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In this paper, a non-volatile memory cell of Te-based chalcogenide material is proposed and modeled.
It is formed by layers of three materials: an insulating material, a conductor and a sensitive material:
Te-based chalcogenide material. A 2D model using a finite element method has been developed for the
simulation of the thermal behaviour of the cell. Temporal evolution of temperature maps is obtained.
The model is applied to alloys of the Ge-Sb-Te system. The computed results allow us to understand
the role played by the variables involved (thickness of different layers, cell radius, composition of the
chalcogenide glass) in order to optimize the cell structure.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Te-based chalcogenide films are widely used in rewritable com-
pact disks (CD-RW), digital versatile disks (DVD-RW) and are found
to be suitable for electrical memories (i.e.: non-volatile memories
or phase change memories) [1-5]. A big contrast in their opti-
cal and electrical properties is observed when switching between
two states: the amorphous and the crystalline phases. In opti-
cal applications, information is recorded by the change in optical
reflectivity upon the amorphous-crystalline phase transition that
is reversibly switched by laser heating [6-9]. While optical disc
production is commercialized since late 1980s, reports on phase
change memories have grown rapidly in recent years and, interest-
ing and exhaustive reviews of phase change technologies have been
published [1,2]. In applications as electrical memories, the material
has a high electrical resistivity in the amorphous state, while it has
a low resistivity in the crystalline state.

Films with compositions on the GeTe-Sb,Te3 pseudo-binary
system are utilized in these massive memory storage applications.
Ge,Sh,Tes, GeSb,Te4 and GeSb,Te; are compounds of this pseudo-
binary system that have been extensively studied [9-13]. They
have the following characteristics: high thermal stability at room
temperature, high crystallization rate and very good reversibility
between amorphous and crystalline phases [1,2].

A non-volatile memory cell can be switched from a low-
resistance crystalline state (SET state) to a high-resistance
amorphous state (RESET state), and vice versa. Phase transfor-
mation of the chalcogenide film is obtained by Joule heating
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with the application of a current pulse. In the SET operation,
a long low-current pulse is required to reach a temperature
between glass and melt temperature. In the RESET operation
a short high-current pulse is needed in order to raise chalco-
genide film temperature above melting point, thus allowing the
transformation into liquid. The liquid state is then quenched in
a disordered amorphous phase [1,2,14]. It is intended that the
cell current, in particular RESET current, is as small as possible
[15].

Several schemes have been proposed and studied using compact
models and finite elements simulations with the aim of optimizing
the cell structure and making a more efficient memory cell in terms
of operation speed, scalability and power consumption [15-24].
Resistor and capacitor networks are used in compact models for
knowing the temperature and current [2]. On the other hand, finite
elements method shows how the spatial distribution of physical
properties influences the electrical current [2]. Two types of cell
structures, namely “lance” and “-trench” [15,16], have been stud-
ied. “Lance” cell models based in 3D finite element method were
used in the simulation of thermal performance due to heat gen-
erated by applying an electrical pulse [17,18]. Li et al. [18] have
shown that the programming current can be reduced by geometric
effect. Temperatures in the phase-change layer are calculated using
a compact model based on rate equations of crystallization and
amorphization [19]. The effect of the Joule heating is investigated in
lance cell using finite element method [20]. Multi-physics modeling
of phase change memory is used to extract thermal and electri-
cal properties [21]. Temperature distribution in vertical nano-wire
phase-change memory cells is also calculated by a compact ther-
mal model [22] or finite element method [23]. The state of the art of
physics-based electro-thermal and phase-change model has been
reviewed [24].
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Several efforts have been dedicated to reduce the current in
RESET operation (modifying both geometry and materials) with the
aim to achieve more efficient cells. However, some aspects of SET
operation (amorphous-crystalline transition) have not been stud-
ied yet. The aim of our work is to study the SET operation including
in the model the fact that electrical conductivity of the sensitive
material is temperature dependent and then analyze the obtained
results. Chalcogenide glasses of the Ge-Sb-Te system were used
as the sensitive material. Two compositions corresponding to two
different zones of the Ge-Sb-Te equilibrium phases diagram were
employed: Ge,;Sb,Tes and Geq3SbsTeg,. The first zone corresponds
to samples with phase change memories properties [14] whereas
the second zone's alloys are good glass formers by rapid quench-
ing from the liquid [25]. In particular, the addition of Sb to eutectic
alloy GeysTegs (e.g. Gey3SbsTegy ) resultsinasimpler crystallization
process at lower temperature [25].

In a previous work, the temperature dependence of the elec-
trical conductivity in Ge;3SbsTeg, thin films was studied [26]. In
this work, we want to obtain the memory cell performance for a
given geometry and for low currents, focusing on the evolution of
temperature in the amorphous-crystalline transition (in the SET
operation).

2. Physical description

A 2D scheme of non-volatile memory cell is shown in Fig. 1.
It is formed by layers of three materials: an insulating material, a
metallic conductor and the sensitive material: chalcogenide glass.
Azimuthal symmetry is assumed and therefore, the cylindrical
coordinate p and z are employed. The sizes of these layers are given
by the radial coordinates pq, 02, p3 and p4 and thicknesses Ly, Ly, L3,
L4 and Ls. We have used chalcogenide materials of the Ge-Sb-Te
system. Two compositions corresponding to two different zones
of the Ge-Sb-Te equilibrium phases diagram were chosen: (a)
Ge13SbsTeg, (at.%), which is close to eutectic binary GeysTegs, (b)
Ge,SbyTes, which is in the pseudo-binary GeTe-Sb,Te3 system and
has ideal properties for use in non-volatile memory cells, that is, a
huge jump in resistivity when the crystal becomes amorphous and
vice versa, fast crystallization kinetics and very good reversibility
between amorphous and crystalline phases. Alloys with composi-
tions near eutectic binary GeisTegs show electrical switching that
could be used to electronic storage, but the crystallization time is
very high for its technological application [14].

The model considers the thermal effect generated by applying
an electric pulse on the metallic conductor layers. We assume that
the properties (i.e. electrical conductivity) of the cell material are
dependent on the temperature. The cell temperature increases due
to the heat generated by Joule effect and transferred by conduction
inside the cell. Therefore, the temperature spatial distribution is
time dependent. On the other hand, the current spatial distribution
and consequently the generated heat distribution are dependent on
the temperature of each cell point through the conductivity. There-
fore, it is an electro-thermal coupled transient problem.We assume
that electric and thermal boundary resistances are neglected.

When an electrical potential difference AV=V, —V; is applied
on the metallic conductor layers, the electrical potential V inside
the cell, can be calculated by solving the Laplace equation [7]:

0=V.(oVV) (1)

with o the conductivity that is temperature dependent, Eq. (1) has
the following boundary conditions:

_JV, YV O0<p=<p3 and z=2
V(p,z)_{vl V O0<p<p3 and z=2zs (2)

withzy =Liandz5 =Ly + Ly + L3 + Lg + Ls.

The current density J can be determined using the Ohm'’s Law:
T =-0-VV (3)

The temperature spatial distribution T(, z) inside the cell and its
time dependence are determined by solving the standard heat con-
duction equation:

acp% — V- (kVT)=Q, (4)

with 6 the density, C, the specific heat, k the thermal conductivity,
Q, the Joule heat per volume unit and per time unit, and t the time.
Qy is calculated using:

Q=0|VV| (5)

Temperature in Eq. (4) has the following boundary conditions (Sim-
ilar conditions have been utilized in a previous work [20]):

To z=0 V p and Vt
T(p,z,t)=< Top z=2z5 ¥ p and Vt (6)
To p=ps VY z and Vt

with Ty, the room temperature.
The initial conditions of Eq. (4) are:

T(p,z,t=0)=Tp VY p and Vz (7)

3. Numerical analysis — approximation using finite element
method

The finite element method (FEM) [27] has been used for the
solution of the coupled equations system (1) and (4). The first step
is the subdivision of the domain into a set of discrete sub-domains.
As mentioned above the problem is 2D, with p and z coordinates,
therefore we used 2D rectangular element with four nodes (1, 2, 3
and 4) on the corners. A general variable V or T (in our case Vis the
electrical potential given by Eq. 1, and T is the temperature given
by Eq. 4) can be expressed with the node values V7, V5, V3 and Vy
or Ty, T, T3 and Ty, respectively. Thus, the electrical potential and
the temperature, for each element, are expressed in the following
form:

4
V(u,v) = hi(u,v)-Vi=H-V (8)
i=1
4
T, v)=Y h(uv)-Ti=H-T C)
i=1
T
where T = ;2 is the vector of temperature in the nodes,
3
Ty
Vi
V= 52 is the vector of electrical potential in the nodes, H =
3
Vy

[h1(u,v) hy(u,v) hs(u,v) hg(u,v)] is the interpolation matrix,
where  hy(u,v)=(1+u)(1+v)/4, hy(u,v)=(1-u)1+v)/4,
h3(u,v)=(1—u)1-v)/4 and hy(u,v)=(1+u)l-v)/4 are
called local interpolation functions or shape functions [27] with
—1 <u,v <1 (uand v are called natural coordinate variables).

In others words, electrical potential or temperature of each
element is determined by the values in its nodes using the interpo-
lation functionshy hy hz hy, that,inthis case, are lineal functions
of the coordinates.
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Fig. 1. Structure of the simulated cell.

So, the temporal derivative of the temperature is:

aT aT .
o B =HI 1o
Using the Galerkin method [27] for Eq. (1):
/ HT.V.(oVV)d2=0 (11)
Jo
with H the transposed matrix of H.
Eq. (11) can be written using p and z coordinates:
0 d(H.V) 0 d(H.V)
T | 2 = _
/ﬂH.[ap(po I )-i—az(pcr % ds2=0 (12)
Thus, integrating by parts:
oHT 8H oH' oH
— PO — + o Vd2=0 13
/Q(appap azpa> (13)

Therefore, if the electrical conductivity is known, the vector of elec-
trical potential in the nodes of all the elements is obtained using
boundary conditions (Eq. (2)) and:

K,-V=0 (14)
With:
oHT 0H oHT oH
K= /( P50 * oz P 82)d9 (15)
elements
Using Eq. (5), Qy is:
2
oH
=0|—-V 16
=500 ¥ (e
In the same way, using the Galerkin method [27] for Eq. (4):
T o =
0Cp— —V-(kVT)-Qy | d2=0 (17)
_Q ot
Eq. (17) can be written using p and z coordinates and Eq. (10):
aT 0] do(H.T)
o [l (3 (222)
o ( AHT) _
o2 (24D)) 0| sn=c -

Thus, integrating by parts in the spatial derivates and using Eq.(16):
: oHT OH oHT | 0H
HT . p8C,H - T — kp kp
/_Q[ potptl-T (8,0 Pap T oz 87.)

ds2=0

T-H'

-T—-H ’Oa‘a(p,z) -V (19)

Therefore, the vector of the nodes temperatures of all the elements
satisfy the following equation:

&'I.—FKJ'I:E (20)
With:
Z / (H".p8C,H) (21)
elements
aHT aH oHT  OH
n- > [ (G ) @
elements
2
T
F= Z /(H 005 ) ’)d.@ (23)
elements

The boundary and initial conditions in Eq. (20) are given by Egs.
(6) and (7). Egs. (14), (15) and (23) show that the problem is cou-
pled: T is obtained of Eq. (20) if F is known, F is determined if the
electric potential of the nodes V and the electric conductivity o(T)
are known and for this, temperature must be known.

T in Eq. (20) can be determined using the o« method [27], T for

the time tis noted T ;) and T for the time t + ozAt,AHaAO is written
as:

T -T
. e+an — 4
Livary = ——A7 (24)
With0 <a <1.

Simulations were done with the condition that cell current was
constant with the time. Therefore boundary conditions given by Eq.
(2) are changed with the time.

4. Results and discussion

The thermal performance of the non-volatile memory cell is
obtained as result of changes in variables involved (cell cur-
rent, geometry of the different layers and physical properties of
the materials - electrical conductivity, thermal conductivity, spe-
cific heat, etcetera-). We have found that the results are strongly
dependent on following variables: cell current, chalcogenide layer
thickness, “heater” radius (see Fig. 1) and electrical conductivity of
chalcogenide glass. The geometrical parameters and physical prop-
erties of the materials used are shown in Table 1. The temperature
dependence of experimental electrical conductivity of the chalco-
genide layer was used for each state (amorphous phase and crystal)
and for each composition (Ge13SbsTegy and Ge,Sb,Tes). It presents
a big change at the amorphous-crystalline transition temperature.

Fig. 2 shows a 2D diagram that indicates the temperature raised
in each part of the memory cell when an electric pulse is applied.
The maximum temperature is obtained for the chalcogenide layers
in a region near to the “heater”. It is in agreement with previous
works [1,2,15-18,20,22,24].
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Geometrical parameters of the cell (see Fig. 1) and physical properties [12,18,26,28] of the materials (with k the thermal conductivity, § the density, C, the specific heat, o

the electric conductivity and T, the crystallization temperature of the amorphous phase) employed in the simulations.

Metal Insulator Chalcogenide alloys
Composition 1 Composition 2
Physics data
Material TiN Si0, Ge13SbsTeg) Ge,SbyTes
k (W/cmK) 0.1[28] 0.01 [28] 0.002 [28] 0.002 [28]
8-C, (JJem3 K) 1.7 [28] 3.1[28] 1.25[28] 1.25[28]
o (1/€2cm) 4.5 x10% [18] ~10-16 2.4 x 106 e~(061€VKT) 300 K < T< 404 K 36.1 x e~(0:243eVIKT) T< 423 K
Amorphous phase Amorphous phase
1.0 x 102% e~(21eVIKT) 404 K< T< 447 K 1.96 x 105 e~(0383¢V/KT) 423 <T< 633K
7.1 x 10° e~(0-76eVIKT) 447 K< T [26] 830633<T[12]
Crystal Crystal
Tc (K) - - 404 [26] 423 [12]
Geometrical data
Thickness Ly (nm) Ly (nm) L3 (nm) L4 (nm) Ls (nm)
1000 150 40 20-150 150
Radius p1 (nm) p2 (nm) p3 (nm) P4 (nm)
10-50 70 200 1200

Fig. 3 shows a temporal evolution of the maximum temperature
inside the cell for different cell currents and for the two Ge-Sb-Te
system compositions with the same geometrical parameters. In
Fig. 3a, corresponding to Ge,Sb,Te; composition, the simulation
with a current of 0.147 A (associated with a current of 100%)
in a pulse of 10 ns is remarked. This value of current is in agree-
ment with previous results [1,24,30] for similar cell geometrical
configurations, the current used in our case corresponds to ohmic
region in the I-V curve [30]. Raoux et al. [1] points up that current
pulses for a fast crystallization of the amorphous structure are in
the range 100 ns—1 ws. However, the write time (associated with
the amorphous-crystalline transition) in phase change memories
is 50ns [2]. The pulse duration, used in our case, is shorter but
is on the order of magnitude. The simulations show that the cell
resistance decreases more than an order of magnitude.

Smaller currents (50-90% of 0.147 A, Ge,Sb,Tes composition,
Fig. 3a) are not enough to obtain the crystallization transformation
(crystallization temperature =423 K) whereas it is obtained with
higher currents. The crystallization in Fig. 3 is observed with an
important jump of the temperature, that is due to abrupt change in

—» Heater

>

—» Chalcogenide

Layer Temperatures (K)

Fig.2. 2D diagram of the temperature obtained with a pulse of 0.176 nAin 10 ns. The
employed geometrical parameters are the chalcogenide layer thickness L4 =80 nm
and “heater” radius p; =20 nm.

the chalcogenide conductivity. In the case of the higher current, a
reduction of the temperature is observed after the maximum. This
situation, that was not reported previously, can be explained due
to the fact that cell resistance decreases with the temperature and

Q

> 100% 1=0,147 uA

Temperature (K)

300I T T T T T
0,00E+000 2,00E-009 4,00E-009 6,00E-009 8,00E-009 1,00E-008
Time (s)

p 1000+
900
800
700
600

500

Temprature (K)

o 100% 1=0,0511 pA

400+ 70%

50%

300 T T T g T T T T T T 1
0,00E+000 1,00E-009 2,00E-009 3,00E-009 4,00E-009 5,00E-009 6,00E-009

Time (s)

Fig. 3. (a) Temporal evolution of the maximum temperature into the cell for the
different cell current (in % of 0.147 wA) with a Ge,Sb, Tes composition. The employed
geometrical parameters are the chalcogenide layer thickness L4 = 80 nm and “heater”
radius p; =20 nm. (b) Temporal evolution of the maximum temperature into the cell
for the different cell current (in % 0f 0.0511 wA) with a Ge13SbsTeg, composition. The
employed geometrical parameters are the chalcogenide layer thickness L4 =80 nm
and “heater” radius p; =20 nm.
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Fig. 4. Maximum temperature into the cell in function of the geometrical param-
eters: chalcogenide layer thickness L4 and “heater” radius p;. The employed cell
current is 0.147 pA.

therefore the Joule heating effect is not enough to hold the temper-
ature. Similar behaviours are observed in Fig. 3b for Ge3SbsTeg;
composition. In the case of this composition (Ge3SbsTeg,), the
electrical potential difference AV=V, —V; applied is about hun-
dreds of Volt (typical 200-400V), therefore, due to the high
voltages, the operation and application of a cell with this composi-
tion is more complicated. This difficulty is added to the previously
mentioned: alloys Ge;3SbsTeg, are disabled because the crystal-
lization time is very long [14]. On the other hand, AV=V; —V;
applied, for the Ge,;Sb,Tes composition, is about some Volt (typ-
ical 1-30V). These values of AV (hundreds of Volt in Ge3SbsTeg;
composition and some Volt in Ge,Sb,Tes composition) show qual-
itatively the validity of the simulations.

In Fig. 3a, for the Ge,Sb,Tes composition, the maximum tem-
perature for current of 150% and 200% of 0.147 A are smaller than
current of 120%. This happens because higher currents generate a
temperature increment in shorter times and therefore the cell is
less time in the zone of higher resistance reducing the Joule effect
power.

Fig. 4 shows geometrical dependence of the maximum tem-
perature inside the cell with the same cell current. The employed
geometrical parameters are chalcogenide layer thickness (L4) and
“heater” radius (7). Both figures show an abrupt jump indicating
when the crystallization was reached. For the employed current,
the cell maximum temperature is higher than the crystallization
temperature, both if chalcogenide layer thickness is higher than
80 nm with constant “heater” radius or if “heater” radius is shorter
than 20 nm with constant chalcogenide layer thickness.

5. Conclusions

A thermal simulation of a non-volatile memory cell by apply-
ing an electric pulse was made. A 2D model using a finite element

method has been developed for the simulation of the thermal
behaviour of the memory cell. Incubation time for the crystalliza-
tion [29] is not considered in the model. The temporal evolution
of temperature is obtained. The computed results allow us to
understand the role played by the variables involved (thickness
of different layers, cell radius, composition of the chalcogenide
glass).

We have found that the results are strongly dependent on
following variables: cell current, chalcogenide layer thickness,
“heater” radius and electrical conductivity of chalcogenide glass.
For a given geometry and material composition, there is a minimum
current to reach temperatures of crystallization of the chalcogenide
amorphous inside the cell.

The analysis of the results indicates that alloys with com-
position Ge,Sb,Tes (in the pseudo-binary GeTe-Sb,Tes) system
present better characteristics than alloys with composition
Ge13SbsTeg,. It is interesting to note that due to the sharp jump
in electrical conductivity, an abrupt transition in the maxi-
mum temperature as a function of cell geometric parameters
(chalcogenide layer thickness (L4) and “heater” radius (p1)) is
observed, for a given current and composition of the chalcogenide
material.
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