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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,;

- Technigues 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 DRAM, ROM, Tunneling, single electron,
in a capacitor flash, ... Coulomb blockade, ...
magnetic Domain Hard-disk Mechanics,
magnetization superparamagnetism
optical Local change CD-ROM, Mechanics, optical diffraction,
of optical CD-RW, optical near field
properties DVD, ...

Huge expectations for further miniaturization

gt

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

Essential component of any IT system or device
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Year: Start of mass production

ITRS Technology Nodes and Chip Capabilities”

2001 2005 2010 2016
DRAM Half-Pitch (nanometers) 130 &0 45 22
DRAM Memory Size 512M 2G 8G 64G
(mega or gigabits)
DRAM Cost/Bit 1.7 1.9 0.34 0.042
(micro-cents)
Microprocessor Physical Gate 63 32 18 9
Length (nanometers)
Microprocessor Speeds (MHz) 1.684 3,173 11,511 28,751
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Basics of DRAM operation

2 Basic Operation of DRAM Cells

The IT-1C DRAM cell has quite a simple structure (see Figure 2). The access
transistor, Tr, acts as a switch and is addressed by the word line, WL, controlling the
gate. The memory capacitar, Cg, represents the charge storage element for the informa-
tion and is connected to the bit line, BL, via the transistor, When the switch is closed the
information, the voltage levels +¥7,,/2 or —F;;,/2 are applied to Cy via BL. The corre-
sponding charge on C represents the binary informuation, “17" or “07. After this write
pulse (e.g. for the 256 Mb generation this pulse is less than 10 ns at ¥Vj,p/2 = 125V} the
capacitor is disconnected by opening the transistor switch.

The memory state is read by closing the switch and sensing the charge on the capac-
itor via the bit line, which is usually pre-charged to ¥pp/2. The cell charge is redistrib-
uted between the cell capacitance, Cg, and the bit line capacitance, Cy,, leading t0 a
voltage change in the bit line, This voltage change is detected by the sense amplifier in
the bit line and amplified for the subsequent use of the read information as described in
Sect. 3 of the Introduction to Part IV. As a read pulse destroys the charge state of the
capacitor, it has to be followed by a re-write pulse to maintain the stored infermation.
The plate line, PL, is kept at ¥/ 2 in order to reduce the electric voltage stress on the
capacitor dielectric, which is charged to £,/ 2 instead of being discharged to 0 V and
charged to full Fyp.

The DRAM is volatile, i.e. the information, the stored capacitor charge, is lost after
the supply voltage is cut, In addition, the stored charge decreases with time because of
leakage currents through both, the capacitor and the transistor. In order to guarantee a
certain charge and, thus, a corresponding minimum voltage change in the BL detectable
by the sense amplifier during the read operation, the charge of each memory capacitor
has to be_refreshed periodically. For the 256 Mb generation, the refresh time is about
64 ms [6]. [n general, by selecting a WL all the select-transistors in this row are active so
that all cells in this row (1024 or 2048, depending on organization) can be read simulta-
neously. As mentioned above, those cells are then refreshed by the necessary re-write. A
special built-in counter takes care of the refresh for those rows which are not selected by
the working program during the given refresh period.

DRAM =
MOS-FET +

The value of the cell capacitance, Cg, varies only slowly with DRAM generation
due to the same trends for the cell charge, 0, and the operating voltage, Vyp,. For the
256 Mb chip, Cs is apprThe geometrical dimensions can be approximated
very well by using the equationfot the parallel plate capacitor:

Cs=sp5;

£1,5i0.
- £ fphys and £1,5i0, =39, (1]

As :
=&persin, —  With feg=
fphys teq *

Ag is the total area of the capacitor, (defined by the surface area of the bottom electrode)

{ys 18 the physical thickness of the dielectric, and e, its relative permittivity, while ; is

t tof vaceumn. Eq. (1) alsp<efines the equivatent dielectric thickness, 1., with respect

to the relative penmttm of 8i0s, &.5102 =39, 2 th15 dielectric was usea at the begin-
i } ATt

higher effective dielectric constant,
b generation, the required capacitor
area, Ag, Wa ¢ cell area, ACA, and the cell capacitance could not be
achieved with a planar geornetry Consequently, the third dimension had to be used in
the form of trenches (see Figure 3) and later also of posts in & stacked geometry (see
Figure 4).

L oxide/nitride

dielectric

Figure 3: Example of'a 3-D capacitor: (cross
section) deep trench with oxide/nitride dielectric
g,/ T)

(a) Schematic, from [8]:

{b) Seanning electron micrograph for Toshiba/
Infineon 64 Mb chip. The design is similar in
256 Mb and 1 Gb chips with much higher aspect
ratios (height’ depth).

capacitor

Capacitor material (oxide) and geometry become
critical when reducing size

Figure 2: Schematic
representation of a
DRAM memory cell.

Da R. Waser Ed., Nanoelectronics
and information technology (Wiley-
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Problems/issues with the oxide material

\T hermionic 3 Challenges for Gb DRAM Capacitors

Injection

Band Entering the Gb era, the capacitor of the DRAM cell in the conventional design is
Conduction approaching its limits: (i} The thickness of the (Si} oxide/niiride (ON) compound layer
allows no further thinning beyond approx. 5 nm because of unacceptably high tunneling
leakage currents (see Sect. 5.Z) reducing the stored capacitor charge to too low values,
and (ii) the 3-D geometry is already very comptlicated and, hence, rather expensive due
to the high number of processing steps. Some examples of very advanced 3-D structures
are shown in Figure 3 (trench capacitor) and Figure 4 (stacked capacitor). Both have
been produced with the 250 nm technology, i.e. the minimum feature size, F, was
250 nm, which was used when this generation was introduced into the market, The
DRAM cell area, Agy, was approx, 12 F2=0.75 um® and the equivalent thickness,
foq™ 5 nm (see Eq. (1)), which corresponds to a physically thicker layer using ON die-
lectrics [9]. The challenges of the capacitor for future Gb DRAM generations will be
demonstrated with the help of a detailed description of Figure 3 and Figure 4. Some
important characteristic numbers for these capacitors will be summarized in Table 1
together with the respective ones for higher permittivity materials such as Ta,O,
{e, » 22) or (Ba,Sn)Ti0, (BST) (=,= 200).

The most impressive feature of the trench capacitors shown in Figure 3b is their
depth, more than 7 um with 250 nm width at the top tesulting in an aspect ratio (i.e.
depth/width) of near 30, Thus, the necessary capacitor area, A= 5.1 um? corresponding

Tunnel
Injection

1 Poole-
u Frenkel
=L

Ve ry thin dielectric Iaye s to a capacitance of 35 fF, can be sugplied_ The projected area of the trench capacitor in

. the cell area is only 2 F2=0.125 ym? or 16 % of A, (see Figure 5a), The reason for this

can SUffer con d uction small fraction can be realized from the schematic representation of a trench cell in

Figure 3a. The cell area has to be shared with the select transistor and the local wiring,

th rou g h seve ral effe cts the capacitor is in an offset position similar to the planar capacitors in early DRAM gen-
erations.

v Thin layers are needed to have enough capacitance with small surfaces (C~S/h)

v Thin layers are typically defective (polycrystalline!) and Poole-Frenkel or other effects can
lead to conduction

v" Search for new material with higher ¢y to increase the capacitance while keeping dimensions
unaltered
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Requirements for suitable dielectrics (oxide)

The most relevant requirements are listed for a thin film dielectric with high permittivity
to be integrated into a capacitor of a DRAM 1T-1C cell in a CMOS chip of an advanced

Ghb generation: B ST :

» Most important is a high permittivity (g, > 200) to guarantee simpler electrode i :
geometries, i.¢. low 3-D folding factor, for several DRAM chip generations. A charge M IXtu re Of Stro ntl um an d
of about 25 fC at voltages < 1 V has to be loaded to the cell capacitor. This corre- : :
sponds to a usable cell capacitance Cg > 25 fF. barl um titanates

« The material has to be homogeneously deposited as a thin film with thickness of
< 30 nm over large areas (12" wafer size). The deposition method has to ensure a
conformal coverage in order to coat 3- structures. The thermal budget should be as
ow as possible. For these reasons, the metal-organic chemical vaper deposition
jechnique is most suited for the deposition (see also Chapt. 8).

+ As the read and write times will approach 1 s, the dielectric behavior should not
show a significant dispersion up to frequencies of a few GHz.

+ Refresh times of the order of | s are desirable. Within the refresh time, the charge
loss due to polarization relaxation and leakage currents has to be smaller than 10%.

+ Long-term stability of the properties (10 years is the projected lifetime) is indispensa-
ble.

» All the processes for the dielectric material itself as well as for the electrodes-af
possibly necessary diffusion barrier and adhesion layers have to be compatible with
the CMOS process technology.

~ These requirements will be discussed in the cc- the most promising candi- Perovskite ceramics with Iarge
. date materials, BST, which is a mixed oxide nf'the ABO, type with a perovskite crystal s - : _
structure. It is derived from the ferroelectric BaTiQ,, but it does not show a ferroelectric static d IeleCtrIC constant ( 200)

hysteresis as a thin film on a Si substrate because (i} the solid solution of strontium on and negllglble ferroeleCtriCity

the barium “A” site shifts the Curie point to lower temperatures and (ii) the geometrical
confinement as a thin film on a thick Si substrate leads to the typical biaxial tensile
© giress conditions on cooling from high processing temperatures (550°C to 750°C) to

" ambient temperatures if its thermal expansion coefficient is larger than that of Si. Rather, Can be depOSited as thin film by
it behaves as incipient ferroelectric or superparaelectric film [10]. The properties of BST MO
depend on the relaiive concentration of the components, especially on the ratio of Ba -CVvD

© and Sr (the Ba:$r ratio is about 70:30 in the films discussed in this section), and on the
. conditions of deposition and recrystallization treatment. Therefore, we tepart the prop-
_ erties from only a few sources to assure comparability of the different dependences.
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Flash memories

Flash Memory
Flash Memory, the most common non-volatile, pro-

rammable memory device, uses rows and columns of

interconnaects that address each data cell. At the inter-
section of these are two transistors, which comprise the
Flash Memory cell. as shown in Fig, 3009, Each cell is
addressed by a network of interconnects, where the com-
mon connecton to the transistor sates 15 called the word
line and the comimon connection to the drain is called the
bit line. Every cell in the memory armay can be accessed
by activating a unique combination of these lines, Here,
the floating gate is linked to a word line via a second gate

that serves as a control gate. The floating gate potential
i altered @Hunllw:’m tunneling>nf electrons,
an effect that takes place when the applied bias needed
for switching is larger than the work function of the rel-

evant electrode. The electrons arrive from the column,
or bit ling, and emer the Noating gate from which they
drain to the ground. A cell sensor monitors the Qow of
electrons through the gate. A value of 1 s assigned when
the current is greater than a given threshold valve, and ()

if 1t 15 below that value. Appnmimat
are stored in the gate 1o make a 1 and 5,000 for a (). The

memory of the device derives from the very long storage
time {tens of vears) of the unneling electrons in the gate
capacitor. For the data to have a lifetime of ten yvears, the
electrons can leak ar a rate of no more than five a day.

Flash memory can only be rewritten t'
times (107 %), as electrons get permanently trapped in
the gate over time, impairing device efficiency. Memory
devices using this technology are SmanMedia, Com-

Conirol gate Control gate
Floating | Bir line Floating Word line
gare _-"""' gate ‘

£ ]

Source Dirain

Fig.30.9 Schematics diagram of a typical Flash Memory
cell

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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Field emission - also called Fowler-IMordheim tunneling - is the process whereby electrons

tunnel through a barrier in the presence of a high electric field This quantum mechanical FOWI er—NO rd h el m tu n n el i n g

tunneling process is an important mechanism for thin batriers as those in metal-semiconduictor

- . : For _voltages larger than 4 V and t,, <5 nm, the current is described b
e I RO b e Fowler-Nordheim tunneling[73—75] while direct tunneling is observed for vgzl)Z
. = P 4 oqr tages <4 V; the physical distinction between the two is illustrated by Figure 12.
We dermve of the tunnel probakdity from the time mdependent Schré dinger equation: Direct tunneling IZDyT) presents a trapezoidal bartier to tunneling with a field
5 .9 independent thickness, whereas Fowler-Nordheim tunneling (FN) presents a tri- (a)
RY dW - B angular barrier with a thickness that depends on the applied voltage. If we ignore, i3
- * > TV = for mathematical economy, the depletion of the polysilicon gate and the quantum (11 Vv IV
2m dx [3.1.44] mechanical thickness of the inversion layer, and assume that the gate voltage is iOX PNy ox
entirely dropped across the insulator, the current density in the DT regime can be e-
which can be rewritten as written as: e
A%V 2w (V- E) AF? PN e S
= b4 J= = exp[ 2N 2o § 1-gVg/$)¥2 1)t 14
a;.x2 k2 [3145] [1—(1—%VG/¢)%]2 P[ 3thG (« qve ¢) ) ox] (14) FN DT
AF5, O((1-gV6/0)* 2 ~1) 1ty
Assuming that Fyx)-F is independent of position in a section between x and x +ax this = (—(—aVor0) exp[ av, T] ,
equation can be solved welding: qv¥e
f me[V (x) - E] where A is a constant, A=42m . ¢ /3%=0.1-0.2nm is the evanescent decay
_ . : — length of the electron, F,, =V /t,, is the field in the insulator, ¢ is the barrier
W+ dx) = F(x)exp(~kdz) with & B 1z 1441 heiggi, and m,, is the et")fectivg maz:ss in the oxide bandgap. Theq)barrier height FN VS DT
The minus sign 1z chosen smce we assume the particle to move from left to nght For a slowly

and the effective mass are usually determined empirically by a fit of Eq. (14) to
varying potential the amplitude of the wave function at x = L can be related to the wave experimental data; typically for thick barriers ¢=3.1-3.2 ¢V and

function at x = 0 M4 =0.42—0.38m,, where m, is the free electron mass. For high fields gV g =9,

the familiar Fowler-Nordheim (FN) equation for tunneling is recovered from Eq.

I 2m*[V(x) ~ E] (14), but in t1'1e DT _reg-im.e the current is enhanced over the FN prediction, owing
W(L) = P(0) exp| - .[ i to the seemingly insignificant change in the barrier from triangular to
o ) pezoidal{71]. The current enhancement still shows an exponential dependence

[3.1.48]

This equation 15 referred to as @O igner, Kramers, Brilloumn) apprommation. From FIGURE 12. (a) The potential barrier in an insulating film between two electrodes for

. . . : : . — V=0, V<¢,/q; and V>¢,/q. (b) The tunneling current through a large (=100 um
this the tunne]mg probabﬂity, ©, car b€ calculated for a mangular barrier for which V(X) -E %100 um) MOS capacitor structure as a function of the applied voltage normalized by the
gdn (1-x/ I) barrier height, ¢ for ¢, = 1.5, 2, 3, and 4 nm. No accounting is made for the depletion of

" the polysilicon gate or the quantum mechanics of the inversion layer. The solid lines

result from a calculation in which interfaces are atomically smooth, while the dotted lines

X represent the same calculation assuming Gaussian roughness of 0.25 nm-rms at one

g @ (1 - E) dx interface. The dashed lines indicate the current due to Fowler-Nordheim tunneling alone
without direct tunneling. The same prefactor for the tunneling current is used for all of

[3.1.43] the calculations and it is made to be consistent with experimental data obtained from a 0 0'5 : 1' 0 15

3nm oxide. Normalized oxide voltage

[
iy
[« ]

C3hm A
- ,l'tox=4nm_

e ().

* L m*
oYY () _ | Zgwfzﬁ

¥ (0) ¥ (0)

Current Density (A/un?)

R
[N

!
1

the tunneling probabiity then becomes

4 '{2gm*¢ 32 . .
R Fowler-Nordheim: tunneling (at
3.1.50] . . .
B g | high bias) through triangular
where the electric field equals E= .

The tunneling current is obtained from the product of the carrier charge, velocity and density. b arr | er w h ose h e| g h t d e p en d S

The velocity equals the Richardson velocity, the velocity with which on average the carriers

approach the barrier while the carrier density ecuals the density of available electrons (S | | g h t | y) on th e b | as | tS el f

multiplied with the tunneling probability, Fielding:

= exp| -

Da G. Timp, Nanotechnology

- (Springer-Verlag, 1999)
http://ece-www.colorado.edu/~bart/book/msfield.htm St G N TEEE e 6/ AT S, 41m (el A o 351, 10
The tunneling current therefore depends exponentially on the barrier height to the 3/2 power.

Jy=gqvpnB




Micro vs nano comparison in the RAM/flash world

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

Charge stored in a quantum dot with possible single electron behavior
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Talle 2.1 Performance comparisen amang oowven tional ana proposed semartes fmodified affer
data from Hitechi Combridge Laboratary). For complete overview see table L in Anwex
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Examples of nanosized memories (proposed)

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

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 thre e of the transistor channel. The design
allows an intermediate between DRAM an@?ﬁﬁ%potentiaﬂy allowing higher density
than DRAM at lower power and higher operating-temperattres.

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

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 um 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 d 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.

Coulomb blockade, or, more in general, quantum
dots can be used to store the charge
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Fundamental limits in miniaturization
200 Theoretical Limits

In order to understand the theorstical limits of information storage, it is useful to place CMOS

in the context of a general purposs computation svsterm. There are three important limits, which
determine the ultimate perfonmance of such systems. These limits are the thenmal limit, the quan- M a-J or | | m ItS .
tum limit, and the power dissipation limit (see figure 2.1). The energy necessary to write a bit '

determines the thermal limit. This energy must be bigger than the average energy of the thermal

Muetnations, kKT, otharwise hit errars will occur. For CWOS, the energy necessary o write a bit is

about 10 1 (10° ¢V which corresponds to a temperature of 10K, The trend in CMOS is to \/Th erm al
decrease this energy and thereby decrease the power dissipated. The optimum value for the energy
tovwrite a bit for room temperature operation is about4 x 107 1 (2 eV, which is one hundred times \/Q uan t um
ereater than KT. . . .

The energy needed to read or write a bit and the frequency of the circuits are limited by the ‘/D| SSI p at ive

uncertainty principle, AE At = h. To prevent bit errors, the circuit cannot operate too closa to the
minimum uncertainty product. The quantum limit is then approximately given by E/f = 100 h
where E is the energy needed to write a bit and fis the clock frequency. CMOS circuils operate far

above the quantum limit but as scaling continues below 100 nm, the limit will eventually be ap-
proached as E decreases and f increases (See Table 1),

The next important limit is the power dissipation limit, determinad by the power density p =
EfnP, whera n is the device density, and P the probahility that the device switches in a clock cycle,
typically P~ 0.1, The maximum tolerable power density is about 100 Wiem?. This means that the
enargy, the frequency, and the packing density are limited by Efn~ 100 W/om®, Athigh frequency,
a high device density is desirable, and therefore a low energy per bitis desrable. CMOS circuits
operate near the power dissipation limit. These three limits can be sumimarisad in an energy - delay
diagram as shown in figure 2.1.

Room |lemperature

8.
See R, Campario et al. il Single electronics 1l
MEL-ARI EC Project @ s n=10
Technol. Rodmap 1999 - - x
g 10 n_J
=

Figure 2.1:- An energy - delay diagram jor single eleclronics. Room lemperalure operalion can lu 13
aaly be achfeved o e right of the lae labelled room temperaiure. The lower tefi-hand
corner of the diggram (s ingdccessible due to guanium fuctvalions and the Tower righi-haag
corner of the diggram &5 ingecessible due to dissipation. The dissipation imil s represenled
by fhree Nnes, each corresponding {o a differeat device deasity, n. The curreal trends In 1["1 s
CMOS and single elecironics are Indicaled (8 e digeram [Hadley 19967, I I I |

102 o2 101 10-17 1o-1s 10-12

Energy (J)
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Ninn-vnlatile RAM with ferrnelectric materjals

Ferroelectric properties

Ferroelectrics are a class of material with polarisation dipoles that can
be re-orientational by a sufficiently strong external electric field. Polarisation is
defined as the charge per unit area on a plane orthogonal to the direction of
the polarisation vector and has units of Cm™. The magnitude and orientation Ferroe|ectricity allows
of the polarisation vector, P, is dependant on the magnitude and orientation . :
of the electric field E and the crystal structure of the sample being poled. mformaﬂqn (Charge)
Hysteresis arises from the energy required to reverse the dipole, as positive storing without an
and negatively polarised dipoles have the same energy. Energy dissipated applied field
during polarisation reversal is equivalent to the area of the loop. Figure 1
shows the relationship of P against E.

PSE[ - ﬂ

-F"-'
-

Polarisation vs field
for an unpoled

ferroelectric. - New materials

E=V/d c - New thin film techniques
il

Thin films!!

“Switchable and
permanent”

Figure 1 Ferroelectric polarisatiglq l%rdﬁat'on
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Ferroelectric ceramics (e.g., PZT)

Il piu semplice tipo di prototipo ferroelettrico & la struttura centrosimmetrica

perovskitica, caratteristica, per esempio, del PbTiO3. Esso presenta una transizione Ceramlc OdeeS (Or OX'de
alla fase ferroelettrica (che avviene in modo discontinuo) alla temperatura i 20 1 I I
(e o disconiinuo) allsteniperat @ mixtures) with perovskite structure

con una deformazione della struttura da perovskitica a tetragonale. La fase polare e
stata ricondotta allo spostamento dello ione Ti%t verso uno degli atomi di ossigeno,

disposti ottaedricamente attorno ad esso (Fig. 1.8).

Topography Folarization image
m Rcos8

1w

FLT withx =020 V.. =1%V, o=60 kHz

Figura 1.8: Deformazione della struttura del titanato di piombo da perovskitica a

tetragonale. Da [18].

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

displacement in a quasi-ionic crystal

See http://lwww.df.unipi.it/
gruppi/struttura/ma/page.htm Fisica delle Nanotecnologie 2004/5 - ver. 4 - parte 4 - pag. 15



Molecular ferroelectrics (e.g., TGS,...)

TriGlycine Sulfate (TGS)

The crystals of TGS you are given have been grown from an aqueous solution by slow evaporation.
The solubility curve that makes this possible is shown in Figure 1. The morphology of the crystals is
shown in Figure 2. The crystal structure is complex and of fairly low symmetry (monoclinic). The
mechanism by which the spontaneous dipole moment is cr i d is nat yet fully
understood. However, crudely speaking, the glycine molecule [ in Figure 3 on average lies on a

plane of mirror symmetry in the structure a d there is no n9|#' iole moment. We say the

structure is “centrosymmetric” in its high-temperature phase. Fo the other hand, the
nitrogen atoms in the glycine molecules are found to be displaced to the left (or right) of the mirror
plane, along the polar axis b._Thus a dipole moment is set up in each unit cell. The co-operative
displacement of all such nitrogen ions in the sample thus produces a macroscopic dipole moment i
much the same way that unpaired spins co-operatively align to create a magnetic moment in e.g.
iromn.

Struttura monoclina

T' o

W %@ Glia

EFM images of ferroelectric domains

VoA

P> | In TGS films at increasing
O oo temperatures
O e fonere H, NCH,CO,H

@ Oy gen
(a) (b)

Figure 3. View along the c-axis of the structure of TGS (after Hoshino, Okaya and Pepinsky,
1959; Itoh and Mitsui 1973) showing the three glycine groups I, IT, and III. The suplhate ions are

shown as tetrahedral. m and m” are mirror planes in the high temperature phase.

<2000 () el Uil LAte 111 (AL Fisica delle Nanotecnologie 2004/5 - ver. 4 - parte 4 - pag. 16



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)

Fisica delle Nanotecnologie 2004/5 - ver. 4 - parte 4 - pag. 17



Nanostructured materials with giant magnetoresistance

Magnetoresistive materials: electrical resistance depends on applied magnetic field

MAGNET e

nonwrenerowem. | «—— Layered structures (alternate magnetic non

MAGNET g magnetic layers), or nanosized domain
NON MAGNETIC METAL dispersion, or mixed systems
(a}
o @ D /Magneto istenza due to the sensitivity on
M50 magpnetic field of the electronic scattering
o ®o ® e Drude) associated with magnetic
= polarization of layers or nanoparticles

Ag O—Co nanoparticles

eSS Dispersed nanodomains (size ~ A g of
Ag O o nanoparticles Chal’ge Cal’l’lel’S)

NFe ==

” enhance magnetoresistance

Figure 7.15. Three arrangements for producing colossal magnetoresistance: (a) Ilayers (
nonmagnetic material alternating with oppositely magnetized (arrows) ferromagneug layen
(b} randomiy oriented ferromagnetic cobalt nanoparticles {large circles] in a nonmagnetic coppé
mairix {small circles); (c) hybrid system consisting of cobalt nanoparticies in a silver (Ag) malri
i i i i i i ing magnetization
sandwiched between nickelHron (NiFe} magnhetic iayers, with alternating mag Poole, Owens, Introd. to nanotechnology

indicated by arrows. (wiley, 2003)
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i‘ NiFe (free layer)

AlzOa (tunneling barrier)
CoFe (fixed layer)
Ru (for AFM coupling)

: CoFe (pinned layer)

i

Magnetic Field (Oe}

Figure 1: Resistance area product vs. external
magnetic lield of TMR stacks. The AFM layer pins
the magnetization of the lowermost Col'e layer
(pinned laver). The pinned layer is strongly antifer-
romagnetically coupled to the second CoFe layer
(fived daver) through a non-magnetic Ru layer
(red). On top of the Al,Or, tunnelling barricr there
is a NiFe layer that can be switched relatively eas-

ily. The magnetic lgy«rSshow athekness of'2 o
6 nm. the Ru layedof (0.7 to (0.9 nmn.
() Characteristics of threThBaratenal

(10 x 10 pm? bit).
(b} Characteristics of a 0.6 x 1.2 pm” TMR device,

Proposal of Magnetic RAM (MRAM)

bit line current

produces easy axis

field
B s

: chigit fine current [ :
praduces bard g "+‘
axis ficld

without with
: digit line digit line
Isolation current current

\' Transistor
“QFF”

Small sense
current flows

Figure 2: TMR bit stack placed at the crossing point of a bit line ' " through bit

and a digit line. The magnetic moment of the fixed layer (blue)
does not move in the applied field while the free layer (green) can
be switched between two states.

(2) Single MRAM cell in “Write” Mode. Current in the bottom Isolation
conductor (digit line) provides a ficld in the hard axis direction ‘— Transistor
leading to a titling of fres layer magnetization, as shown in the 2 ON”. '

inset, This hard axis field lowers the easy axis fiald, provided by
the top conductor (bit line), required to switch the bit. Only the bit
in the array that experiences both hard and easy axis fields will
switch. The isolation transistor is turned off during the write oper-
ation, Inset; Without a digit line current, the magnetization (red
and blue arrows) is along the long axis of the restangular shaped
free layer (green), while a digit line current leads to a tilting of the
magnetization directions which assists the switching procedure.
{b) $ingle MRAM cell in “Read” Mode. The top conductor is in
contact with the top electrode of the TMR device. When the isola-
tion transistor is turned on, 2 small sense current may flow fiom
the top conducter, through the bit, and to ground.

Reading exploits magnetoresistance
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Perspectives in mass storage (hard-disks)
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Figure 8

{a) Longitudinal magnetic recording. (b) Type | perpendicular recording, using a probe head and a soft underlayer in the medim. {c) Type 2

perpendicular recording, using a ring head and no soft underlayer.

Thompson, Best, IBM J Res Dev (2000)

Isolated domains dispersed
In a matrix (magnetic grains
— ferrous alloy, or NiCr, Co -
Islands)

Miniaturization -> surface density
Increase of domains

1l

Magnetic nanodomains

e *m,.:n

"“m?; i mm

Wﬂﬂﬁf

Figure 1: Magnetic force micrograph (MFM) of
recorded bit patterns. Track width is 350 nm. The
tracks are written at a frequency (linear bit density)
slightly lower than used in the actual HDDs and
every second track is skipped in order to give a
clearer image.
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Areal density (Mhiin )

Mechanical issues

Good S/N ratios in reading
achieved only for

(K1

nanometer head/disk
.l N distance
Overcoat requirements Material requirements
i Reduce corrosion + Dense pinhole
Reduce friction free film
Reduce stiction * High hardness
L Reduce wear and E modulus
. i Magnetically inert Eliminate surface
| 10 1 0t 1 1 Ther‘mal roughness
s management Enhance surface
Electrical isolation chemisiny
lube
{ *;-— ta-C
Waqnetlc film
~  substrate
Overcoating technology highly demanding
Thin-Film Disk AV —
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Superparamagnetic materials |

Hard-disk magnetic materials evolved
from sprayed tapes to 1000
superparamagnetic nanoparticles
(materials with poor hysteresis and
large remnant polarization)

Paramagnetic limit

Contact recording

»

S
(o}
=)
. =
‘H—-"H
7]
)
*
aa)
<
2

Data Storage Densi

=
@
=
o)
-
3

1990 2000 2010

MAGNETIZATION (emu/g)
|
- o
I T
1 |

L. powders of FegNigCO, having grain sizes of 1015 nm prepared by decom-
lition of solutions of Fe(CO)s, Ni(CO),, and Co(NO)(Co0), in the hydrocarbon
t decalin (CyoH,g) under an inert-gas atmosphere showed almost no hysteresis

s
T T T
|

ak 2]

—Ala e b v b e L g b s by
-1500 1000 -500 o] 500 1000 1500

MAGNETIC FIELD (Oersteds)

kure 7.4, Reversible magnetization curve for nanosized powders of a Ni-Fe—Co alloy that POOIe’ Owens, Introd. to nanOteChnOIOgy

thbits no hysteresis. An oersted corresponds to 10~ T (tesla). [Adapted from K. Shafi et al. (wiley, 2003)
Mater. Fies. 15, 332 {2000} ]
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Superparamagnetic materials Il

73 Self-Organized Particle Media

Recently, a new recording material approach based of self-assembling FePt nanoparti-
cles has been reported [19]. The nanoparticles are chemica ! e n
the insert of Figure 24 by the reduction of platinum acetylacetonate and decomposition

of iron pentacarbonyl. Their size and composition can be precisely controlled. When the

particles are spread out on a substrate the carrier solvent can evaporate and the particles
self-assemble into an ordered lattice with controlled spacing as is demonstrated by the
micrograph in Figure 24. An annealing proce sfers the internal particle structure
into a chemically ordered face-centered tetragonal phase wher magnetic nanoc-
rystals are formed. The annealed nanocrystal assemblies are smooth ferromagners
which can be considered as recording medium. The particle size is tunable from 3 to
10 nm with a standard deviation below 5 %. Compared 1o standard recording media the
grain size distribution is very narrow. Therefore the number of grains per bit could be

significantly reduced and eptimized ferromagnetic nanocrystal superlattices can be con-

sidered as potential future storage media.

Self-organization of nanoparticles by
(metallorganic) chemistry methods to
enhance surface density
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Figure 24: TEM micrograph of self assembled
FePt nanoparticles (bottom). The schematic illus-
trates the fabrication roots for this self-assembled
material (top) [19].



1 The superparamagnetic limit

095:_ - Consider the simplest sort of permanent magnet particle. It is uniformly

T magnetized and has an anisotropy that forces the magnetization to lie in
i either direction along a preferred axis. The energy of the particle is

09+ L

proportional to sin?, where is the anglethat the magnetization makes to the
preferred axis of orientation At absolute zerothe 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

0.85

REMANENT MAGNETIZATION (Tes'a)

[ . tens of gigahertz, but settles back to one of the energy minima as the

e - oscillation dies out. If the temperature is raised above absolute zero, the
magnetization direction fluctuates randomly at its resonant frequency with an

075

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
o F s N exceeding the energy barrier that exists at = +90°. Thus, given the ratio of the
7090 20 a0 20 50 60\ 70 80 20 100 : equency and the damping
factor (due to coupling with the physical environment), one can compute the
:::gtuforer; ?hen;?:;gf:%? %mr;nn:g::ﬁ:;:ﬁn: i &a?éciﬁ:'f;ui ‘:\'ﬁ‘?g average tlmc_a between random reversqls. Thts Is an extremely strong function
90-nm grain size. {Adapted f_rom xManaf ot al., J. Magn. Magh, Mater, 101, 360 (19« Of particle size. A factor of 2 change in particle diameter can change the

R i larizati reversal time from 100 years to 100 nanoseconds. For the former case, we
emnant polarization INCreases onsider the particle to be stable. For the latter, it is a permanent magnet in

as size decreases, but only a philosophic sense; macroscopically, we observe the assembly of

“ . d " particles to have no magnetic remanence and a small permeability, even
associate energy” decreases though at any instant each particle is fully magnetized in some direction.

as well /'
ﬂ Present “theo” density

Superparamagnetic limit ~ 25 Gb/cm?

Actual max density
~ 5 Gb/cm?
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Magneto-optical methods

2 Principle of Magneto-Optical Data Storage

The thermomagnetic writing process used in the MO media is shown in Figure 1. A (a)
magnetic layer, which is homogencously magnetized in one direction perpendicular to reflectes
the surface, is heated by the laser pulse to a sufficiently high temperature where the qeaTr

coercivity £, of the magnetic layer becomes smaller than a simultaneously applied bias
tield H,,. By this process a small domain is crealed whose magnotization is opposite to
the original magnetization direction. As a result small bubble domains with magnetiza-
tion down are formed in an environment with magnetization up. The two different mag-
netizations can be attributed to the binary numbers 1 or .

For read-out, the laser is operated with a sufficiently low power so that it does not (b)
change the domain structure. The polarization of cicd light is then intluence

incident beann

the magnetizations of the different domains ue to the magneto-optical Kerr effect MRk lose:
{MOKE). When linearly polarized light is reflec : y i izad signal
M perpendicular to the surface the polarization becomes elliptical with a small tilt (Kerr ’]\ - loser ceam
rotation) th < 0.5 degree, which is proportionai to the magnetization (Polar Kerr effect, T
Figure 24). In particular, = £, is obtained for opposite magnetization directions. By ey = bean
spifter
elecironic lilA :
laser puise poivcarbonat cortral | lf"—“—\\l objective
: substrate (1.2 mm)| Y —" lons
' EETEXT TR
WO megium  —
rotation —fee Sit (110 nmy)
substra! MO layer (25 nmj _
7 : Figure 2: Read-out by the magneto-optical
: ' SiN (50 nm) Kerr effect (MOKE),
ﬁ‘[\f ﬁﬁﬁﬁ w ﬁﬁ Jj,@ ?ﬂ MO-Lay (a) Lincar and clliptical polarization of the
e i — incident and the reflected beam. respec-
‘.X tively,
‘-\\ l bl Seid: (b) Optical paths and electronic control of
magnetization profective layer (—10 um) the optical write and read head.

Light polarization is used
g R for reading (possible

i : - improvements of S/N
Space resolution affected by optical diffraction Imp )
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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

Label
Acrylic

www.howstuffworks.com

Aluminum ﬂ"l _--J — r zu.u microns
125 nm -‘"| I i} '-q'_ | 2 mm /i microns
Polycarbonate plastic ; Ly 2 f0.5 microns

22000 How Stuff Works 2000 How STl Works

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 Sprning GO

Optics involved only in reading
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Optical writing in CD-WORM

The physical structure of a writable CD differs from that of a CO-ROM. Awritable CDis molded
from polycarbonate too, butwithout pits. Like a long-playing phonograph record, a writable CD
has a smooth spiral groove running over most of its surface. This groove, molded into the top
side ofthe polycarbonate substrate, serves to guide the powerful laser beam that does the
writing.
When you write data to a CD-RE, the writing laser (which is much more powerful than the
reading laser) heats up the dve laver and changes its transparency. The change in thg

tye creates the equivalent of a non-reflective bump. Thisdsa permanent change, and
both CO and CO-R drives can read the modified dye as a bump :
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

Infoguard™ durability overcoat

J'" Gold reflective layer
I Dye layer

A ,,x":h"“[]:is:: substrate
", A~
\I‘ -

Label side up

Organic dyve-in-polymer (DIP) medium for write-once-read-many { WORM)
optical discs

Abstract

A dye containing solution composition for use in forming optical recording media comprises
about 0.1 to about 5 parts cyanine dye; about 0.1 to about 5 parts polyvinyl acetate resin and
about 100 to about 90 parts co-solvents. The dye containing solution is applied to a
substrate of an optical recording medium by a spin coating process to form a recording layer
having a uniform thickness. The resultant optical recording medium is suitable for reading
and writing with a laser beam.

www.kodak.com

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

so favoring writing
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Phase changing materials | (CD-RW)

Phase change recording [1] is basé st
regions of an active layer between the crystalline and-amorphous state (Figure 1). The
crystaliine film is heated rapidly by a focussed laser beam and melts locally. After the
laser beam is turned off, the film is cooled rapidly (cooling rate > 10° K/s). This leads to
a drastic reduction of atomic mobility which is negligible at room temperature. Hence

the atoms do not return to the stable, crystalline state but are trapped in a metastable,  Vear Composition

amorphous state. Figure 2 shows the result of a structure investigation of the crystalling 1971 Te-Ge-Sb-S

and amﬂrphﬁus state [2]1 1974 Te-Ge-Ag

~ While a majority of materials can be amorphized by a short, intense laser pulse only 1983 Te-Ge-Sn-O

few materials show a very pronounced difference in optical properties between the  oss Te-Sn-Se, Ge-Se-Ga

amorphous and crystalline state. This is depicted in Figure 3. Since the optical proper-  |og6 Te-Ge-Sn-Au, Sb.Se. In-Se. GieTe, Bi-Se-Sh. Pd-Te-Ge-8n

ties of the amorphous and crystalline state differ significantly (see Figure 3), different

material states can be detected by a weak laser beam. o Sete g ey (Sea5a s, GeSbalea), fioSe ThCo
1988 In-Sh-Te, In,ShTe,
1989 GeTe-Sh,Te;-Sb, Ge-Sb-Te-Pd, Ge-Sh-Te-Co, Sb,Te,-Bi,Se,
1991 Ag-In-Sb-Te
g (a) (b) (c) (d) Table 2: History of materials development for phase chanee media.
B Tn
e Figure 1: Principle of data storage with phase
i = change media: To write & bit, the ¢rystalline layer
& 2 is lacaily molten. Recrystallization is prevented
E; % —l_ | by the very high cooling rate (10° K/s), ‘freezing’
o A " - the disorder of the melt, which leads to an amor-
write read  erase ti—mihase cT:'é:;: . phous region, The amorphous and the crystalline
— _ Ry e layer E : areas have rather different optical properties,

leading to a difference in reflectance ((b) and
(d)}. By a laser beam of intermediate intensity
the amorphous region is heated above the glass
fhjeieling ‘amarphous transition temperature, so that recrystallization
can take place and the bit is erased (¢).

substrate
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Phase changing materials Il
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Figure iffractiun apeiu o0 08 10 15 20 25 30 35 40 45 50 65 60
of a thin film of phase change material

{Ge,Sb,Te;) after deposition (amor- 8-
phous} and after heating to 200°C
(crystalline).

Extinction coefficient k
T

Phase changing materials exist

with remarkable dependence of %0 o5 10 18 20 25 35 35 49 48 50 85 60
reflectivity on the phase Energy [eV]
(cryst/amorph)
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Fundamental limits in optical systems

DVD

DVR

A (nm) 780
NA 0.45
Capacity (GB)0.65

400 nanometers

~
‘| Parameter IIZ:I:II] DvD 4 G eneration
% (nmyj 750 B0 400
HA 0.45 0.50 0.85-1.5
Track pitch (pmj 16 0.74 0.3-015
Velocity (ms1) 1.2 40 3-25 [
Substrate thickness (mmj) 1.2 0.5 1.2-2
Spot size A2HA (pm) 0.4 055 0.250.13
Capacity (GB) 065 47 100
1 M

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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Technological limits in optical systems

At present, diode lasers are not available with A
<400 nm (material/device problem, we will see,

perspectives are to reach ~ 350 nm)

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

Greater NA means shorter focal lengths

1

The objective is practically in contact with disk

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

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

Density ( Gbit / inch2)

A.C. Ferrari,
Cambridge University

L
\

100

DVR 22 GB

=
o

Hard disk

l 1 L 1 L I g 1 1 1 1 I 1 1 1 1
1995 2000 2005 2010

Year

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.)
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Photopolymers |

5 Photoaddressable Polymers

5.1 TIntroduction

Polymers are perfect materials for a diversity of applications. Due to their macremolecu-
lar architecture there is an enormous variety to modify and control the synthesis of poly-
mers. Thus, they can be tailored to even quite difficult demands. Since a whole industry
deals with the processing of polymers, efficient production lines have been developed
for almost every polymer. Not only the molecular composition, but also the cost of poly-
mers has been optimized. Now these materials can be considered even for highly sophis-
ticated applications, as optical and holographic data storage.

Looking at the development of optical media, it is obvious that polymeric materials
play a major role for the compact dise (CD): Important for the success of the CD-ROM
and CD-AUDIO was the development of a specific polymer — polycarbonate —~ which
serves as substrate material ing the digital information in the form of tiny pits. In
the ROM _the-rrforation is imprinted during production and caf e

1 photopolymers the optical information is stored by changing the optical preper-
ties of the material by a light-induced polymerization or a ring opening reaction. These
materials turned out to be the most suitable holographic media for write-gnce-read-many
(WORM) applications [66]. Since especially the optical requirements for holographic
data storage are very stringent, there are some drawhackes-tir frrdte tréraduction of
hose polymers into mass production. So far, ti€ shrinkage during illumination is thg
most Severs problem for photopelymers.

As far as rewniabic-heleg age is shoterefractive crystals like
iron-doped lithium niobate (LiNbO,) are mostly used for rewritable (R/W) laboratory
demonstrations [67]. In the following chapter, a polymeric class of materials, the so-
called photoaddressable polymers [68] - [72] and the results of holographic measure-
ments with these materials will be presented, These polymers show no shrinkage effects
and react in a reversible way—tothe iliurmmation of light and are therefore able to meet
the requirements for R@-’ holographic data storage.>

In principle, all materiats-thatreact to-fight With a change of specific properties can
be described as photoaddressable polymers. Since the change of material properties is
the basic condition for storing information in 2 material, we have to deal with a reversi-
ble modification in order to fulfill the requirements of an R/W material. In the following

section the name photoaddressable polymer (PAP) is used as a synonym for a class of
polymers with_azo dyes as reversible antennae for the incident light. Those PAPs are

bagically azobenzene-containing side-group polymers. The aim of this chapter is to give
an overview of the optical and photophysical properties of those polymers.

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

Holographic storage (and near field)

hv

f—
b, KT

trans azobenzene cis azobenzene

Figure 21: Trans-cis isomerization of azoben-

52 Photochemistry@f Azobenzene
The photophysical reactions of azebenzene have been well studied. [t can be demon-

strated that due to controlled light-induced reactions of azo chromophores, properties of
the whole system incorporating the dye can be modified. Those properties include for
example viscosity, solubility, mechanical parameters, bioactivity, and optical constants
[73]. Additionally azobenzene molecules can be used as a probe for their molecular sur-
roundings. In this way a detailed study of polymeric parameters can be performed by
monitoring the photochemical behavior of the azo dyes. The success of azo dyes in all
these applications can be explained by detailed knowledge-ot-t eir light-induced photo-
reactions; Azobenzene chromophores exist in the rodlike long
shaped trans form and the bent cis configuration. The isomerization can be induced by
light in both directions, from trans to cis and from cis to trans, whereas the cis-isomer
can also underso a thermal back relaxation to the thermodynamically more stahle trans-

isomer (Figure 21).

A look at a typical absorption spectrum (Figure 22) of unsubstituted azo chromo-
phores (Figure 21) shows two absorption bands: The so-called wn* band with a maxi-
mum absorbance at Ay, h and the so-called nw* band with Ay, The
spectral position of the absorption maximum of the 7w* band can be shifted by chemical
modification of the dye, namely by the replacement of donor/acceptor substituents.
Those substituents do not influence the spectral position of the nw™ band. The isomeri-
zation cycles have a distinct influence on absomtion and optical index, which can be
used for data recording,

The absorption bands define the laser wavelength needed: Azo-dyes undergo they
isomerization cycles by illumination with light of wavelengths from the UV to the
green/yellow range of the optical spectrum. ‘
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Photopolymers Il

5.3 Azobenzene-Containing Polymers
There are three ways to incorporate chromophores into a polymer;

* In guest-host-systems chromophore guests are doped into a polymeric host. In these
systems the chromophore concentration cannot exceed a specific value, because
highly concentrated chromophores terd to phase separation and erystallization.

* This disadvantage can be aveided by attaching the chromophores to the backbone as
+ Or the chromophores are fixed as part of the main chain.

The first investigations of the isomerization kinetics of azo chromophores in polymers
were performed in 1972 [74] and mainly focused on spectroscopic measurements
{75] - [78]. Those experiments can be summarized by the experimental observation that
the isemerization of azo dyes in a polymeric environment is possible, even at tempera-
fures below the glass transition temperature. This result applies to side chain as well as
0 main chain polymers.

Since the isomerization results in a change of the molecular shape of the azo
chromophores, as described above, there is a specific demand for free volume to enable

this reaction®. In solution this free volume condition is fulfilled, In polymers, however,
there might be some sterica] constraints due to the inhomogeneous free volume distribu-

fion. For some chromophores there are local environments with large free volume,

where the isomerization can be performed in a similar way as in solution. But there are

§so configurations where the free volume is not sufficient for the isomerization of the
es. Therefore strong deviations of the photochemical reactions in polymers oceur, if

g;mared to the reactions in a solution.

#; However, experiments performed in polymeric systems demonstrate that azo dyes

e able to undergo isomerization reactions in this environment.
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Figure 22: Absorption spectrum of
unsubstituted azobenzene in solution.

;5 Photoaddressable Polymers for Optical Storage

iﬂ'he motivatian of the development of polymers following the scheme of Figure 23 can
¥e summarized as follows:

5 The dye acts as an antenna for the incident light. In order to optimize the response to
i light, adequate dye systems must be used. Azo dyes are the perfect chromophores for
 this purpose because of their well-known photochemistry.

 Itis the task of the mesogenic groups to stabilize and to amplify the reorientation of
. the chromophores. The physical reason for this can be explained by the intrinsic ten-
{ dency of the mesogens 1o spontanecusly organize in domains.

o
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Photopolymers can be engineered to
Improve their properties (e.g., to limit the
topography changes upon irradiation)
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Photopolymers and near-field (an introduction)
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chain via six hexamethylene spacers.

Material engineering

the spacer length is adjusted to obtain both stability of the azo-molecules
configurations in the polymer and a liquid crystaline phase, particularly ap-
preciated for holographic high density data storage (see next section). As a
result, the glass transition temperature of the resulting compounds ranges
into the interval 30°C-100°C.

The rate of thermal isomerization from cis to trans configuration is neg-
ligible with respect to the rate of photo-activated transitions. In order to
achieve light-driven complete frans-cis-frans somerization cycles, research
iz oriented towards materials presenting frans-fo-cis absorption band super-
impose to cis-to-trans absorption band. Following the classification intro-

duced by Rau [117], these materials are the so called pseudostilbenes, ie.,
azobenzene-based polymers containing electron-donor and electron-aceeptor
substituents connected to the azobenzene groups. Pseudostilbenes have a
m—=" band practically superimposed to n—7* band allowing light-induced
excitation from trans-to-cis and cis-fo-frans using the same light source.

ematic of the azo-polymer we used for near-field lithogra-

Near-field illumination has already been used for pure optical lithography
on PMA4 samples [132]. This technique has provided (see also next section)
sub-wavelength resolution. The best resolution achieved in this process until
now is of 120 nm [132]. The application of near-field microscopy (SNOM) in
pure-optical lithography on azo-based polymers leads to estimated potential
storage density of at least 1 Ghit fem”.

PMA4 s polymethacrylate {FMA) containing 3-methyl-4'-
—mZobenzene unit connected at the 4-position of the main polymer

Photopolymers can be envisioned as

suitable materials for near-field optical

writing (we will see more!)

Write mechanism

Since the pioneering work by Todorov et al. [121], azobenzene containing
polvmers have been largely studied as materials for high density data stor-
age. Due to the rod-like shape of the azobenzene frans isomer, in the light
driven isomerization, the transition momentum of frans-cis isomerization
has its maximum when the molecule is ariented along the light polarization
direction. Thus, complete trans-cis-trans isomerization cycles driven by il-
lumination with linearly polarized light vields to a statistical orientation of
the azo-moieties perpendicularly to the light polarization direction.

The orientation of azo-moieties perpendi r to the lig

\ ght polarization
direction results into th 'n-
side the polymeric compound a5 fas beerstmdied—osing attenuated total
reflection (ATR) [42]. As a consequence, a modification of the properties
of azo-containing polymers occurs under illumination. This phenomenon
has suggested azo-based polymers as material for holographic data stor-

Birefringence patterns dre
written well below the glass transition temperature of the polymeric com-

pound and are stable for months. Nevertheless the written data may be
erased by heating the sample above its glass transition temperature (T}) or
by exposure to a single circularly polarized light beam that destroys the or-
der among the azo-molecules [125]. The writing process is not energetically

Antonio Ambrosio, PhD Thesis Appl. Phys., Pisa 2005 (unpublished)
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A nanotechnological perforated card: the “millipede”

2D cantilever array chip Multiplex drive

Polymer storage media

on x/y/z scanner e

o

Figure 1: “Millipede™ concept.
Reproduced with permission (rom [23 |{a).
1999 IEEE,

2 The Millipede Concept

The 2D AFM cantilever array storage technique [93, {10] called “Millipede” is illus-
trated in Figure 1. It is based on a mechanical parallel x/y scanning of either the entire
cantilever array chip or the storage medium. In addition, a feedback-controlled
z-approaching and -leveling scheme brings the entire cantilever array chip into contact
with the storage medium. This tip-medium contact is maintained and controlled while
x/y scanning is performed for wtitefread. It is important to note that the Millipede
approach is not based on individual z-feedback for each cantilever; rather, it uses a feed-
back control for the entire chip, which greatly simplifies the system. However, this
requires stringent control and uniformity of tip height and cantilever bending. Chip
approach and leveling make use of four integrated approaching cantilever sensors in the
corners of the array chip to control the approach of the chip to the sterage medium, Sig-
nals from three sensors (the fourth being a spare) provide feedback signals to adjust
three magnetic z-actuators unti} the three approaching sensors are in contact with the
medium. The three sensors with the individual feedback loep maintain the chip leveled
and in contact with the surface while x/y scanning is performed for write/read opera-
tions. The system is thus leveled in a manner similar to an antivibration air table. This
basic concept of the entire chip approach/leveling has been tested and demonstrated for
the first time by parallel imaging with a 5 x 5 array chip [11]. These parallel imaging
results have shown that all 25 cantilever tips have approached the substrate within less
than 1 pm of z-actuation. This promising result has led us to believe that chips with a
tip-apex height control of less than 500 nm are feasible, This stringent requirement for
tip-apex uniformity over the entire chip is a consequence of the uniform force needed to
minimize or eliminate tip and medium wear due to large force variations resuiting from
large tip-height nonuniformities [4].

Figure 2:

(a) Earlier storage medium consisting of a bulk
polycarbonate layer,

{b) New storage medium for smaller bit sizes,
consisting ol a thin writable PMMA layer on
top of Si substrate separated by a cross-linked
film of photoresist.

cross-linked
hard-baked
photoresist

From [ 3], reproduced with permission.

Nanotechnology can be proposed to use old and

traditional methods in

a new, advanced context

Pitch 120 nm

(a)

R ey
Variable pitch

(b)

figure 3: Series of 40-nm data bits formed
n an uniform array with

a) 120-nm pitch and

b) variable pitch (> 40 nm), resulting in bit
real densities of up to 400 Gb/ineh?,
mages obtained with a thermal readback
zchnique.

\dapted from [13], with permission.
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Conclusions

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

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

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

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