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Abstract

Scanning probe methods, based on micro-electromaziag MEMS) devices, have been employed to stae ct

ultrahigh densities (>Thit/sq.in) with low powernsumption. The use of microscopic conductive tiamtact with

phase-change materials (PCM) is one such approdiththe aim to record data as amorphous or cryséatharks on a
sample medium down to the nanometer scale. ThesiEaions rely on the reversible phase transipooperty of PCM

between amorphous and (poly)crystalline state.iMgritlata is a complex process which involves eladrthermal and
phase-transition phenomena that determine the fiiz@ and shape of the written mark. Reading iedam the

detection of the large difference between eledtramnductivities of the two states of the phasengeamedium.

Towards a better understanding of these processeserical models, based on finite element meth&&W), have

been developed to simulate and analyze such ansy$tee objective of this paper is to present anhigeal study based
on computational calculations, in order to prethet spatial distribution of amorphization duringtimg and derive the
basic waveform of the read-back signal.
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1. Introduction an amorphous background ([3],[4]). In this study, we
analyze and investigate the case of writing amorpmoarks

In recent years, techniques like scanning probén a PCM surface, that has experimentally verifigod
microscopy (SPM) and atomic force microscopy (AFM)reported in [5]. The temperature distribution proed by
have been widely investigated and experimented iiowe  Joule heating, in addition to thermodynamic prapsrof the
scientific areas. Applications based on Micro-Hect coupled materials, determines the final size argbstof the
Mechanichal Systems (MEMS) combined with scanningecorded mark.
probe techniques that make use of nanometer spajeést an Readoperation is based on sensing the large difference
emerging technology for developing data storagdesys in electrical conductivity between the two statesapplying
and micro-sensor based applications. MEMS have beem low' amplitude voltage relative terite process, to avoid
identified as one of the most promising tools, base the recrystallization. The basic characteristics of thad-back
fabrication of micro/nano-integrated devices, thambine  waveform, duringead are mainly determined by the marks'

mechanical and electronic components, in orderetuse,
control and manipulate matter at nanoscale. Scgnmiobe
methods are mainly used for measuring a physiacgbeaty
or for manipulating and modifying a sample materi&lith
such techniques, we have the capability not onljwrite'
data on the sample, but also to 'read' the preliaiered
information [1].

size and the tip-medium electrical contact arBaad is
usually performed by scanning the surface with astzont
velocity relative to the medium. The scanning vislomay
also exhibit random fluctuation due to externatutisances.
Signal processing of the read-back signal can leal uis
applications to estimate the motion dynamics bystey a
known data pattern, previously stored in the PCMiored

Nowadays, phase-change materials (PCM) that employ The objective of this work is to theoretically intigate
chalcogenide alloys, such @eSbTe/AginSbTeye used to and to explore by accurate simulations the mechanisf
store data in optical storage systems and nonikokdlid-  write/read operations in a scanning probe recording system,
state memory applications [2], relying on the reilde based on phase-change materials. For this purpase,
transition property of PCM between amorphous andlimensional analytical models have been developeskd
crystalline state via joule heating. The use of PCMon finite element methods (FEM) and numerical atgors

technology has made rapid progress in a very gfwoitd of
time, surpassing other competing technologies imgeof
scaling, retention, endurance and performance. rRigce
scanning-probe techniques using a conductive tigoimact
with a phase-change film have also been developesttyd
data, as amorphous or crystalline “marks'. Infoionais
stored across a track as a sequence of ‘mark'remchark’
corresponding to the basic information unit ‘0’ dr,
respectively.

to simulate the electrical, thermal and phase fiians
dynamics of such a system. Results from the writmaglel
are used to predict the spatial distribution of éneorphous
phase inside the PCM layer that eventually detezmithe
density of the stored data in the medium. On therdtland,
the reading model provides information about theidform
of the read-back pulse obtained by sensing an amogp
mark. In this content, it is examined how geometid
structural parameters, such as the size of thenéigium

Storing information on a PCM surface is a complexcontact area and/or the size of the mark, affeet lihsic
process. Storing (usually referredvaiste) operation couples characteristics of the read-back signal. Scanniakpcity

complex electrical, thermal and phase transitioanpimena
that determine the bounds of the transformed redgitiere

and sampling rate are the two basic factors thacafhe
read-back signal resolution, and they are alsoyagdlin

are two alternative writing options: writing amorplsou details.

marks at an initially crystalline field or crystak marks at
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2. Scanning Probe Storage System Ar chitecture

The general system architecture being considereidisn
study is illustrated in Fig.1. The system consigtsvo basic
elements: the probe with the tip attached to it antivo-
layers structure. The upper layer constitutes thase-
change storage medium, while the under layer fornes t
bottom electrode.

During write, the probe is moving relative to the storagerig

medium with a constant velocity, while a voltage ppléed
between the tip and the bottom electrode at predated
locations. Consequently, this results in a curfeow from

tip through the medium that heats locally the PQit
beneath the tip-medium contact area. If the pulse’
amplitude and duration are sufficient, the phasadition
mechanism is activated, resulting to a mark foromati

Readis based on a similar concept. The tip scans th
surface of the storage medium, while a voltage dHieg to
the tip. The resulting current flows through thedimen and
provides the read-back signal. The current is isigr
proportional to the resistance of each specifiation. The
equivalent resistance of the system, as stated fitoen
Ohm’s law, depends on the special conductivity efRCM,
just below the tip-medium contact area, which in tign
associated with the phase of the material. The poeser
absence of a mark during scanning leads to thectitmteof
the logical unit ‘1’ or ‘0’, respectively.

It is important to note that in electrical probeosling
on PCM, the size and shape of the written ‘bit’ wasdl as
the read-back signal characteristics are primatermined
by the size of the tip-medium contact area andsfbeific
electrical and thermal properties of the systematemials.
The size of the written bits determines also the dédrage
density. Another important parameter that shoula de
taken into account is the scanning speed that taffée
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. 1 Scanning-probe system architecture.
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Fig. 2 The 2D geometry of simulation model. The semi-sighéshape
just beneath the tip, represents a written amorpheark with radius.

The electro-thermal process determines the current
density throughout the whole structure, producing a
temperature distribution, during write, that leads t
amorphization. The readout process is basicallgtetal
and depends on material properties.

The models perform calculations, solving the time-
dependent Laplace equation of the electric fietbtis:

V- [o(xy)VV(x y9]=0 ) (1
where ¢ is the electrical conductivity andf the electric
potential. The solution of Laplace equation pregidis with

information about the electric potentid| electric fieldE,
and the current densifyof the whole system.

read-back signal resolution. As a consequence, the The temperature distribution inside the structufeao

read/write data rates dependent on the density of the writte
bits and the scanning speed which affect the oveyallem
performance.

3. System Model

In order to analyse and explore therite/read
mechanisms of such a system, appropriate simulati
models have been developed. These models are lbased
finite element numerical methods and have bee
implemented using the computational to@OMSOL
Multiphysicsunder the control oMatlab functions.

A two-dimensional design of the model architecture is

illustrated in Fig.2, which consists of three basiements.
The tip positioned at the top of the structure andwo-

(o]

thaterial can be estimated by solving the heat octiwh
equation:

C(xy)

W:v@«x W xyi+ @xyt (2

where C is the material heat capacity aidthe thermal
E‘onductivity. The quantit® corresponds to the heat source
which is associated with electric current density agdals

% 3f/s.

4. Write mechanism

Recording of an amorphous mark in an initially
crystalline material, requires heating of the GSyetaabove

layered stack below. The upper layer of the stackhe melting temperature (616 °C) followed by rapid

corresponds to the PCM, which is considered heréeto
GeSh,Tes (referred later as GST), with 60-nm in thickness.
The under layer constitutes the highly conductivel(®
S/m) bottom electrode. It should be noted heretti@tvidth

of the stack is considered to be large enough @@)0n
compared to the tip-width and the tip-scanning assaumed
for the simulations. In botkrite/read operations a voltage
pulse is applied to the tip with respect to the dmatt
electrode, which is held to ground potential.

following two:

cooling, with a rate in the order of a few tens oh«/
Heating is achieved by applying a voltage pulse with
sufficient amplitude and duration. The pulse has a
rectangular shape with 0.5-V in amplitude and 50-ns
duration. In order to achieve fast cooling ratefgliing edge
of about 5-ns has been considered.

The conditions that have to be satisfied for forgnan
amorphous region inside the crystalline materiag the
reaching the melting temperature and

‘The basic physical mechanisms that govern theyficient cooling rates. As a consequence, these two
write/read operations of the scanning probe system, involVggnditions  will eventually define the bounds of the

electrical, thermal, and phase transition phenomena

transformed region.
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The time when the material
temperature, is just before the voltage pulse lsetgirdrop,
and particularly, in this case at 45ns. In Fig.3jien the
contour of isothermal curves, just before the beigig of
the falling edge of the writing pulse. The regioattfinally
exceeds the melting temperaturex@)>T,,) is localized at
the top of the GST layer and below the tip-mediumtacin
area, since the current density is higher, as welgser to
the tip.

The second condition, that is related to the cagoigte,
gives us the final bounds of the amorphization .afds
trailing edge of the writing pulse begins to falldathat
results to a rapid cooling of the molten mater@uring
cooling, the points of the material that will finaBolidify to
amorphous state, are those at which the coolirgenateeds

5x10° K/sec [6]. In Fig.4 are demonstrated some snapsho

from the simulation model that present the evotutid the

spatial distribution of amorphization. At the pulsad

(t=50ns), the formed amorphous mark has an alnewsi-s
spherical shape, localized just beneath the tipimed
contact area.

5. Read mechanism

As discussed previously, thread process relies on the
vast difference of electrical conductivity betweehe t
amorphous and crystalline phases of the GST layein®u
read, the tip scans over the surface of the PCM, while
voltage is applied to the tip with respect to thetdmo
electrode. The voltage’s amplitude in this casaglatively
lower compared to that of the writing process, ineortb
avoid recrystallization via heating.

To investigate the readout process and obtain e¢bd-r
back signal of a written bit, a 2-D model similarttat of

writing has been developed, where some assumptiaves h
been made. An isolated amorphous mark was considerq

with an idealized semi-spherical shape of radjuscalized
at the upper portion of the GST layer, as shown m2Fi

During read it was assumed that the tip was stationary
above the PCM medium, while a voltage pulse was egpli

to the tip at each position. This approximationas far from
reality, as the tip-medium velocity is results tmegligible
displacement, duringead

For representing the read process a rectanguléageol

pulse with 0.2-V amplitude and 20-nsec duration was s} -

considered for the simulations. The Laplace eqoati@as
solved for each tip position, calculating the caotrdensity
throughout the whole structure. Consequently, tbésilts to
the evaluation of the equivalent resistance aftergration.
The above described process was repeated at akt-speps
(=1nm), until the surface area around the writterrinous
mark was scanned. This process provides informatimut
the equivalent resistance with respect to the disphent,
representing the read-back waveform of a single ewritt
mark. Fig. 5 illustrates the read-back pulse oleifrom

simulation by scanning an isolated amorphous mdrk c

radiusr=30nm
In general, the shape of the read-back pulse lealsabic
form shown in Fig. 5, independent of the size ofiten

reaches its maximurr  , 44°
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Fig. 3 Isothermal contours showing the temperature digiob
throughout the GST layer, after the applicatioraofoltage pulse with
amplitude 0.5-V for 45 nsec.
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Fig. 4 Spatial distribution of amorphization during codliprocess.

x10

-
T
I

Reslstance [kOhm]
%
:
.

1 -

L L 1 L L L 1 ke k
50 -40 -30 -20 -10 D o 0 30 40 50
X position relative to the center [nm]

Fig. 5 A typical read-back signal pulse obtained by regdinsingle

amorphous mark. However, the magnitude of some festur amorphous mark with radius30nm.

of the pulse seems to change according to somettal
parameters of the system. To be more specifiondsamum
amplitude of the read-back pulse is related withrdtbus of
the written mark and the size of the tip-medium teieal
contact area. In Fig. 6, it is shown the dependesfcthe
maximum amplitudeRmwax, Which is located at the centre of

the bit, from the quantity, that equals to the ratio of tip-
width p, to the mark-radiug and considering the mark-
radius as a parameter. As it can be seen, the ltrgeslue
of a,, which means larger tip-medium contact atba lower
the maximum amplitude obtainethis is due to the fact that
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Fig. 6 Maximum pulse amplitude versusfor 3 written mark-radiuses.
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the total current passing from the tip through thedium,
that finally determines the equivalent resistande tte
system, is determined by the size of tip-mediumtacn
area.

The read-back signal of a real scanning probe syste
not actually a continuous waveform but a discrete ofe
values, taken at regular time intervals. Therefotleg
resolution of the read-back signal is a function thé
sampling intervalTs and the scanning velocitys that is
assumed to be fixed for a specific system confignma The
spatial resolution of the signal is associated with density
of the samples taken within a space interval.

Assuming that the distance that has to be scannbd is
with a scanning velocity \and a sampling period, then
the number of samplds; acquired duringead process are
given by

= ®

u,- T,

Eq.(3) implies that the resolution of the read-baighnal
is inversely proportional to the scanning velodiy a fixed
sampling rate. Towards a better understanding okffezt
of the scanning velocity to the read-back sigmakig.7 are
shown two graphs, representing the signals obtaimed
scanning a sequence of bits with two different véilesi In
Fig.7(b) scanning has been performed with a velogjty
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Fig. 7 Read-back signal acquired during scanragwith velocity u,
and(b) with velocity u,, whereuy>u;.

This can conceptually be seen as a time-scaling
transformation with a scale factor that equalsifo;. This
latter conclusion can be used to develop a methaskd on
signal processing techniques, in order to estiméie
velocity of a scanning process by comparing theaiokt
signal with an apriori known, but with unknown phas#tsh
and/or timing difference.

6. Conclusions

In this work, comprehensive numerical models of an
electrical scanning probe recording system on phasnge
media have been developed, in order to explain the
electrical, thermal, and phase transition proceshaing
write/read mechanismsThe models allow us to predict the
degree of amorphization of an initially crystallifreCM
medium, duringnrite and derive the basic form of the read-
back pulse by reading previously written amorphous mark.
Although, the basic form of the read-back pulse iamthe
same, simulations showed that the amplitude ofpihise
depends on the size of the amorphous mark, as wehe
tip-medium electrical contact area. Finally, it véeemined

larger tharu; corresponding to that of Fig.7(a). As it can bethe impact of the scanning velocity to the resohitof the
seen the read-back signal in Fig.7(b) seems to biad-back signal and how it affects its time represéon

compressed in time, compared to that of Fig.7(a).

producing replicas scaled in time.

References

1. D.Wright, M.Aziz, P.Shah and L.Wang. (2011), “Sciagn 4. C.D.David, M.Armand, M.Aziz. (2006), “Terabit-Peg&are-
probe memories-Technology and applications”, Curfgplied Inch data storage using phase-change media ancdisgan
Physics, Vol. 11, pp.e104-e109. electrical nanoprobes”, IEEE Transactions on Naiotelogy,

2. G.W.Burr, M.J.Breitwisch,  M.Francescvini, D.Garetto Vol. 5, No. 1, pp.50-61.
K.Gopalakrishnan, B.Jackson, B.Kurdi, C.Lam, L.Astras, 5. H.Satoh, K.Sugawara, and K.Tanaka. (2006), “Narlesuiaase
A.Padilla, B..Rajendran, S.Raoux, andR.S.Shenoy0l1d® changes in crystalline Ge2Sb2Te5 films using scanmrobe
“Phase change memory technology”, Journal of Vacuum microscopes”, Journal of Applied Physics, Vol. §p,024306-
Science and Technology, Vol. 28, issue.2, pp.223-26 1—024306-7.

3. C.D.David, L.Wang, P.Shah, M.Aziz, E.Varesi, R.Bez, 6. D.H.Kim, F.Merget, M.Forst and H.Kurz. (2007), “He-

M.Moroni, F.Cazzaniga. (2011), “The design of reabie
ultrahigh density scanning-probe phase-change niesipr
IEEE Transactions on Nanotechnology, Vol. 10, Nopg.900-
912.

dimensional simulation model of switching dynamicsphase
change random access memory cells”, Journal of iégpl
Physics, Vol. 101, pp.064512-1—064512-12.



