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Abstract—Due to the high device density and the advent top electrode
of multiple bits per cell, modern nonvolatile memories are

characterized by a non-deterministic behavior. We focus on polycrystalline
phase-change memory (PCM), whose memory cell can be seen =

as a programmable resistor, and use information theory tod to
investigate how the cell structure influences the storage pacity
of this memory technology. In particular, we numerically canpute
the storage capacity of two known cell structures, i.e., the
series cell, and the parallel cell. The results suggest thain
practical scenarios, the parallel cell structure is charaterized
by significantly larger storage capacity.
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|. INTRODUCTION

Phase-change memory (PCM) is an emerging memory tech- Fig. 1.
nology that uses the property of some phase change materials
usually chalcogenide glasses, to exist in two practicadple
phases, i.e., amorphous and polycrystalline, charaetttiyy resistance state, also known as teest state, and the and the
significantly different electrical properties [1]. A PCM Ice low resistance state, @et state [1].
usually contains a volume of phase-change material and elecin this paper, we consider storage capacity as a design
trical contacts that allow to program and read the memotyiterion for PCM cells. In particular, we investigate, Wwitef-
cell. The phase distribution is controlled by applying sfiec erence to a 2D cell model, how storage capacity is influenced
electrical programming pulses that in turn influence the iy the geometrical distribution of amorphous material ia th
ternal temperature profile of the cell thus allowing to cohtr PCM cell, which in turn is influenced by the physical cell
the phase distribution. Typically, since a PCM cell behavefsign itself. First we analyze two different cell paradsggm
as a programmable resistor, the information is stored intlae seriescell, in which most of the current paths pass through
PCM cell as a resistance value. Although in the past, bosimorphous material, and thgarallel cell, in which most
academic and industrial research focused on the develdpmeinthe current paths pass through polycrystalline material
of binary PCM cells, exploiting the capability of the ma#dri and demonstrate the superiority of the parallel paradigm.
to switch from a low to an high resistivity whose valueghen, we numerically investigate a larger space of geonagtri
differ by 3 orders of magnitude [1], more recently, there hatistributions of the amorphous material obtaining inssgbih
been increasing interest in multiple-bit-per-cell scherf)— what should be the programming capabilities of the PCM cell.
[4]. Multi-bit PCM is achieved by accurately controllingeh  The paper is structured as follows. In Section I, prelimi-
PCM cell resistance, usually by means of a write-and-verifyaries on PCM are given. In Section I, a simplified 2D cell
programming scheme [2]-[4]. model is described. In Section IV, the series and parallgl ce

Although there are several sources of non ideality affgctimodel are analyzed and providing for each case an equivalent
PCM memory arrays, a peculiar characteristic of PCM is thatiditive channel model. In Section V, the storage capacity
the amorphous phase appears to be characterized by ndgsinvestigated using a more general input distributioncepa
electrical parameters [5]. This suggests to model PCM asSaction VI concludes the paper.
communications channel [6], whose fundamental parameter
is the so-calledstorage capacity, i.e., the maximum average
number of bits per cell that can be reliably stored in the ceevi A- Basic Cell Structure and Operation

Currently the design criteria for PCM are mostly based, A typical phase-change memory cell consists of two elec-
either directly or indirectly, on a threshold based decisiarodes contacting an amount of phase change material. The
scheme for binary cells, which mostly leads to the maxmost common family of phase-change material are the chalco-
mization of thecontrast ratio, i.e., the ratio between the highgenide glasses, and, in particular those containing m&stly

Common PCM cell structure known as mushroom cell.

II. PHASE-CHANGE MEMORY PRELIMINARIES



Sh, and Te elements (GST). Figure 1 illustrates a common cell (a) parallel cell (b) series cell
structure, known asushroom cell [1]. This cell consists of a
thin bottom electrode covered by a blanket of GST material
which is contacted at the top by a conductive layer that ats a
top electrode. As mentioned above, the phase change ntateri
can exist in two practically stable phases, a crystalline,on
characterized by relatively low resistivity, and an amanp amorphous
one, characterized by a resistivity orders of magnituderé3 a ' ey | | T
not uncommon) higher than that of the crystalline phase [1]. |l 0 S
By applying a sufficiently large electrical signal to thelcel e
the GST material close to the bottom electrode contact can be w @ contacts
heated and if the temperature reaches the melting temperatu crystalline material
(~ 600C), a molten mass can be created. An abrupt reduction — _
in temperature, obtained by a sudden removal of the elattric amorphous material
signal, quenches the molten material, thus creating anooiph
GST. The amorphous material naturally tends to recrysealli
however the speed of the phenomenon is appreciable only at
Ee”;%%rg)tufﬁ}se?g;?:eti;hree;o callgd crystallization teatpes . aqeometrical distribution of amorphous material influenttes
~ . , ystallize the amorphous materi -
. : T . capability of a cell to store data.
an electrical signal which is capable of heating the cell {6
a temperature close to the crystallization temperature, yﬁl
lower than the melting temperature, is applied to the cdle T "
operation of creating amorphous material is commonly terme
reset operation, whereas, the operation of recrystallizing the The mushroom cell in Fig. 1 has a peculiarity: whenever
cell, is known asset operation. To read the memory cell, athere is a non-negligible presence of amorphous material on
small fixed voltage is applied to the cell and the current fl@vi top of the bottom electrode, all the current that passesitito
through the cell is measured, thus allowing an estimate ®f tthe cell must flow through the amorphous material. In other
resistance of the memory cell. words, in every current path, there is amorphous material in
B. Non-idealities series with crystalline_ material. This can be abstractdd in
. . . th]g concept of theseries cell, formed by two layers, one

There are seyeral par_ameters influencing the capablhty& amorphous material and the other of crystalline material
PCM of.st(_)rmg information. Among these are _ The cell is programmed by changing the thickness of the
« variability of the geometry of the cell and the chemicalyorphous material while keeping constant the total théskn

crystalline

T
-

Fig. 2. 2D models for parallel (a) and series (b) cells.

SIMPLIFIED 2D MODELS FORSERIES AND PARALLEL
CELLS

composition of the phase change mat_erifs\l; of the phase-change material. This simple abstract model ha
. no_n-_determlmstlc programming behavior; been described in [10], together with its dual concept, ihe
« noisiness of the electrical parameters. parallel cell, where amorphous and crystalline material are

The first point is expected to improve as the technology bgonnected in parallel, thus always providing a current path
comes more mature. The second point, i.e., non-determginishrough the crystalline material.

outcome of a programming operation, can be described asrhe series and parallel model can be, without loss of gen-
a noise, awrite noise. The recently introduced theory oferajity, investigated in a two-dimensional domain. In Figa,
rewritable channels [7] investigates the relationshipMeen simplified 2D models for a parallel cell (a) and a series cell
programming algorithms and the amount of information th%) are shown. Both cells are rectangular patches of (two-
can be stored in average in a rewritable memory cell Suﬁhnensional) phase-change material of widttand heighth,

as a PCM cell. The third point, namely, the fact that th@ith electrical contacts at the top and the bottom. The serie
electrical parameters of the phase-change material asy,noke|| is programmed by controlling the thickness of the

is the focus of this paper. In particular, it has been showgmorphous material whereas the parallel cell is programmed
both empirically and through analytical modeling, how thgy controlling the thickness,,. We assume that the surface
electrical behavior of the amorphous phase of a phase-ehapgkistivity of the crystalline materiai, is known, whereas the
material is driven by random processes [5], [8]. In [6], thgyrface resistivity of the amorphous materiglis a random

logarithm of the resistance of a PCM cell has been describ@sgtiable with known distributiory, (p.). The total resistance
as a Wiener process with drift (in logarithmic time). On thef the two cells is given by

other hand, it is reasonable to expect the crystalline phase

to be almost noiseless, given its stable nature (see, €lg., [ - pax—h 4 pch —Th 1)
or [9, Fig. 6]). Based on these simple observations, i.e., w

the amorphous material is noisy, the crystalline matesal i B 12w lw—zp) " 5
stable, in the following sections, we will investigate hdwet "'par (p_af e h ) @



where ry.; andr,,, denote the resistance of the series and Similarly for the parallel cell model,

parallel cell, respectively.

Intuitively, the two configurations are particularly ingsting
due to the large difference in resistivity of the amorphood a
crystalline material. In particular, any structure chéedzed

by the presence of a conductive path between the two elec-

trodes entirely occupied by crystalline material, will éiha
behavior similar to that of the parallel cell. In fact, sinite
resistivity of the amorphous material is often more than
orders of magnitude larger than that of the crystalline

whenever a path through only crystalline material exidts, t

current will crowd into it, avoiding the passage through the

amorphous material.

IV. PARALLEL AND SERIESSTRUCTUREANALYSIS

In the following we will show that, assuming perfect control

at programming time of:,, andz;,, both parallel and series

cells are equivalent to an additive noise channel, regssdlej

of the distribution ofp,. Moreover we will show that in both
cases, the capability of setting, or z,, to arbitrarily low
values leads to an infinite capacity, whereasejif and z,,

are lower bounded by a positive quantity, numerical anglysi

shows that the parallel cell has significantly better penfamce
that the series cell.

A. Equivalent Additive Noise Channels

In the following we will assume thaP(p, < p.) = 0.
This assumption is well supported by experimental resthis (
typical value ofp, is 2 to 4 orders of magnitude larger tha

pe)t.

To prove that the series channel is equivalent to an additi

noise channel we start from (1) and write

Ih h — Tp
Tser = Pa—— T Pe (3)
w
TserW = PaTh + pc(h - .I'h) (4)
w Pa Th Tp
ser—; @ — T I 1—— 5
e h e h TP ©)
log (rseri — 1) = log (ﬁ — 1) + logx—h . (6)
pch pc h’
Now, let us define
xp
ser — 1 - 7
13 0g = (7)
Yser = 1Og <7ase1ri - 1> (8)
pch
Weer = log (p_a — 1) . (9)
Pe

Since &, is a deterministic invertible function of; and
Yser IS @ deterministic invertible function of,, we have
that I(Xh; Rser) = I(Eser; Eser + Wser) = I(Eser; szer) for
all distributions onXj, and p,, for which I(X}; Rs.,) can be
computed and for whictP(p, < p.) = 0, which guarantees
the invertibility of yser(7ser)-

1See, e.g., [3, Fig. 3].

-1

1 zy 1 w—xy
o= (E )
hpe = Pelw 1— Zw (11)
Wrpar Pa W
hpe c w
log (1 — L) = log (1 — p_) + log Tw (12)
Wrpar Pa w
é\:@lith the following definitions
Ty
Spar = log— (13)
w
hpe
Ypar = log (1 - P ) (14)
Wpar
_ Pe
Wpar = log (1 — p_) (15)

we have thatl(X,;Rpar) = I(Epar;Zpar + Woar) =
Epar; Ypar) for all distributions onX,, and p, for which
I(X.; Rpar) can be computed and for whidh(p, < p.) = 0.

Let us assume that the only constraint on the writtgror
2., values is given by the support of attainable values, i.e.,
Zh, Ty € [Tmin, Tmax]. The corresponding input distribution
constraint in the equivalent series and parallel chanrrels a

—_

Lmin

Sser € log Y ,log Ir;llax] (16)
gpar c [log .Izln 7 1og ImaX] (17)

r|f rmin = 0 the measure of the domain of the input variable

becomes infinite. W has a differential entropy, this leads to
o infinite capacity. In order to show this, we observe thst, u
ing a uniform distribution betweeimin &se,, max o] fOr Zger
(or, similarly, [min &pay, max Epar] fOr Epar) yields h(Eger) =
log(max &ser — minéeer) (0F A(Epar) = log(max&par —
min &p,,)). Observe that

IEY) = IEE+W) (18)
— hE) - hEY) (19)
= R(E) - h(Y —F|Y) (20)
— h(E) - hW]Y) (21)
> h(Z) - h(W) (22)
= log(max&eer — min&sey) — h(Weer)  (series)23)
= log(maxpar — Min&par) — h(Whar)  (para(ih).

We have that the storage capacity as a function of the
extremes of the geometric parametgr(or z.,, for the parallel
case)C(max, Tmin) iS lower bounded byog(log Zmax/h —
log Tmin/h) — h(Wser) (OF log(log Zmax/w — 10g Zmin /w) —
h(Wpar), in the parallel case), therefore, sinkéiV,.,) and
h(Wpar) do not depend on the distribution &k, and=,,,,
respectively,

. hgoo C(:Emaxa xmin) = 0.

We remark that, one,, .. is fixed, the above lower bound

on capacity grows a®g log x,in /h (0r log log Tmin/w in the
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Fig. 3. Capacity versus noise variance. Fig. 4. Capacity versus minimum amorphous material thiskne

parallel case). It is also possible to show that, asympztyic

the capacity is also upper bounded bipglog(-) type growth oy, andh, or z,, andw, andp, and p. by a common factor

does not change the mutual information. Therefore without

i(r?.?ii]l;smg the general upper bound for peak input com1sl;tra||oss of generality we can assumpe = 1 andw = h = 1,

) and the input to the channels will be,/h and z,,/w for

B. Numerical Observations the parallel and series channels respectively, anavill be
From a practical stand point, will be always significantly €XPressed in multiples ofe.

larger tharp,. Moreover, it is reasonable to expectandh to N Figure 3, the parallel and series storage capacity is
be of the same order of magnitude. Given these considesatict!oWn as a function of. A practical interpretation of the
one can observe that the equivalent series cell nidigg in Mmeaning ofo is that it represents the standard deviation of

(9) can be approximated by?(p, > p.) ~ 1) the logarithm of p,. In Figure 3, the series channels are
represented as dashed red curves and the parallel chasnels a
Weer = log Pa. solid black curves. Several set of parameters are considere
© u € {log10,log 100,log 1000} andxy,i, € {0.1,0.05,0.005},

On the other hand pe With Z1ax=0.5. The quantitie®min and zmax correspond to

the minimum and maximum values af, and z,, in the
Pa series and parallel case, respectively. Within the consitle

which clearly entails a very small noise (i.é1pa:| < 1). set of parameters, the parallel channel has always a capacit

Following [6], we assume a normal distribution of theyt |east 1.7 bits/cell greater than that of the series cHanne
logarithmic resistance of the reset state. This impliearagsg (1 = log 10, zmin = 0.1). With a practical set of parameters,
a log-normal distribution for the resistivity of the amomquts i.e., conservativelys = log 100, zmin = 0.05, this difference
material. To ensure the conditiafl(p, < p.) = 0, we shift jncreases to 5 bits/cell. Note that in this and the following
the distribution byp., which, for any practical purposes is &jgyres the position of markers in the figure is arbitrary and

negligible amount. The distribution is therefore purely ment to help disinguish the curves. The bottom 3 red

Whar >~ —

1 _ los(pa —pe)—)? i dashed curves refer to the series case and each actually
—_— 20 . ey e . .
fpa(Pa)—{ (Pa—pe)ov/zr Pa = Pe In Figure 4, a sensitivity analysis of capacity ver-
0 elsewhere sus the minimum thickness (or width) of the amor-

where ;i is the average of the logarithm @f, and o is the phous material, z.,in, is shown. The set of parameters
standard deviation of the logarithm pf . is as follows: € {log10,log100,log1000} and o €

To compute storage capacity values we quantize the equivéeg 1.1,log 1.5,log 2} ~ (0.095,0.405,0.693) (correspond-
lent channel input and output and use the Blahut-Arimotd [1Ing resistivity increases larger than 10%, 50%, and 100%,
algorithm. The quantization granularity has been incréasgespectively, with probability 15.8%), and,ax=0.5.
until numerical convergence was observed. From the equeatio The series and parallel channel are represented by red
in Section IV-A, it is clear that the mutual information ofeth dashed and solid black curves, respectively. Again, the
series channel does not dependw@and similarly, that of the strongest factor influencing the capacity of the parallartel
parallel channel does not depend/anMoreover, multiplying is the parameteg, i.e., the resistivity of the amorphous mate-
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Fig. 5. Sensitivity of capacity versus amorphous mategalstivity.

Fig. 6. Extended 2D model: the amorphous material can ocamy
] ] ] rectangular region with bottom left corner coinciding witre cell's bottom
rial. This parameter seems to have no influence on the cgpagit: corner.

of the series channel, which in turn is influenced mostly by
the noise As expected the dependence of the storage capacity . ] .
ON Z,; IS perceivable but not large. In particular, since th#'€ Storage capacity assuming a larger family of shapes for
predicted increase in capacity 4s log(1og Zmax — log Tmin), '€ @morphous material. In particular, we focus on the fam-
by interpretingz,,;, as a precision parameter (e.g., the minily of amorphous material shapes comprising all rectangles
mum controllable thickness), it becomes clear that inéngas With one corner coinciding with the bottom left corner of
the number of bits by extending precision of control of thé® cell. This family is illustrated in Figure 6, where an
amorphous material width is difficult (0.1 to 0.005 gives abo €xample configuration is shown, with the relevant deswepti
1.5 bits). parameters. Each input shape is described by two parameters
Proportionally, the capability of fine control of the amor{Zn,Zw). This new family of amorphous shapes is particularly
phous material thickness is more relevant in the seriesgonfiltéresting since it comprises as subfamilies the serielstfzan
uration, where going from i = 0.1 0 Zymin = 0.005 almost parallel configurations. In particular, the series confidions
doubles the storage capacity. are those withz,, = w. The parallel configurations, strictly
In Figure 5, the storage capacity versuisis shown for a SPeaking, are those with, = h, however, we point out that
number of series and parallel configurations. From this &gur &/l configurations withr,, < w exhibit a conductive path form
is easy to infer that the series channel storage capacitymiate POttom to top electrode through the crystalline material.
depend on the average resistivity of the amorphous materiall order to numerically estimate the capacity, we need to
The noise parameter and the minimum amorphous materigPPtain the statlsn_cal relationship betweerj the prograthme
thickness/width play a similar role in the considered raafje @Mmorphous material rectangle and the resistance of the mem-
parameters. The storage capacity of the parallel channel, @Y Cell- To this end, we use a finite difference approachtfer t
the other hand, exhibits a linear increase with computation of the resistance of the cell as a function of the
Intuitively, the performance difference between the twBMOrphous material resistiviy,. Given the distribution of,,
structures is due to the fact that the resistance of thesseeie (hiS allows us to estimate the conditional pdf of the resista
is practically proportional to the amorphous materialsgigity ~conditioned on the amorphous material shape, namely, given
whereas, for large values @f, the resistance of the parallelth® width and heightz,,, ) of the amorphous material.
cell almost only depends on the geometry of the amorphousTO evaluate the total resistance, the cell is decomposed in a
and crystalline shapes, thus making the output resistasse [Uniform orthogonal grid, as shown in Figure 7. The cell scefa

sensitive to noisy variations of the amorphous resistance. 'S divided in squares, each either in the amorphous or in the
crystalline state. Each square is then represented by arietw

V. A MORE GENERAL2D MODEL of 4 resistors. The value of each resistor is half the sheet
rgsistance (i.e., the surface resistivity) of the corresiig

Wi - ; . .

@atenal, as illustrated in the bottom part of Figuré 7.

"“"The resistivity valuep,. is fixed equal tol. For every pair

So far, the amorphous material configurations that
considered could be described with a single parameter (i
xp, OF ). In order to obtain further insights on the rela-
tlonSh.Ip between the geometr'?al d|smbu“0n of a_morphou 2The value of the resistors can be deduced from symmetry derations
material and the storage capacity, we numerically invagtig and solving for the simple case where the material is uniform
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Fig. 7. Pictorial description of the finite difference methtor resistive Xy
surfaces.

Fig. 9. 2D representation of the optimized probability maswtion of the
top left corner of the amorphous material rectangle.

Blahut-Arimoto (B-A) algorithm. Since increasing the nuenb
of grid subdivisions leads to a numerically intensive ofiera
the value ofs is kept large in order to operate in a region
where a 16 by 16 grid subdivision is not the limiting factor
of the capacity.

In Figure 9, a plot of the optimal input distribution for the
top right corner of the amorphous rectangle is shown. Grid
points are shown as squares whose color is the darker the
higher the probability of the point. Even if the data set bisi
some noise (convergence of the input distribution in the B-A
algorithm is typically very slow), the data set shows thatise
is made of the series configurations (those for whigh= w).

The probability is mostly distributed in two configurations

« the parallel configurations with a thick layer of amor-
Fig. 8. Cell resistance as a function of the position of thl&dt corner of phous material (i.e., the rectangle height being 50% or
the amorphous material rectangle. more of h)

« a thin vertical pillar of amorphous materiat,{ = 1).

All series configurations except for the amorphous rectngl|
(xzn, ) We fix the contact voltages to 0 and 1, respectivelgompletely filling the cell, have a negligible probability.
and, for several values of,, solve for the total current. By The presence of the thin pillar is probably due to the
performing a fitting we obtain a functional representatién dact that the resistance noise at these configurations i ver
the total resistance? as a function ofp,, which in turn small. A practical scheme, however will have to be able to
we use for numerically evaluating the resistance distidlout distinguish between very small resistance differencesete p
conditioned to the written amorphous shape. In Figure 8, tbeive the different programmed resistance values (seed-gju
cell resistance is shown as a function of the corner cootelinafor x,, = 1),which probably makes the thin pillar points
(T, xp), assumingp, = 100, p. = 16, h = w = 16 and unpractical.
using 16 subdivisions for both width and height. The resista  In Figure 10, the two-dimension cumulative mass function
steeply increases far,, close toh. All parallel configurations of the optimal input distribution is shown. This figure allpio
except(xy, zn) = (w, h) lay within one order of magnitude better visualize the optimized input distribution from aaqu
from the resistance of the cell in a completely crystallitates  titative point of view. Observe that the growth is concetetta

on the bordersc,, = 1, z;, = 16, and in the center region

Using h = w and a subdivision in a grid of 16 by 16z, > 0.5h = 8. The configurations withz;, < 0.5k have
elements,u = log(100p.), and o = log(4), we compute a negligible probability. This is due to the fact that those
estimates of capacity and optimal input distribution uding configurations exhibit a larger noise, which can be attadut
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Fig. 10. Two-dimension cumulative mass function of the ropti distribution
of the top left corner of the amorphous material rectangle.

to the fact that the amorphous material is thinner and a targe
amount of current is passing through it, thus increasing thiél

influence of thep, on the total resistivity.

VI. CONCLUSIONS ANDREMARKS

In this paper we analyze a simplified 2D PCM cell model
in order to get insights on how the amorphous material should

be distributed to maximize the storage capacity of the cell.
We consider two different cell paradigms, teeies model

and theparallel model, and show that each model can be
interpreted through an equivalent additive channel modef
Through numerical evaluation we demonstrate that the lgaral

structure has superior storage capacity, with gains rangi
from 1.5 bits/cell to several bits per cell, depending o
the operating conditions. In addition, we numerically data

optimal input distributions for a broader cell model, which
allow for configurations of the amorphous material that com

prise as subclasses, the series and the parallel confinsati
The results suggest that storage capacity is obtained us

configurations that always allow for a parallel flow of cutrery;q

5

estimated or can exhibit a stochastic behavior. Future work
will try to extend the analysis accounting for a broader $et P12]

through crystalline material.
We remark that the storage capacity of real memory ce
depends on a number of parameters, which might need to

physical phenomena.

The approach of this paper and the results are an attempt
to introduce information theory tools in the physical desid
memory elements. We believe in fact, that modern memory
cell design should take into account the stochastic nature
of nanometer scale memory devices and the presence of
advanced signal processing. This also implies for instance
that parameters that represent a cost, such as, programming
energy, should also be considered in terms of cost per stored
bit and not only as absolute values.
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