasure
is to store information on the medium using only strings which do not contain two
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consecutive ones. In other words, one would like to record information using only
the strings of bits such that

arap—1 = 0, forall k.

The set of all such strings constitutes RLL(1,00) code, one of the simplest
examples of run-length limited codes [76, 75].

Let us estimate the increase in linear storage density resulting from using such
a code. Let W be the width of the indentation left in the medium by a probe. The
smallest bit period for which effects of partial erasure do not lead to a significant sig-
nal degradation turns out to be close to W. Therefore, the linear information density
in the absence of coding is

1
= — bits/m.
L0 W

Given the same indentation geometry, bit spacing in the presence of RLL code can
be halved, see Fig. 3.28. Therefore, the user density is 2/W, whereas the information
density equals

Prl = @ bits/m
rll = W .

| | Pit width W

a(k+1)=1 a(k)=1 a(k-1)=1

Bit spacing L=W
|

| | Pit width W

ake=1 | ag-1)=1 |

Bit spacing L=W/2

Fig. 3.28 Recording at double user density using RLL(1, co) code
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/ 0

Fig. 3.29 Trellis representation of RLL(1, co) sequences

In order to estimate the maximal gain from using the RLL scheme, we have
to calculate the information capacity of RLL(1, oo). We will sketch the capacity
calculation here while referring the reader to [75] for details.

All RLL(1, co) sequences can be represented as paths on the trellis graph shown
in Fig. 3.29.

The trellis can be characterized by the following adjacency matrix:

11
T=<10), (3.8)

which simply says that state O of the trellis can be reached from state 0 and 1,
whereas state 1 can be reached from state O only. Using the adjacency matrix, we
can calculate the total number of RLL(1, 0o) sequences of length N as

1

M(N) =" (TN (é))k (3.9)

k=0
Therefore, for large N,
M(N) ~ C - AV, (3.10)
where A is the largest eigenvalue of matrix 7 and C is an N-independent con-

stant. Therefore, a long N-bit RLL sequence carries approximately N log,(2) bits
of information and the capacity of RLL(1, co) code is

Cut = log, A. (3.11)

The largest eigenvalue of adjacency matrix 7 is the inverse of the golden
ratio:

A= “/§2+ L (3.12)
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Therefore, the maximal linear density increase we can achieve using RLL(1, co)
coding is

Pl _ 2 logy i ~ 1.4, (3.13)

£0

Therefore, we can achieve a 40% increase in information density for thermo-
mechanical media using a very simple channel code! Nearly optimal encoding-
decoding algorithms for RLL(1, co) can be constructed using enumeration
encoding, see [75].

The inclusion of the knowledge of constraints into the detection scheme (via
the constraint violation detection or CVD circuit [138]) can lead to a significant
improvement of the detector’s performance, albeit that the complexity cost of such
an improvement is still under investigation.

Bit spacing in current probe storage prototypes is measured in tens of nanome-
ters, whereas the track pitch is on the order of hundreds of nanometers due to the
design of the positioning system. Therefore, nonlinear interference effects are cur-
rently restricted to the in-track direction. From a technological point of view, the
easiest way to further increase the total information density in probe storage is to
increase the track density. It is therefore expected that two-dimensional constraint
coding will play an important role for future generations of probe storage. Two-
dimensional RLL sequences for probe storage are currently being researched into at
the University of Twente [60].

Error Correction Coding for Global Jitter

Yet another distinguishing feature of probe storage is the presence of global jitter—
signal degradation due to errors in the array’s position which affects all probes in
the array. The aim of this section is to show how profoundly the performance of tra-
ditional error correction code is influenced by global jitter and argue that accounting
for the effect of global jitter should be the prime concern for a probe storage ECC
designer.’> Unlike sections “Coding for Reliability” and “Channel Coding”, the cur-
rent section does not suggest a good coding scheme protecting against jitter noise
probe storage, as the problem of finding optimal codes for channels affected by
global jitter remains largely unsolved.

SAll results presented in the section “Error Correction Codeing for Global Jitter” have been
originally reported in [136].
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Channel Model

Assume that we use an RLL code similar to the one described in the previous sec-
tion and information density is low enough for the effects of in-track inter-symbol
interference to be neglected. Then the sampled readback signal from the ith probe
at a given moment of time can be written as follows:

ri=pWa; +on;,i=1,2,...N, (3.14)

where N is the total number of probes, a; € 0, 1 is the bit written in position i, J is
the sum of global read and write jitter, p(J) is the isolated pulse shape in response to
...010... written on the medium; {o - n;} is a sequence of random variables which
models the combined effect of electronics and media noise.

Extensive experiments performed by IBM for thermo-mechanical storage media
[164] demonstrated that electronics/media noise is well modeled by Gaussian
random variables. Accordingly, we assume that {n;}i<j<y is the set of indepen-
dent identically distributed Gaussian variables with mean zero and unit variance.
Parameter o is the standard deviation of the resulting additive white Gaussian noise.

IBM experiments using a Millipede-like positioning control loop also demon-
strate that jitter J can be treated as a mean-zero Gaussian random variable [164].
Given that similar controls are used, this conclusion applies to other probe storage
devices, for instance, phase change media based. Let o; be the standard deviation of
jitter.

The shape of function p can be extracted from experiment [146]. For the
theoretical analysis, the following isolated pulse is easy to work with

72

p(J)=¢ W2, (3.15)

where W is a parameter related to pulse width.

Asymptotically Optimal Channel Detector in the Presence of Global Jitter

The first problem we would like to solve is as follows: what is the maximally likely
set of information bits a1, as, . ..,ay for a given output of all probes ri,r2,...,ry
at the given moment of time?

In other words, we are trying to find an optimal signal detection scheme for the
whole correlated array of probes rather than attempting a probe-by-probe signal
detection.

Here, we are only considering the inference problem using the information con-
tained in received signals at a given moment of time. This is suboptimal due to the
presence of temporal correlations between received signals, but may be necessary
due to the system complexity restrictions.
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If N = 1, the solution is given by the optimal threshold detector described in the
section “Probe Storage Electronics and System Considerations”, see also [138]. If
N > 1, the optimal detector is different from the set of independent N = 1 detectors,
as the outputs of different probe channels are correlated via common jitter.

In general the optimal detector for the channel in (3.14) is quite complicated.
If, however, N > 1 (e.g., N = 1000) an asymptotically optimal detector can be
built exploiting the law of large numbers, see, e.g., [41 Chapter 1]. Assuming that
data bits are independent uniform random variables,® the optimal detector can be
described as follows:

e Calculate

) N
13=N];ri. (3.16)

e Foreachi: 1 <i < N, estimate data bit a; as follows:

>

. 1 if r; > g
a; = S, (3.17)
0if r < 127

Notice that the described detector requires the addition of N numbers. This
may seem like a complex operation if N >> 1, but the complexity per probe is
still low.

The optimality of detector (3.16), (3.17) is easy to explain heuristically:
If N > 1, due to the law of large numbers,

1 1
¥ ;ai ~ B = 2,
=
N
> ni ~ Em) =0,

i=1

1
N

where E(- - - ) stands for the expectation value.
Therefore, summing 3.14 over all i’s, we get the following estimate for signal
reduction due to jitter:

2
pwwﬁ;m

6 This assumption must be modified if a two-dimensional constraint code is used.
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For N = o0, this estimate is exact due to the law of large numbers, but then the
optimal detector for channel (3.14) with known value of p(J) is simply the set of
N-independent threshold detectors (3.17).

To verify the optimality of detector (3.16), (3.17) for the channel (3.14) carefully,
observe that the maximum-likelihood detector must find

1
a= argmaxa/ Pr(a|p,r) Pr(p | r)dp.
0

As a consequence of the law of large numbers, the conditional probability
Pr(p | r) is sharply peaked around the most likely value of reduction factor py(r).
The Laplace formula [49] then implies that

a ~ argmax,Pr(a | po(r),r).

As it turns out, po(r) is given by (3.16), and the maximum-likelihood problem is
indeed solved by (3.17) in the limit N > 1.

So it remains to check that in the limit N — oo, P(p | r) becomes a delta
function supported at (3.16). The calculation is based on the application of Central
Limit Theorem [41, Chapter 2] and is fairly long. Here we only present the final
answer:

1 —on@2=R?
Pr(p|R)=%e 4022 (3.18)

where R = 1%, Ziv: 1 i and Z(R) is a normalization constant. Therefore, for N >> 1,
the distribution is sharply peaked around the value

po(r) = 2R

and the asymptotic optimality of detector (3.16), (3.17) is proven.

BER curves presented in Figs. 3.30 and 3.31 compare the performance of the
detector (3.17) and the performance of N-independent optimal threshold detectors
for the global jitter channel (3.14). We can draw the following conclusions:

e For N = 1000, the asymptotically optimal detector (3.16), (3.17) performs
identically to the optimal N = oo (“Genie”) detector.

e Detector (3.16), (3.17) significantly outperforms the classical probe storage
detection scheme based on the optimal threshold detectors operating indepen-
dently on each probe channel.

e The SNR advantage of the detector (3.17) over N independent threshold detectors
is 0.5-1.0 dB at BER = 10~* depending on jitter statistics.
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Fig. 3.30 BER for global jitter channel. Jitter strength is 10% of bit spacing. Gaussian mean zero
p.d.f. of jitter is assumed. Legend: THD-N = 1000 independent optimal threshold detectors; LLN—
detector (3.17) for N = 1000; Genie—"“Genie assisted” detector, which uses the exact value of p(J)
rather than its estimate (3.16)

Having solved the problem of signal detection in the presence of global jitter, we
can investigate how jitter affects the performance of some classical error correction
codes.

Performance of Reed—Solomon Codes on a Global Jitter Channel:
Error Floor

As it turns out, the global jitter has very serious consequences for the performance
of error correction codes. As we will show below, a straightforward application of
Reed-Solomon (RS) codes to global jitter channels leads to the error floor in the
sector error rate (SER) curve. This means that RS codes cannot be used in probe
storage without some special modifications (such as interleaving). This modification
can be associated with a large hardware cost, making the applicability of RS codes
to probe storage very questionable indeed.

Applying large deviations technique [41, Chapter 1] to Reed—Solomon codes we
get the following upper bound on sector error (SE) rate conditional on the known
value of jitter:

Pr(SE | p) < e SC0Pw.I=pulltl=7) (3.19)
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Fig. 3.31 BER for global jitter channel. Jitter strength is 20% of bit spacing. Uniform mean zero
p.d.f. of jitter is assumed. Legend: THD-N = 1000 independent optimal threshold detectors; LLN—
detector (3.17) for N = 1000; genie—Genie-assisted” detector, which uses the exact value of p(J)
rather than its estimate (3.16)

where S is the number of RS symbols per block, t is Reed—Solomon threshold, py

is the probability of symbol error, and Q(-||-) is the Kullback-Leibler divergence or

relative entropy, one of the most fundamental objects of information theory [107]
For the optimal threshold detector

pw=1—(1=pp)", (3.20)

where n is symbol size (typically n = 8 bits) and py, is the probability of bit error. For
channel (3.14), the probability of bit error, conditional on the pulse depth (a random
variable due to global jitter), equals

o0 dVl _ )12
pb(p)=/ ———e 22. (3.21)
p/2 A 2mwo?

Unconditional sector error rate is therefore bounded as follows:
1
Pr(SE) < / p(p)e—SQ(Pw(P)J—Pw([?)llf,l—t)dp, (3.22)
0

where p is the probability density of the reduction factor p.
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Expression (3.22) can be analyzed very simply if the distribution of p is such

that p > pmin With probability one. This is always true if the distribution of jitter is
uniform or truncated Gaussian. Then, provided that

Pw(Pmin) < T,
which is always satisfied for high SNR, we get
Pr(SE) < e~ S€PwPmin).1=pwPmin)liz.1-7) (3.23)
In the limit o — 0, the right-hand side of the above can be estimated as follows:

2

pm'n_
o= SOPw Pmin) 1=Pu P 1 7.1-7) e‘S< 800 HZ(”), (3.24)

where H>(7) is the binary entropy function, see [107]. We see that the sector error
rate suffers a significant degradation in comparison with zero jitter case (Pmin = 1)
as pmin can be close to zero. This suggests that for distributions with ppi, = 0
the performance of RS codes suffers a catastrophic degradation of performance. An
example of such distribution is served by a Gaussian jitter model.

A long calculation gives the following upper bound for the probability error rate
in this case:

w2

Pr(SE) < C (n S.t, ﬁ) o, (3.25)
= W

where C is a constant independent of o.

We expect the upper bound (3.25) to be tight in the limit o — 0. If this expecta-
tion is correct, it will imply the existence of an error floor for Reed—Solomon code
for this channel: as SNR goes to infinity, SER decreases only polynomially with the
exponent which does not depend on the code rate!

Numerical simulations confirm our conclusions. In Fig. 3.32 sector error rate for
rate 0.8 Reed-Solomon code is shown. Uniform jitter with o; = 0.2L is assumed.
Comparing Figs. 3.31 and 3.32 we see that, at the level of noise corresponding to
BER = 1073, the sector error rate is just SER = 1073,

The situation is even worse for Gaussian jitter. In this case, catastrophic jitter
events lead (in a complete agreement with the theory developed above) to a pro-
nounced error floor for Reed—Solomon codes, see Fig. 3.33. Moreover, the upper
bound (3.25) suggests that the position of the error floor is independent of the code
rate!

We conclude that the effect of global jitter on Reed—Solomon code is devastat-
ing: SER curves show the error floor rather than waterfall behavior even though an
optimal detection and optimal hard-input decoding algorithms are used.
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Fig. 3.32 SER for global jitter channel. Jitter strength is 20% of bit spacing. Uniform mean
zero p.d.f. of jitter is assumed. Legend: THD-N = 1000 independent optimal threshold detec-
tors connected to RS decoder; LLN—detector (3.17) for N =1000 connected to RS decoder;
genie—"“genie-assisted” detector, which uses the exact value of p(J) rather than its estimate (3.16),
connected to RS decoder

Are there any ways of combating effects of global jitter using coding? At the
moment, we can only present a tentative answer. First, one can try to encode also
the output of each probe with a powerful Reed—Solomon code to try and spread
information between many time slices thus mitigating effects of strong jitter on a
single time slice. One potential drawback of this approach is that global jitter also
has long time correlations (tens of sample periods); therefore the decoder for a suf-
ficiently deeply interleaved Reed—Solomon code will have a very high complexity.
The advantage of this approach is that it can also solve the reliability problem posted
in the section “Coding for Reliability”.

One can also try using soft information about jitter produced by the optimal
detector to build an effective LDPC encoder for probe storage [144]. One immediate
question is to calculate the capacity of channel (3.14) to see what are the achievable
rates for a good code for global jitter.

Despite a somewhat pessimistic nature of result we presented here, our feeling is
that there is a lot of new and beautiful information theory hidden behind the channel
model (3.14). The discovery of this theory will in our opinion help the advancement
of not only probe storage, but any type of nano-scale storage device based on the
reader moving over the storage medium.
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Fig. 3.33 SER for global jitter channel. Jitter strength is 10% of bit spacing. Gaussian mean
zero p.d.f. of jitter is assumed. Legend: THD-N = 1000 independent optimal threshold detectors
connected to RS decoder; LLN—detector (3.17) for N = 1000 connected to RS decoder; genie—
“genie-assisted” detector, which uses the exact value of p(J) rather than its estimate (3.16),
connected to RS decoder

File system

The previous sections elaborated on the main components of a probe storage
device. In the remainder of this chapter we address the integration of a probe
storage device in computer systems. Specifically, we detail the way a file system
needs to organize user data on the storage medium to enhance the quality of ser-
vice. Quality of service encompasses timing performance, energy consumption, and
capacity.

Data Layout Basics

The data layout of a storage device is concerned with the way user data are organized
on the storage medium of the device. This organization can be split into two levels:
low-level data layout and logical data layout The low-level layout clusters a certain
number of bits into larger storage granularity called the sector. The logical data
layout assigns logical numbers to sectors on the medium such that each sector is
uniquely addressable.
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Figure 3.34 shows a two-dimensional look of the storage medium of a simple
probe storage device of 4 x 4 probes. Each probe reads and writes data in its
exclusive storage field. As shown in Fig. 3.34a, contiguous bits along the y-direction
are clustered to form larger storage units. Each storage unit contains overhead bits
in addition to user data in order to enable data accessibility. Figure 3.34b shows the

Probe storage field q bits
«—>

p bits

Encoded data
Overhead bits
Encoded data

P fields

v.......m..............m......g
X‘ Q fields i

(a) Low-level data layout

Sector 0 (LBA 0) split
into two subsectors

(b) Logical data layout

Fig. 3.34 A two-dimensional look at the storage medium of a probe storage device split logi-
cally into P x Q storage fields, each is exclusively accessible by a single probe [79, Chapter 3,
PP. 39-43]. (a) Bits are clustered together into a sector. Each sector contains user data and addi-
tional overhead bits for error correction, for example. (b) The corresponding logical data layout,
which assigns consecutive LBAs to contiguous sectors. The depicted logical data layout follows
the cylinder-mode address-mapping scheme from the disk drive
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corresponding logical data layout, where each sector is striped across two probes
and is assigned a unique number.

A storage device receives requests from the computer system demanding sectors
by their identifier. These identifiers are called Logical Block Addresses. Internally,
the device translates an LBA to its corresponding Physical Block Address (PBA)
to locate the sector physically. The address mapping from an LBA to a PBA varies
between devices and is tailored to enhance certain aspects of the device, such as the
throughput.

Two common types of address mapping are known from disk drives: cylinder
mode and serpentine mode [77, chapter 18, pp. 655-656]. In the next section, we
discuss works that study the data layout in probe storage devices, drawing from the
analogy with disk drives. We follow up with a discussion of works that investigate
the two dimensionality of probe storage. We discuss dynamic address mapping in
probe storage devices in the last section.

Conventional Data Layout

To the best of our knowledge, the first work that studies the data layout in probe
storage devices was carried out at Carnegie Mellon University [59, 160, 161]. Griffin
et al. [59] draw on the analogy between disk drives and probe storage devices. They
import the data-layout terminology from disk drives: cylinder, track, and sector.

Later, Schlosser et al. [161] discuss the “unwritten contract” of address map-
ping shared between disk drives from different disk vendors. In this contract, they
argue that all address schemes adopted in different disk drives preserve the sequen-
tiality. That is, sectors laying contiguously on a track receive consecutive numbers,
whereas numbering may differ at track and cylinder boundaries from one vendor or
production batch to another. As a result, data are accessed from physically contigu-
ous places on the storage medium to reduce the interruptions to the one-direction
mechanical motion.

Although a probe storage device has smaller overheads than disk drives, preserv-
ing sequentiality is still needed. Like in the disk drive, in a probe storage device,
the seek time is dominated by one direction, which is the x-direction in probe stor-
age devices. This is due to settling time incurred to ensure full track alignment.
Laying data along one direction speeds up sequential accesses, since interruptions
are reduced. An interruption to the y-motion occurs when the sled moves along the
x-direction to change track and reverses the motion direction.

Borrowing from the disk drive, Griffin et al. [59] propose the cylinder mode
address-mapping scheme for probe storage devices. Figure 3.34b shows address
mapping following the cylinder mode: cylinder by cylinder. For sequential accesses,
the cylinder mode incurs fewer seeks along the x-direction compared to the serpen-
tine mode, resulting in better performance. The cylinder mode scheme enables high
throughput for sequential accesses found in streaming applications.

Another work from the University of California at Santa Cruz addresses the
data layout from the device dimensionality viewpoint. Sivan-Zimet [172] studies
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the influence of a set of physical parameters on the timing performance of probe
storage devices. Sivan-Zimet investigates the influence of the number of probes,
dimensions of a probe storage field, and the arrangement of probes. The study is
performed under real-world traces. She recommends designing with the physical
parameters set with certain ranges to make probe storage competitive.

The previous works preserve the sector size of 512 bytes in probe storage devices
as in disk drives. Schlosser [160] stripes a sector across 64 probes. In his MEMS G2
model, where 640 probes are simultaneously active, 10 sectors are accessible at a
time. On the contrary, Sivan-Zimet [172] stripes a sector across all 320 simultane-
ously active probes in her model. Khatib et al. [82] study the striping problem and
show that the number of accessible sectors can be tuned based on the workload to
enhance the performance of a probe storage device. That is, neither 10 sectors nor 1
sector results always in the best performance.

Two-Dimensional Data Layout

A probe storage device bears resemblance to disk drives in many aspects, so
that similar treatment as done with the address-mapping scheme is justifiable.
Nonetheless, a probe storage device exhibits a unique characteristic that is worthy
of exploitation. A probe storage device has an array of probes, out of which a large
set can operate in parallel. Although a probe storage device does the best when
it moves in one direction, the existence of an array of probes extends the access
dimensionality by a second orthogonal dimension.

Exploiting this unique characteristic, Yu et al. [192] propose probe stor-
age for database applications. Here, two-dimensional data sets (e.g., tables of
columns and rows in a database repository) are striped elegantly across the two-
dimensional data layout of a probe storage device. Probes can be switched on
and off selectively depending on the requested data. Switching off probes avoids
retrieving irrelevant data, which reduces the energy consumption as well as cache
pollution.

On the same basis, Lin et al. [103] study the effectiveness of switching probes
selectively to update file system metadata. Because metadata updates are relatively
very small (i.e., a few bytes) compared to a whole sector, enhancement in perfor-
mance and reduction in energy consumption are significant, if probes are switched
on selectively.

Work carried out at the University of Twente addresses the two dimensionality
of the data layout. Khatib et al. [80, 81] study the influence of the data layout on
the response time, energy consumption, and the capacity of a probe storage device.
Mobile and streaming applications are investigated. Khatib et al. formulate the data
layout of a probe storage device with three parameters and make the case to format
the layout based on the expected workload. The parameters are

(1) The total number of active probes (N): How many probes should operate in
parallel?
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(ii) Sector parallelism (M): How many sectors should be simultaneously accessible
from the device?

(iii) Sector size (S): Should the conventional sector size of 512 bytes stay the same
in probe storage devices?

Figure 3.35 depicts a simple probe storage device with two possible configura-
tions of the data-layout parameters. The first configuration stripes a hypothetically
16 bit sector across one probe only and can access two sectors simultaneously. The
second configuration stripes the sector across two probes, but it still can access two
sectors simultaneously, because it doubles the number of active probes.

The straightforward configuration of the three parameters would be to (1) operate
all probes simultaneously to gain peak throughput, (2) access one sector at a time to
maximize bandwidth utilization, and (3) keep the sector size intact to access useful
data only. That way, a probe storage device bears complete resemblance to the disk
drive.

Simulation with these configurations, however, shows that none of the three
design targets (i.e., response time, energy consumption, and capacity) of a probe
storage device reaches optimality. In fact, the targets compete and trade-offs must
be made. Increasing the sector parallelism and the sector size gives the designer
the opportunity to explore areas of the design space that exhibit small trade-
offs. Research shows that the effective capacity increases and energy consumption
decreases, while response time decreases.

Figure 3.36 shows a two-dimensional look at a design space of a probe storage
device. Pareto-optimal configurations of the previous three parameters exist. These
are M-20-BE and M-20-BP, where “M” denotes MEMS, 20 corresponds to the

Q Subsector

|4 - - - - -
Acti " size is 8 bits A A,
ctive probe . Bz. 1 1111 G 11 ) I |
Sector c Subsector | I | 1111
overhead is 111 1111 overhead is 1111 1111
3 bits 3 bits
: - - . [ - -
sector 5'126\ B, IBD
is 16 bits B, [ P b 111
= = o= = = = o= H la = = 2a = =
D = B I § IBz 111
unused __ | §—» 111 111
subsector =t =t - -
(a) N = 2 probes, M = 2 sectors, S = 16 bits (b) N = 4 probes, M = 2 sectors, S = 16 bits

Fig. 3.35 Two possible configurations of the three data-layout parameters: the total number of
active probes, sector parallelism, and sector size. The figure shows a simplified probe storage
device, where in (a) file A fits in one sector, whereas file B is split over two sectors, B| and B,. The
single sector of A in (a) is split into sectors A and A3 in (b) when doubling the number of probes
per sector (the same goes for By which is split into sectors Bj; and Bj2). The figure shows two
configurations. The first configuration shown in (a) uses two out of four probes simultaneously,
each accessing a 16-bit sector at a time. By using twice as many active probes as in (b), a probe
accesses only 8 bits per sector, so that four probes access two sectors in total simultaneously
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Fig. 3.36 Trade-offs between the energy consumption and the response time for the configurations
of the data-layout parameters studied for a mobile workload

nominal throughput of 20 MB/s, “BP” denotes best performance, and “BE” denotes
best energy. Unlike disk drives, these configurations exhibit large sector parallelism
and sector size (1 sector, 4 KB) and (16 sectors, 4 KB), respectively.

Summarizing, is that significant enhancement in the quality of service of a probe
storage device is attainable, provided it is treated differently from the disk drive.

Dynamic Address Mapping

Recent advancement in probe storage has revealed wear of probes [12, 16, 65].
A probe wears by the repetitive operation of writing (and possibly reading) data.
A probe can lose parts or collect particles (section “Tip Wear” gives more details).
In either case, its functionality degrades to a point that it is considered worn out.

Integrating a probe storage device into the computer system results in exercis-
ing its probes with different loads. The difference in load across probes results in
uneven wear across the probes. Uneven wear leads to premature expiry of probes,
resulting in serious consequences for the reliability and performance of a probe
storage device.

Khatib et al. [81] address the challenge of uneven probe wear in probe storage
devices. Wear leveling policies are devised that maintain an even load across probes
and thus even wear. Khatib et al. show that wear in probe storage is tackled dif-
ferently and in a simpler way than in flash memory. Due to wear-leveling dynamic
PBA to LBA mapping is needed as in flash memory.

A probe storage device must maintain a mapping pad to store the correspon-
dence between LBA and PBA. Every time a request arrives at the device, its



156 M. Gemelli et al.

LBA is assigned to the PBA the wear-leveling policy decides for. The mapping
pad is consulted by successive requests to look-up the corresponding PBA of
their LBA.
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