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Abstract—Due to the high device density and the advent
of multiple bits per cell, modern nonvolatile memories are
characterized by a non-deterministic behavior. We focus on
phase-change memory (PCM), whose memory cell can be seen
as a programmable resistor, and use information theory tools to
investigate how the cell structure influences the storage capacity
of this memory technology. In particular, we numerically compute
the storage capacity of two known cell structures, i.e., the
series cell, and the parallel cell. The results suggest that, in
practical scenarios, the parallel cell structure is characterized
by significantly larger storage capacity.

I. I NTRODUCTION

Phase-change memory (PCM) is an emerging memory tech-
nology that uses the property of some phase change materials,
usually chalcogenide glasses, to exist in two practically stable
phases, i.e., amorphous and polycrystalline, characterized by
significantly different electrical properties [1]. A PCM cell
usually contains a volume of phase-change material and elec-
trical contacts that allow to program and read the memory
cell. The phase distribution is controlled by applying specific
electrical programming pulses that in turn influence the in-
ternal temperature profile of the cell thus allowing to control
the phase distribution. Typically, since a PCM cell behaves
as a programmable resistor, the information is stored in a
PCM cell as a resistance value. Although in the past, both
academic and industrial research focused on the development
of binary PCM cells, exploiting the capability of the material
to switch from a low to an high resistivity whose values
differ by 3 orders of magnitude [1], more recently, there has
been increasing interest in multiple-bit-per-cell schemes [2]–
[4]. Multi-bit PCM is achieved by accurately controlling the
PCM cell resistance, usually by means of a write-and-verify
programming scheme [2]–[4].

Although there are several sources of non ideality affecting
PCM memory arrays, a peculiar characteristic of PCM is that
the amorphous phase appears to be characterized by noisy
electrical parameters [5]. This suggests to model PCM as a
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 device.

Currently the design criteria for PCM are mostly based,
either directly or indirectly, on a threshold based decision
scheme for binary cells, which mostly leads to the maxi-
mization of thecontrast ratio, i.e., the ratio between the high
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Fig. 1. Common PCM cell structure known as mushroom cell.

resistance state, also known as thereset state, and the and the
low resistance state, orset state [1].

In this paper, we consider storage capacity as a design
criterion for PCM cells. In particular, we investigate, with ref-
erence to a 2D cell model, how storage capacity is influenced
by the geometrical distribution of amorphous material in the
PCM cell, which in turn is influenced by the physical cell
design itself. First we analyze two different cell paradigms:
theseries cell, in which most of the current paths pass through
amorphous material, and theparallel cell, in which most
of the current paths pass through polycrystalline material,
and demonstrate the superiority of the parallel paradigm.
Then, we numerically investigate a larger space of geometrical
distributions of the amorphous material obtaining insights on
what should be the programming capabilities of the PCM cell.

The paper is structured as follows. In Section II, prelimi-
naries on PCM are given. In Section III, a simplified 2D cell
model is described. In Section IV, the series and parallel cell
model are analyzed and providing for each case an equivalent
additive channel model. In Section V, the storage capacity
is investigated using a more general input distribution space.
Section VI concludes the paper.

II. PHASE-CHANGE MEMORY PRELIMINARIES

A. Basic Cell Structure and Operation

A typical phase-change memory cell consists of two elec-
trodes contacting an amount of phase change material. The
most common family of phase-change material are the chalco-
genide glasses, and, in particular those containing mostlyGe,



Sb, and Te elements (GST). Figure 1 illustrates a common cell
structure, known asmushroom 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 acts as
top electrode. As mentioned above, the phase change material
can exist in two practically stable phases, a crystalline one,
characterized by relatively low resistivity, and an amorphous
one, characterized by a resistivity orders of magnitude (3 are
not uncommon) higher than that of the crystalline phase [1].
By applying a sufficiently large electrical signal to the cell,
the GST material close to the bottom electrode contact can be
heated and if the temperature reaches the melting temperature
(∼ 600C), a molten mass can be created. An abrupt reduction
in temperature, obtained by a sudden removal of the electrical
signal, quenches the molten material, thus creating amorphous
GST. The amorphous material naturally tends to recrystallize,
however the speed of the phenomenon is appreciable only at
temperatures close to the so called crystallization temperature
(∼ 300C). Therefore, to recrystallize the amorphous material,
an electrical signal which is capable of heating the cell to
a temperature close to the crystallization temperature, yet
lower than the melting temperature, is applied to the cell. The
operation of creating amorphous material is commonly termed
reset operation, whereas, the operation of recrystallizing the
cell, is known asset operation. To read the memory cell, a
small fixed voltage is applied to the cell and the current flowing
through the cell is measured, thus allowing an estimate of the
resistance of the memory cell.

B. Non-idealities

There are several parameters influencing the capability of
PCM of storing information. Among these are

• variability of the geometry of the cell and the chemical
composition of the phase change material;

• non-deterministic programming behavior;
• noisiness of the electrical parameters.

The first point is expected to improve as the technology be-
comes more mature. The second point, i.e., non-deterministic
outcome of a programming operation, can be described as
a noise, awrite noise. The recently introduced theory of
rewritable channels [7] investigates the relationship between
programming algorithms and the amount of information that
can be stored in average in a rewritable memory cell such
as a PCM cell. The third point, namely, the fact that the
electrical parameters of the phase-change material are noisy,
is the focus of this paper. In particular, it has been shown,
both empirically and through analytical modeling, how the
electrical behavior of the amorphous phase of a phase-change
material is driven by random processes [5], [8]. In [6], the
logarithm of the resistance of a PCM cell has been described
as a Wiener process with drift (in logarithmic time). On the
other hand, it is reasonable to expect the crystalline phase
to be almost noiseless, given its stable nature (see, e.g., [6],
or [9, Fig. 6]). Based on these simple observations, i.e.,
the amorphous material is noisy, the crystalline material is
stable, in the following sections, we will investigate how the
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Fig. 2. 2D models for parallel (a) and series (b) cells.

geometrical distribution of amorphous material influencesthe
capability of a cell to store data.

III. S IMPLIFIED 2D MODELS FORSERIES AND PARALLEL

CELLS

The mushroom cell in Fig. 1 has a peculiarity: whenever
there is a non-negligible presence of amorphous material on
top of the bottom electrode, all the current that passes through
the cell must flow through the amorphous material. In other
words, in every current path, there is amorphous material in
series with crystalline material. This can be abstracted into
the concept of theseries cell, formed by two layers, one
of amorphous material and the other of crystalline material.
The cell is programmed by changing the thickness of the
amorphous material while keeping constant the total thickness
of the phase-change material. This simple abstract model has
been described in [10], together with its dual concept, i.e., the
parallel cell, where amorphous and crystalline material are
connected in parallel, thus always providing a current path
through the crystalline material.

The series and parallel model can be, without loss of gen-
erality, investigated in a two-dimensional domain. In Figure 2,
simplified 2D models for a parallel cell (a) and a series cell
(b) are shown. Both cells are rectangular patches of (two-
dimensional) phase-change material of widthw and heighth,
with electrical contacts at the top and the bottom. The series
cell is programmed by controlling the thicknessxh of the
amorphous material whereas the parallel cell is programmed
by controlling the thicknessxw. We assume that the surface
resistivity of the crystalline materialρc is known, whereas the
surface resistivity of the amorphous materialρa is a random
variable with known distributionfρa

(ρa). The total resistance
of the two cells is given by

rser = ρa

xh

w
+ ρc

h − xh

w
(1)

rpar =

(

1

ρa

xw

h
+

1

ρc

w − xw

h

)−1

(2)



where rser and rpar denote the resistance of the series and
parallel cell, respectively.

Intuitively, the two configurations are particularly interesting
due to the large difference in resistivity of the amorphous and
crystalline material. In particular, any structure characterized
by the presence of a conductive path between the two elec-
trodes entirely occupied by crystalline material, will exhibit a
behavior similar to that of the parallel cell. In fact, sincethe
resistivity of the amorphous material is often more than two
orders of magnitude larger than that of the crystalline one,
whenever a path through only crystalline material exists, the
current will crowd into it, avoiding the passage through the
amorphous material.

IV. PARALLEL AND SERIESSTRUCTURE ANALYSIS

In the following we will show that, assuming perfect control
at programming time ofxw and xh, both parallel and series
cells are equivalent to an additive noise channel, regardless
of the distribution ofρa. Moreover we will show that in both
cases, the capability of settingxh or xw to arbitrarily low
values leads to an infinite capacity, whereas ifxh and xw

are lower bounded by a positive quantity, numerical analysis
shows that the parallel cell has significantly better performance
that the series cell.

A. Equivalent Additive Noise Channels

In the following we will assume thatP (ρa ≤ ρc) = 0.
This assumption is well supported by experimental results (the
typical value ofρa is 2 to 4 orders of magnitude larger than
ρc)1.

To prove that the series channel is equivalent to an additive
noise channel we start from (1) and write

rser = ρa

xh

w
+ ρc

h − xh

w
(3)

rserw = ρaxh + ρc(h − xh) (4)

rser
w

ρch
=

ρa

ρc

xh

h
+ 1 −

xh

h
(5)

log

(

rser
w

ρch
− 1

)

= log

(

ρa

ρc

− 1

)

+ log
xh

h
. (6)

Now, let us define

ξser = log
xh

h
(7)

yser = log

(

rser
w

ρch
− 1

)

(8)

wser = log

(

ρa

ρc

− 1

)

. (9)

Since ξser is a deterministic invertible function ofxh and
yser is a deterministic invertible function ofrser, we have
that I(Xh; Rser) = I(Ξser; Ξser + Wser) = I(Ξser; Yser) for
all distributions onXh andρa for which I(Xh; Rser) can be
computed and for whichP (ρa ≤ ρc) = 0, which guarantees
the invertibility of yser(rser).

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

Similarly for the parallel cell model,

rpar =

(

1

ρa

xw

h
+

1

ρc

w − xw

h

)−1

(10)

hρc

wrpar
=

ρc

ρa

xw

w
+ 1 −

xw

w
(11)

log

(

1 −
hρc

wrpar

)

= log

(

1 −
ρc

ρa

)

+ log
xw

w
(12)

With the following definitions

ξpar = log
xw

w
(13)

ypar = log

(

1 −
hρc

wrpar

)

(14)

wpar = log

(

1 −
ρc

ρa

)

(15)

we have thatI(Xw; Rpar) = I(Ξpar; Ξpar + Wpar) =
I(Ξpar; Ypar) for all distributions onXw and ρa for which
I(Xw; Rpar) can be computed and for whichP (ρa ≤ ρc) = 0.

Let us assume that the only constraint on the writtenxh or
xw values is given by the support of attainable values, i.e.,
xh, xw ∈ [xmin, xmax]. The corresponding input distribution
constraint in the equivalent series and parallel channels are

ξser ∈ [log
xmin

h
, log

xmax

h
] (16)

ξpar ∈ [log
xmin

w
, log

xmax

w
] . (17)

If xmin = 0 the measure of the domain of the input variable
becomes infinite. IfW has a differential entropy, this leads to
an infinite capacity. In order to show this, we observe that, us-
ing a uniform distribution between[min ξser, max ξser] for Ξser

(or, similarly, [min ξpar, max ξpar] for Ξpar) yields h(Ξser) =
log(max ξser − min ξser) (or h(Ξpar) = log(max ξpar −
min ξpar)). Observe that

I(Ξ; Y ) = I(Ξ; Ξ + W ) (18)

= h(Ξ) − h(Ξ|Y ) (19)

= h(Ξ) − h(Y − Ξ|Y ) (20)

= h(Ξ) − h(W |Y ) (21)

≥ h(Ξ) − h(W ) (22)

= log(max ξser − min ξser) − h(Wser) (series)(23)

= log(max ξpar − min ξpar) − h(Wpar) (parallel).(24)

We have that the storage capacity as a function of the
extremes of the geometric parameterxh (or xw, for the parallel
case)C(xmax, xmin) is lower bounded bylog(log xmax/h −
log xmin/h) − h(Wser) (or log(log xmax/w − log xmin/w) −
h(Wpar), in the parallel case), therefore, sinceh(Wser) and
h(Wpar) do not depend on the distribution ofΞser andΞpar,
respectively,

lim
xmin→∞

C(xmax, xmin) = ∞ .

We remark that, onexmax is fixed, the above lower bound
on capacity grows aslog log xmin/h (or log log xmin/w in the
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Fig. 3. Capacity versus noise variance.

parallel case). It is also possible to show that, asymptotically,
the capacity is also upper bounded by alog log(·) type growth
(e.g., using the general upper bound for peak input constraint
in [11]).

B. Numerical Observations

From a practical stand point,ρa will be always significantly
larger thanρc. Moreover, it is reasonable to expectw andh to
be of the same order of magnitude. Given these considerations,
one can observe that the equivalent series cell noiseWser in
(9) can be approximated by (P (ρa ≫ ρc) ≃ 1)

Wser ≃ log
ρa

ρc

.

On the other hand
Wpar ≃ −

ρc

ρa

which clearly entails a very small noise (i.e.,|Wpar| ≪ 1).
Following [6], we assume a normal distribution of the

logarithmic resistance of the reset state. This implies assuming
a log-normal distribution for the resistivity of the amorphous
material. To ensure the conditionP (ρa ≤ ρc) = 0, we shift
the distribution byρc, which, for any practical purposes is a
negligible amount. The distribution is therefore

fρa
(ρa) =

{

1
(ρa−ρc)σ

√
2π

e−
(log(ρa−ρc)−µ)2

2σ2 if ρa > ρc

0 elsewhere

whereµ is the average of the logarithm ofρa and σ is the
standard deviation of the logarithm ofρa.

To compute storage capacity values we quantize the equiva-
lent channel input and output and use the Blahut-Arimoto [12]
algorithm. The quantization granularity has been increased
until numerical convergence was observed. From the equations
in Section IV-A, it is clear that the mutual information of the
series channel does not depend onw and similarly, that of the
parallel channel does not depend onh. Moreover, multiplying
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Fig. 4. Capacity versus minimum amorphous material thickness.

xh andh, or xw and w, andρa andρc by a common factor
does not change the mutual information. Therefore without
loss of generality we can assumeρc = 1 and w = h = 1,
and the input to the channels will bexh/h and xw/w for
the parallel and series channels respectively, andρa will be
expressed in multiples ofρc.

In Figure 3, the parallel and series storage capacity is
shown as a function ofσ. A practical interpretation of the
meaning ofσ is that it represents the standard deviation of
the logarithm of ρa. In Figure 3, the series channels are
represented as dashed red curves and the parallel channels as
solid black curves. Several set of parameters are considered:
µ ∈ {log 10, log 100, log 1000} andxmin ∈ {0.1, 0.05, 0.005},
with xmax=0.5. The quantitiesxmin and xmax correspond to
the minimum and maximum values ofxh and xw in the
series and parallel case, respectively. Within the considered
set of parameters, the parallel channel has always a capacity
at least 1.7 bits/cell greater than that of the series channel
(µ = log 10, xmin = 0.1). With a practical set of parameters,
i.e., conservativelyµ = log 100, xmin = 0.05, this difference
increases to 5 bits/cell. Note that in this and the following
figures the position of markers in the figure is arbitrary and
purely ment to help disinguish the curves. The bottom 3 red
dashed curves refer to the series case and each actually

In Figure 4, a sensitivity analysis of capacity ver-
sus the minimum thickness (or width) of the amor-
phous material,xmin, is shown. The set of parameters
is as follows: µ ∈ {log 10, log 100, log 1000} and σ ∈
{log 1.1, log 1.5, log 2} ≃ (0.095, 0.405, 0.693) (correspond-
ing resistivity increases larger than 10%, 50%, and 100%,
respectively, with probability 15.8%), and,xmax=0.5.

The series and parallel channel are represented by red
dashed and solid black curves, respectively. Again, the
strongest factor influencing the capacity of the parallel channel
is the parameterµ, i.e., the resistivity of the amorphous mate-
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Fig. 5. Sensitivity of capacity versus amorphous material resistivity.

rial. This parameter seems to have no influence on the capacity
of the series channel, which in turn is influenced mostly by
the noise As expected the dependence of the storage capacity
on xmin is perceivable but not large. In particular, since the
predicted increase in capacity is∼ log(log xmax − log xmin),
by interpretingxmin as a precision parameter (e.g., the mini-
mum controllable thickness), it becomes clear that increasing
the number of bits by extending precision of control of the
amorphous material width is difficult (0.1 to 0.005 gives about
1.5 bits).

Proportionally, the capability of fine control of the amor-
phous material thickness is more relevant in the series config-
uration, where going fromxmin = 0.1 to xmin = 0.005 almost
doubles the storage capacity.

In Figure 5, the storage capacity versuseµ is shown for a
number of series and parallel configurations. From this figure it
is easy to infer that the series channel storage capacity does not
depend on the average resistivity of the amorphous material.
The noise parameterσ and the minimum amorphous material
thickness/width play a similar role in the considered rangeof
parameters. The storage capacity of the parallel channel, on
the other hand, exhibits a linear increase withµ.

Intuitively, the performance difference between the two
structures is due to the fact that the resistance of the series cell
is practically proportional to the amorphous material resistivity
whereas, for large values ofρa the resistance of the parallel
cell almost only depends on the geometry of the amorphous
and crystalline shapes, thus making the output resistance less
sensitive to noisy variations of the amorphous resistance.

V. A MORE GENERAL2D MODEL

So far, the amorphous material configurations that we
considered could be described with a single parameter (i.e.,
xh, or xw). In order to obtain further insights on the rela-
tionship between the geometrical distribution of amorphous
material and the storage capacity, we numerically investigate
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Fig. 6. Extended 2D model: the amorphous material can occupyany
rectangular region with bottom left corner coinciding withthe cell’s bottom
left corner.

the storage capacity assuming a larger family of shapes for
the amorphous material. In particular, we focus on the fam-
ily of amorphous material shapes comprising all rectangles
with one corner coinciding with the bottom left corner of
the cell. This family is illustrated in Figure 6, where an
example configuration is shown, with the relevant descriptive
parameters. Each input shape is described by two parameters
(xh, xw). This new family of amorphous shapes is particularly
interesting since it comprises as subfamilies the series and the
parallel configurations. In particular, the series configurations
are those withxw = w. The parallel configurations, strictly
speaking, are those withxh = h, however, we point out that
all configurations withxw < w exhibit a conductive path form
bottom to top electrode through the crystalline material.

In order to numerically estimate the capacity, we need to
obtain the statistical relationship between the programmed
amorphous material rectangle and the resistance of the mem-
ory cell. To this end, we use a finite difference approach for the
computation of the resistance of the cell as a function of the
amorphous material resistivityρa. Given the distribution ofρa,
this allows us to estimate the conditional pdf of the resistance,
conditioned on the amorphous material shape, namely, given
the width and height(xw, xh) of the amorphous material.

To evaluate the total resistance, the cell is decomposed in a
uniform orthogonal grid, as shown in Figure 7. The cell surface
is divided in squares, each either in the amorphous or in the
crystalline state. Each square is then represented by a network
of 4 resistors. The value of each resistor is half the sheet
resistance (i.e., the surface resistivity) of the corresponding
material, as illustrated in the bottom part of Figure 7.2

The resistivity valueρc is fixed equal to1. For every pair

2The value of the resistors can be deduced from symmetry considerations
and solving for the simple case where the material is uniform.
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Fig. 7. Pictorial description of the finite difference method for resistive
surfaces.
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Fig. 8. Cell resistance as a function of the position of the top left corner of
the amorphous material rectangle.

(xh, xw) we fix the contact voltages to 0 and 1, respectively,
and, for several values ofρa, solve for the total current. By
performing a fitting we obtain a functional representation of
the total resistanceR as a function ofρa, which in turn
we use for numerically evaluating the resistance distribution
conditioned to the written amorphous shape. In Figure 8, the
cell resistance is shown as a function of the corner coordinates
(xw, xh), assumingρa = 100, ρc = 16, h = w = 16 and
using 16 subdivisions for both width and height. The resistance
steeply increases forxw close toh. All parallel configurations
except(xw , xh) = (w, h) lay within one order of magnitude
from the resistance of the cell in a completely crystalline state.

Using h = w and a subdivision in a grid of 16 by 16
elements,µ = log(100ρc), and σ = log(4), we compute
estimates of capacity and optimal input distribution usingthe
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Fig. 9. 2D representation of the optimized probability massfunction of the
top left corner of the amorphous material rectangle.

Blahut-Arimoto (B-A) algorithm. Since increasing the number
of grid subdivisions leads to a numerically intensive operation,
the value ofσ 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 exhibits
some noise (convergence of the input distribution in the B-A
algorithm is typically very slow), the data set shows that nouse
is made of the series configurations (those for whichxw = w).
The probability is mostly distributed in two configurations:

• the parallel configurations with a thick layer of amor-
phous material (i.e., the rectangle height being 50% or
more ofh)

• a thin vertical pillar of amorphous material (xw = 1).

All series configurations except for the amorphous rectangle
completely filling the cell, have a negligible probability.

The presence of the thin pillar is probably due to the
fact that the resistance noise at these configurations is very
small. A practical scheme, however will have to be able to
distinguish between very small resistance differences to per-
ceive the different programmed resistance values (see Figure 8
for xw = 1),which probably makes the thin pillar points
unpractical.

In Figure 10, the two-dimension cumulative mass function
of the optimal input distribution is shown. This figure allows to
better visualize the optimized input distribution from a quan-
titative point of view. Observe that the growth is concentrated
on the bordersxw = 1, xh = 16, and in the center region
xh ≥ 0.5h = 8. The configurations withxh < 0.5h have
a negligible probability. This is due to the fact that those
configurations exhibit a larger noise, which can be attributed
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to the fact that the amorphous material is thinner and a larger
amount of current is passing through it, thus increasing the
influence of theρa 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, theseries model
and theparallel model, and show that each model can be
interpreted through an equivalent additive channel model.
Through numerical evaluation we demonstrate that the parallel
structure has superior storage capacity, with gains ranging
from 1.5 bits/cell to several bits per cell, depending on
the operating conditions. In addition, we numerically obtain
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 configurations.
The results suggest that storage capacity is obtained using
configurations that always allow for a parallel flow of current
through crystalline material.

We remark that the storage capacity of real memory cells
depends on a number of parameters, which might need to be
estimated or can exhibit a stochastic behavior. Future work
will try to extend the analysis accounting for a broader set of
physical phenomena.

The approach of this paper and the results are an attempt
to introduce information theory tools in the physical design of
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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