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Introduction to the topic

Data storage: key point in Information Technology, thus miniaturization to 
the nanoscale range is an obvious requirement

In general, data storage implies the ability to convert electrical signals into a 
permanent or semi-permanent modification of a state, and to read such 
modification by electrical means: devices can be considered passive
when retention is concerned but active during read or write operations

The topics involves:
- Fundamental mechanisms for data storage (e.g., mechanical, 

electronics, magnetics, optical, ...);
- Materials where a state can be easily modified (either in a permanent, 

non-volatile or volatile mode) and modifications can be easily detected;
- Techniques for writing/reading information;
- Technologies for material and device fabrication;
- Nanotechnology for extreme miniaturization 
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Outlook

• A few words on Random Access Memories (DRAM) and on flash memories: 
materials issues in miniaturization

• Nanosized memories: proposals to use single electrons and quantum dots

• Materials for ferroelectric capacitors (inorganics and organics)

• Data storage with ferromagnetic materials:
• giant magnetoresistance in nanostructured materials;
• the superparamagnetic limit in the present mass-storage technology

• Optical storage:
• read-only and write-only;
• phase-changing materials for re-writable applications;
• fundamental and technological limits in optical methods

• A few words on nanowriting on photoaddresable polymers (photopolymers) and 
on alternative nanotechnological approaches (e.g., millipede, optical near-field
- we will see more on that!)
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Overview of some methods and materials for data storage

Method Mechanism Examples Problems/issues

electronic Charge stored 
in a capacitor

DRAM, ROM,
flash,...

Tunneling, single electron,
Coulomb blockade,...

magnetic Domain 
magnetization

Hard-disk Mechanics,
superparamagnetism

optical Local change 
of optical 
properties

CD-ROM, 
CD-RW,
DVD, ...

Mechanics, optical diffraction, 
optical near field

Huge expectations for further miniaturization

Nanotechnological problems/issues
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Example: Random Access Memories (RAM)

Essential component of any IT system or device

nano

Economy greatly relevant
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Basics of DRAM operation

DRAM = 
MOS-FET + 

capacitor

Capacitor material (oxide) and geometry become 
critical when reducing sizeDa R. Waser Ed., Nanoelectronics 

and information technology (Wiley-
VCH, 2003)

3D

CS
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Problems/issues with the oxide material

Very thin dielectric layers 
can suffer conduction 

through several effects

Thin layers are needed to have enough capacitance with small surfaces (C~S/h)
Thin layers are typically defective (polycrystalline!) and Poole-Frenkel or other effects can 
lead to conduction
Search for new material with higher εR to increase the capacitance while keeping dimensions 
unaltered
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Requirements for suitable dielectrics (oxide)

BST: 
Mixture of strontium and 

barium titanates

Perovskite ceramics with large 
static dielectric constant (~200) 

and negligible ferroelectricity

Can be deposited as thin film by 
MO-CVD
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Flash  memories

Flash memories (e.g., smart card, 
SD, etc.) exploit charge retention in 

a floating gate

Fowler-Nordheim tunneling is used 
to change the charge status

Da B. Bhushan Ed., Springer 
Handbook of Nanotechnology 
(Springer, 2004)
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Fowler-Nordheim tunneling

http://ece-www.colorado.edu/~bart/book/msfield.htm

FN DT

Da G. Timp, Nanotechnology
(Springer-Verlag, 1999)

Fowler-Nordheim: tunneling (at 
high bias) through triangular 
barrier whose height depends 

(slightly) on the bias itself

FN vs DT

x/l)
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Micro vs nano comparison in the RAM/flash world
See R. Compaño et al.
MEL-ARI EC Project
Technol. Rodmap 1999

Charge stored in a quantum dot with possible single electron behavior
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2.2.1.2 Nano-flash device
Nano-flash devices are basically three terminal devices where a floating gate is charged and
the charge produces a large change in the threshold voltage of the transistor channel. The design
allows an intermediate between DRAM and Coulomb blockade potentially allowing higher density
than DRAM at lower power and higher operating temperatures.
In addition, nonvolatile Dram-like memories based on the Coulomb blockade effect are intensively
investigated. Both Hitachi’s PLED [Nakazato 1997] and Likharev’s NOVORAM being
[Likharev 1998] are prominent examples. The key issue is the creation of extremely flexible tunnel
barriers, for instance by multiple barriers or sandwiched barriers.
2.2.1.3 Yano memory
The Yano type memory is a 2 terminal device where information is stored in deep traps in
poly-Si. The devices are created on a 3 nm thick Si film using 0.25 µm technology where one or
more dots are formed naturally in the vicinity of a FET in which trapped charge modulates the
threshold voltage of the FET [Yano 1998]. The device can be operated at room temperature and has
been integrated in very large-scale memories (128 Mb in 8k x 8k x 2 units of which half was
operational) although it is not certain if Coulomb blockade is of any relevance for device operation.
One of the major problems of this type of memory is relying on the natural formation of dots and
the resulting poor control of device characteristics. This may be a major hurdle to manufacturability
[Yano 1998]. The advantage is a small cell size of 2F2, one quarter of a folded-data line DRAM
cell size.

Examples of nanosized memories (proposed)See R. Compaño et al.
MEL-ARI EC Project
Technol. Rodmap 1999

Coulomb blockade, or, more in general, quantum 
dots can be used to store the charge

(they can be fabricated by the “undulated” technology we have seen for quantum dots)
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Fundamental limits in miniaturization

See R. Compaño et al.
MEL-ARI EC Project
Technol. Rodmap 1999

Major limits:

Thermal
Quantum
Dissipative
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Non-volatile RAM with ferroelectric materials

Ferroelectricity allows 
information (charge) 
storing without an 
applied field

E = V/d

Thin films!!
“Switchable and 

permanent” 
polarization

- New materials
- New thin film techniques
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Ferroelectric ceramics (e.g., PZT)

Ceramic oxides (or oxide 
mixtures) with perovskite structure

Polarization due to charge 
displacement in a quasi-ionic crystal

AFM/EFM (Voltage modulation
scanning probe microscopy) of 
ferroelectric domains in films of (lead 
lanthanum titanate) grown by PLAD

See http://www.df.unipi.it/
gruppi/struttura/ma/page.htm

1μm
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Molecular ferroelectrics (e.g., TGS,…)

TriGlycine Sulfate (TGS)

Glicina

Struttura monoclina

15μm

EFM images of ferroelectric domains 
in TGS films at increasing 

temperatures
H2 NCH2CO2H

See Adv Phys Lab, Univ Michigan (2002)
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Storage by magnetic means (e.g., hard-disk)

Magnetic polarization switching (parallel/antiparallel dipoles) of the 
ferromagnetic domains is a quite diffused method for data storage

Old implementations (non miniaturized!): ferrite nucleis and tape recording

Highly non volatile, scalable size (we will see problems later on!)

But read/write operation is not very efficient (magnetic fields are needed)

Presently: hard-disk, but also  magnetoresistive memories (MRAM)
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Nanostructured materials with giant magnetoresistance

Magnetoresistive materials: electrical resistance depends on applied magnetic field

Poole, Owens, Introd. to nanotechnology
(wiley, 2003)

Layered structures (alternate magnetic non 
magnetic layers), or nanosized domain 
dispersion, or mixed systems

Magnetoresistenza due to the sensitivity on 
magnetic field of the electronic scattering 
(see Drude) associated with magnetic 
polarization of layers or nanoparticles

Dispersed nanodomains (size ~ λdB of 
charge carriers)

enhance magnetoresistance
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Reading exploits magnetoresistance

Proposal of Magnetic RAM (MRAM)
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Perspectives in mass storage (hard-disks)

Isolated domains dispersed 
in a matrix (magnetic grains 
– ferrous alloy, or NiCr, Co -
islands)

longitudinal

perpendicular

Thompson, Best, IBM J Res Dev (2000)

Miniaturization -> surface density 
increase of domains

Magnetic nanodomains

MFM
image
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Mechanical issues
Good S/N ratios in reading 

achieved only for
nanometer head/disk 

distance

lube
ta-C

Magnetic film
substrate

Overcoat requirements

• Reduce corrosion    
• Reduce friction
• Reduce stiction
• Reduce wear
• Magnetically inert
• Thermal 

management
• Electrical isolation

• Dense pinhole 
free film

• High hardness 
and E modulus

• Eliminate surface 
roughness

• Enhance surface 
chemistry

Material requirements

Overcoating technology highly demanding
A.C. Ferrari, 

Cambridge University
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Superparamagnetic materials I

Poole, Owens, Introd. to nanotechnology
(wiley, 2003)

10-15 nm

Hard-disk magnetic materials evolved 
from sprayed tapes to 
superparamagnetic nanoparticles
(materials with poor hysteresis and 
large remnant polarization)
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Self-organization of nanoparticles by 
(metallorganic) chemistry methods to 

enhance surface density 

Superparamagnetic materials II
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The superparamagnetic limit

Remnant polarization increases 
as size decreases, but 
“associated energy” decreases 
as well

Superparamagnetic limit

Consider the simplest sort of permanent magnet particle. It is uniformly 
magnetized and has an anisotropy that forces the magnetization to lie in 
either direction along a preferred axis. The energy of the particle is 
proportional to sin2, where is the angle that the magnetization makes to the 
preferred axis of orientation. At absolute zero, the magnetization lies at one 
of two energy minima ( equals 0 or 180°, logical zero or one). If the direction 
of the magnetization is disturbed, it vibrates at a resonant frequency of a few 
tens of gigahertz, but settles back to one of the energy minima as the 
oscillation dies out. If the temperature is raised above absolute zero, the 
magnetization direction fluctuates randomly at its resonant frequency with an 
average energy of kT. The energy at any time varies according to well-known 
statistics, and with each fluctuation will have a finite probability of 
exceeding the energy barrier that exists at = ±90°. Thus, given the ratio of the 
energy barrier to kT, and knowing the resonant frequency and the damping 
factor (due to coupling with the physical environment), one can compute the 
average time between random reversals. This is an extremely strong function 
of particle size. A factor of 2 change in particle diameter can change the 
reversal time from 100 years to 100 nanoseconds. For the former case, we 
consider the particle to be stable. For the latter, it is a permanent magnet in 
only a philosophic sense; macroscopically, we observe the assembly of 
particles to have no magnetic remanence and a small permeability, even 
though at any instant each particle is fully magnetized in some direction. 

Present “theo” density
~ 25 Gb/cm2

Actual max density
~ 5 Gb/cm2
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Magneto-optical methods

Light polarization is used 
for reading (possible 

improvements of S/N)Space resolution affected by optical diffraction
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Optical data storage (CD-ROM, CD-RW, DVD,...)

Basic motivations (hystorical): economy, density, immunity from spurious agents

Optical methods allow displacing the read/write head far from the (rotating) disk,
improving size reduction and mechanical reliability

www.howstuffworks.com

CD-ROM (original design): bits are “holes” impressed in a reflecting Al film 
evaporated onto a polycarbonate substrate

Writing: master mechanically impressed onto the Al film (no re-writable!)

Reading: deflection of a (focused) laser beam

Optics involved only in reading
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Optical writing in CD-WORM

www.kodak.com

Dye doped polymers used as the medium: light (at suitable 
wavelength) is heavily absorbed by the dye leading to a 
temperature increase and a change in optical properties

Grooves are frequently 
scribed on the substrate to 
enhance optical absorption, 

so favoring writing
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Phase changing materials I (CD-RW)
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Phase changing materials II

Phase changing materials exist 
with remarkable dependence of 

reflectivity on the phase 
(cryst/amorph)
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400
0.85
22

λ (nm)
NA
Capacity (GB)

CD DVD DVR

650
0.6
4.7

780
0.45
0.65

Fundamental limits in optical systems

DVD

Laser spot minimum size is 
affected by diffraction (we 

will see more!)

Optics with larger NA and 
lasers with shorter 

wavelength must be used 
to increase the storage 

density
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DVR 22 GB

near f ield,

super-resolution

domain expansion

A.C. Ferrari, 
Cambridge University

Technological limitations may be 
(partially) solved, but only 
alternative approaches hold the 
possibility to overcome any limit

Optical near field??
(we will see more on the tech.)

Technological limits in optical systems

Greater NA means shorter focal lengths

The objective is practically in contact with disk

At present, diode lasers are not available with λ 
< 400 nm (material/device problem, we will see, 
perspectives are to reach ~ 350 nm)

Layers for optical coatings must be defect-
free on a sub-micron scale

Deposition techniques (usually, spin-coating) 
must be improved

Writing laser intensity must be large enough, 
and topographical modifications of the written 
layer cannot be ruled out (but they should be)
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Photopolymers I

Purely optical modifications are accessible 
(without any morphology change?)

Holographic storage (and near field)
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Photopolymers II

Photopolymers can be engineered to 
improve their properties (e.g., to limit the 

topography changes upon irradiation)



Fisica delle Nanotecnologie 2004/5 - ver. 4 - parte 4 - pag. 34

Photopolymers and near-field (an introduction)

Material engineering
Write mechanism

Antonio Ambrosio, PhD Thesis Appl. Phys., Pisa 2005 (unpublished)

Photopolymers can be envisioned as 
suitable materials for near-field optical 

writing (we will see more!)
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A nanotechnological perforated card: the “millipede”

Nanotechnology can be proposed to use old and 
traditional methods in a new, advanced context

AFM-tip
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Conclusions

Miniaturization in data storage is a key point for increasing 
performance in Information Technology

A variety of methods, materials, techniques exist for data 
storage

Steps towards nanosized data storage must face fundamental, 
technical, material problems

Nanotechnology can provide data storage with new and more 
powerful methods (but still to be fully developed)


