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The cross-plane thermal conductivity of Ge2Sb2Te5, either in its amorphous state or fcc crystallized
state, and titanium nitride �TiN� thin films has been measured at room temperature by the 3�
method. These materials are involved in the fabrication of phase change random access memory
�PC-RAM�, Ge2Sb2Te5 and TiN being the PC and pseudoelectrode materials, respectively. The
thermal conductivity of insulating SiO2 and ZnS:SiO2 layers was determined too. Each thermal
conductivity measurement was performed by the means of at least two strip widths in order to check
both the measurement self-consistency and the measurement accuracy. The performance of
PC-RAM cells, i.e., the time needed to reach the melting temperature of the PC material and the
cooling speed, has been evaluated as a function of both the measured thermal conductivity of the PC
material and the reset current intensity independently of the thermal properties of the
pseudoelectrodes by the way of analytical formula. The influence of the thickness and the thermal
properties of the pseudoelectrodes on the performances have been determined by numerical
simulations. © 2005 American Institute of Physics. �DOI: 10.1063/1.1944910�

I. INTRODUCTION

Phase change random access memories �PC-RAMs� are
nonvolatile memories using PC materials, whose crystallo-
graphic structure can be reversibly switched between an
amorphous state and a crystalline state. The amorphous-to-
crystalline transition is accompanied by a drop of three or-
ders of magnitude of the electrical resistivity that can be used
to store information. This emerging type of memories may
combine the speed of digital random access memories
�DRAM� and the nonvolatility of flash memories while their
lifetime cycle �1012� is much better.1,2

The building block of a conventional PC-RAM is shown
in Fig. 1�a�. The PC material is sandwiched between two
high thermally conductive electrodes generally made of met-
als such as copper or tungsten. An electrical current of mod-
erate intensity sustained long enough to trigger the
amorphous-to-crystalline transition is used to write the infor-
mation. A pulse of electrical current of high intensity is used
to erase the information by bringing the material back to its
amorphouse state by a melting-quenching process. An inter-
esting PC material is Ge2Sb2Te5. This compound, located on
the GeTe–Sb2Te3 pseudobinary line, possesses great crystal-

lization speeds.3 It has also been used for optical storage4

�digital versatile disk �DVD�-RAM� or probe mass storage.5

Nowadays, the key objectives in phase change recording
device research are to increase the writing and erasing
speeds, to increase the information density, and to decrease
the energy consumption.6 It can be achieved by lowering the
thermal conductivity of the crystallized Ge2Sb2Te5 through a
careful choice of the annealing temperature but also by ther-
mally isolating the PC material. This constrain can be real-
ized through sandwiching the PC material between two low

a�Author to whom correspondence should be addressed; electronic mail:
alexandre.jacquot@mines.inpl-nancy.fr

FIG. 1. Overview of a PC-RAM Structure. �a� Conventional PC-RAM
structure: the phase change material is sandwiched between two electrodes
of high thermal conductivity ��� and electrical conductivity ���. �b� PC-
RAM structure: two layers �pseudoelectrode� made of a material with a low
thermal conductivity and relatively good electrical conductivity are intro-
duced between the PC material and each electrode.
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thermal conductive pseudoelectrodes such as titanium nitride
�TiN� �Fig. 1�b��. Another advantage of these pseudoelec-
trodes is to prevent species diffusion. Consequently, it is of
the uppermost importance to measure the thermal conductiv-
ity of the phase change material and of the pseudoelectrodes
in order to optimize the design, the geometry, and the mate-
rials used in the stacks of PC-RAM memories.

In this paper, the thermal conductivities of the phase
change material �Ge2Sb2Te5�, either in its amorphous or
crystalline state, and of the TiN pseudoelectrodes have been
measured by the 3� method. The thermal conductivity of
SiO2 and ZnS–SiO2 thin films has also been considered.
X-ray diffraction �XRD� was applied to identify the crystal-
lographic structure of the PC material. The influence of the
thermal conductivity of crystallized Ge2Sb2Te5 in the rock-
salt structure �fcc� on the time needed to reach the melting
temperature and on the cooling speed has been investigated
by using analytical formula. The geometry of the PC-RAM
cells, i.e., the thickness of the electrodes, has been optimized
by numerical simulations.

II. THERMAL CONDUCTIVITY MEASUREMENTS

A. Measurement procedure

The 3� method7–9 was used to measure the cross-plane
thermal conductivity at T=300 K of the prepared films.
Briefly, this dynamic technique uses a thin metal strip depos-
ited on the surface of the sample to be analyzed, that acts
both as an electrical heater and a thermometer. At a given
heating power, the temperature rise measured on the metal
strip is a function of the underlying material properties �den-
sity, thermal conductivity, and heat capacity�, the geometry
�thickness of the films and width of the strip�, and of the
measurement parameters �frequency and intensity of the
driving current�. This measurement method is particularly
well suited for the measurement of the cross-plane thermal
conductivity of thin electrically insulating films. If the ther-
mal conductivity of an electrically conducting film has to be
investigated, as it is the case for TiN and the PC material, an
additional insulating layer between the film and the metal
strip is required. The insulating layers were SiO2 and
ZnS:SiO2 for TiN and Ge2Sb2Te5, respectively.

The temperature rise of the heater due to the substrate
was derived using Lee and Cahill’s formula under the as-
sumptions that the thermal wave penetration depth is far
larger than the strip width.8 The thermal conductivity, heat
capacity, and density used to calculate the temperature am-
plitude due to the Si substrate are 150 W m−1 K−1 ,
711 J kg−1 K−1, and 2330 kg cm−3, respectively.9,10

For an insulating film-on-substrate sample, the total tem-
perature rise at the heater is composed of two parts: one is
the temperature rise in the substrate and the other is the tem-
perature drop across the insulating film. If the metal line is
wide compared to the thickness of the film, the film simply
adds a frequency-independent thermal resistance:8

�T =
Ple

2b�
, �1�

where Pl is the heating power input to the strip per unit of
length, 2b the strip width, e the film thickness, and � the
cross-plane thermal conductivity of the film.

In the case of our structures �insulating film/conductive
film/Si substrate�, the conductive layer adds another thermal
resistance. By measuring separately the thermal conductivity
of the insulating layer �ZnS:SiO2 and SiO2�, the additional
thermal resistance due to the conductive layer can be de-
duced from the subtraction of the thermal resistance of the
insulating layer to the total thermal resistance of the struc-
ture.

The temperature coefficients of resistance �TCR� of the
metal strip were measured on each sample with a dedicated
experimental setup by measuring the electrical resistance
from room temperature to 320 K. The measurement of the
thermal conductivity was carried out with a driving current
of frequency 100 Hz. The frequency is chosen to be large
enough so that the thermal wave penetration depth is smaller
than the wafer thickness. The measurements of the thermal
conductivity of each structure were carried out with at least
two metal lines of different widths to check the consistency
of the measurement. The strips on the photolithography mask
were 20, 10, 5, and 2 �m in width. It was assumed that the
error made on the widest strip is negligible. In order to con-
trol and to really estimate the width of the narrower metal
lines, the ratio of the electrical resistance per unit of length of
the metal line to the electrical resistance per unit of length of
a 20-�m-wide metal line was calculated. This procedure was
validated by the measurement of the metal linewidth by
scanning electron microscopy.

As a rule of thumb �see Eq. �1��, narrow metal lines are
better suited to measure thin films because when the width of
the strip decreases, the contribution of the film to the tem-
perature rise increases. The use of narrow strips is recom-
mended, especially when the thermal contrast between the
film and the substrate is low.

B. Samples fabrication

The films to be measured �SiO2,ZnS:SiO2,SiO2/TiN,
and ZnS:SiO2/Ge2Sb2Te5� were deposited on silicon wafers,
4 in. in diameter and 525 �m in thickness. Prior to deposi-
tion, the Si substrates were treated with hydrofluoric acid in
order to remove the native oxide. Single SiO2 and
ZnS�80% � :SiO2�20% � composite layers were deposited by
plasma-enhanced chemical-vapor deposition �PECVD� at a
final temperature of 493 K and by radio-frequency face-to-
face magnetron sputtering �rf sputtering� at 300 K, respec-
tively. The TiN films were prepared by reactive physical va-
por deposition �PVD� from a Ti target under N2 atmosphere
without intentional heating of the substrate. These films were
further covered by an insulating SiO2 layer prepared under
the same experimental conditions as previously described.
The Ge2Sb2Te5 films were prepared by rf sputtering at 300
K. As-deposited, the Ge2Sb2Te5 films are amorphous. An
annealing process at 480 K during 30 min was used to
achieve the crystallization of the Ge2Sb2Te5 films. During
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the annealing process, the thickness of the Ge2Sb2Te5 films
is reduced by about 7%.11 ZnS�80% � :SiO2�20% � composite
insulating layers were further deposited by rf sputtering on
the top of amorphous and crystallized Ge2Sb2Te5 layers.

The metallic strips of different widths, acting as both
heater and thermometer, feature four electrical contact pads.
They were fabricated on the previously deposited single and
multilayers by sputter depositing a 100-nm-thick gold layer
with a 20-nm-thick titanium adhesion layer and by patterning
them by ion-beam etching �IBE� using argon gas. All the
strips were integrated on an area of 1 cm2 in order to have no
influence on the thermal conductivity measurements of po-
tential film thickness inhomogeneities.

III. MODELING OF PC-RAM

A. Conventional structure

For the estimation of the temperature distribution during
the writing and erasing of information in the PC-RAM cell
shown in Fig. 1, an analytical formula has been derived. The
lateral heat losses are neglected so that the temperature dis-
tribution is a function of the position x and time t, only. It is
assumed that the electrical and the thermal conductivities of
the electrodes are large enough so that the temperature in the
electrode is constant and equal to room-temperature TO. If
heat is produced in the PC material at a rate J2 /� per unit
volume, where J is the electrical current density and � the
electrical conductivity, respectively, and if it is assumed that
the thermal and electrical properties of the PC material do
not change with temperature, the temperature in the PC ma-
terial is given by12

T1�x,t� = T0 +
J2l2

�PC�PC
�1 −

x2

l2 −
32

�3

��
n=0

�
�− 1�n

�2n + 1�3cos
�2n + 1��x

2l

�exp�− 	PC�2n + 1�2�2/4l2t�� , �2�

where 	PC,�PC, and 2l, are the thermal diffusivity, the ther-
mal conductivity, and the thickness of the phase change
layer, respectively.

At a time tF long enough to reach either the melting or
the crystallization temperature of the phase change material,
the electrical current is switched off and the temperature dis-
tribution for t
 tF is given by

T2�x,t� = T0 +
2

l
�
n=0

�

exp�− 	PC�2n + 1�2�2�t

− tF�/4l2�cos
�2n + 1��x

2l �2l�− 1�n+1T0

�2n + 1��

+ 	
0

l

T�x�,tF�cos
�2n + 1��x�

2l
dx�
 . �3�

B. Improved structure

To take into account the heat transfer in the improved
PC-RAM structure involving the low thermal conductive
pseudo-TiN electrode �Fig. 1�b��, we have solved the time-
dependent heat transfer problem by a numerical simulation
technique based on the finite-volume method using a one-
dimensional grid �Fig. 2�. The grid is made of cells P cen-
tered on P of cross section S and of width dX that are side by
side with cells W and E. In each cell, a linear equation is
derived from the condition that the sum of the heat coming
in, coming out, being stocked, and created is zero. The tem-
perature TP at the time t+dt in each cell centered on P is
calculated from a linear equation, function of the tempera-
tures TW and TE of the next cells, and of the temperature Ta

of the cell centered on P at the time t:

Tp = aWTW + aETE + aSTTa + � , �4�

where

aE = qEE/qP and aW = − qWW/qP, �5�

aST = �cPdX/dt qP, �6�

� = − J2dX/� qP, �7�

with

qWP =
�gPW − 1���P�S

dXW
and qWW =

gWP��P�S
dXW

, �8�

qEP =
�1 − gPE���P�S

dXE
and qEE = −

gEP��P�S
dXE

, �9�

qP = + qWP − qEP − �cPdX/dt , �10�

and

gPE =
��P�dXW�E�

��P�dXW�E� + ��E�dXE�P�
,

�11�

gEP =
��E�dXE�P�

��P�dXW�E� + ��E�dXE�P�
,

FIG. 2. Elementary cell centered on P of the grid for numerical simulation
of the heat transfer in PC-RAM. The cell is next to the cells centered on E
and W. The temperature Tp is calculated from energy conservation �QE

−QW+QJ−QST=0�. QE and QW are the heat coming in and coming out of
the cell centered on P from the west and the east, respectively. QJ and QST

are the heat produced by Joule effect and being stored in the cell,
respectively.
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gPW =
��P�dXE�W�

��P�dXE�W� + ��W�dXW�P�
,

�12�

gWP =
��W�dXW�P�

��P�dXE�P� + ��W�dXW�P�
.

In these equations � ,cp, and ��P� are the density, heat
capacity, and the thermal conductivity in the cell P, respec-
tively. dXW�E� ,dXE�P� ,dXE�W�, and dXW�P� refer to the
lengths shown in Fig. 2.

The simulation takes place on half of a PC-RAM cell
�x
0� described in Fig. 1�b�. The linear Eq.�4� derived with
adiabatic �heat flux=0� and isothermal boundary �T
=300 K� conditions at x=0 and x= +1, respectively, form a
matrix that is solved with an iterative process based on
Gauss–Seidel method.13

IV. RESULTS AND DISCUSSION

A. Thermal conductivity measurements

The measurement parameters and the thermal conductiv-
ity measurement results are presented in Table I. It includes
the results obtained on the insulating layers �ZnS:SiO2 and
SiO2�, the PC material �Ge2Sb2Te5 in the amorphous or crys-
talline state� and the pseudoelectrode �TiN�. It is worth no-
ticing that the TCR measured on the Au/Ti films are about
three times smaller than the TCR value of bulk gold �4.0

�10−3�.14 This decrease in TCR may likely be the result of
charge-carrier scattering at the grain boundaries or of
strains.15

The thermal conductivites of 100-nm-thick ZnS:SiO2

layers, measured with three strips of widths 20, 5.9, and
3.2 �m, are 0.49, 0.46, and 0.48 W m−1 K−1, respectively.
These values are in very good agreement with the results
obtained by Kim et al.16 The thermal conductivities of 100-
nm-thick SiO2 layers measured with three strips of widths
20, 4.8, and 1.3 �m are 1.4, 1.3, and 1.25 W m−1 K−1, re-
spectively. These thermal conductivity values are close to
those reported for bulk or thermal silicon dioxide
�1.4 W m−1 K−1� �Refs. 9 and 17� but are significantly larger
than those of PECVD silicon dioxide.8

The thermal conductivities of amorphous 300-nm-thick
Ge2Sb2Te5 films measured using 20- and 5.94-�m-wide
strips are 0.235 and 0.24 W m−1 K−1, respectively. These val-
ues are very close to those obtained by Kim et al.16 even if
our analysis of the experimental data does not take into ac-
count the thermal boundary resistance between Zn:SiO2 and
Ge2Sb2Te5 whereas the analysis of Kim et al. does.

The thermal conductivity values become slightly higher
for 280-nm-thick-crystallized Ge2Sb2Te5 films measured
with strips of the same width. Since the electrical resistivities
of our amorphous and crystallized Ge2Sb2Te5 layers are high
�see Table II�, the electronic contribution to the total thermal
conductivity deduced from the Wiedemann–Franz law is

TABLE I. Thermal conductivity measurement results at 300 K. The measurements have been made by the so-called 3� method 2b, d, Pl, and TCR are the
width of the metallic strip, the distance between the two voltage probes, the average heating power per unit of length and, the temperature coefficient of
resistance of the microheater, respectively. �TSi ,�Tins, and �Tr are the temperature rises measured at the microheater, due to the thermal resistance of the
substrate, the insulating layer and the Ge2Sb2Te5 or TiN films, respectively. � is the thermal conductivity extracted from the measurements.

Insulating material Heater geometry P �W m−1� TCR �K−1� �TSi �K� �Tins �K� �Tr �K� ��W m−1 K−1�

ZnS:SiO2 �100 nm� … 2b=20 �m 49.3 1.40�10−3 0.44 0.50 … 0.49
d=2 mm

… 2b=5.94 �m 50.2 1.49�10−3 0.58 0.84 … 0.46
d=1 mm

… 2b=3.24 �m 10.3 1.48�10−3 0.13 0.66 … 0.48
d=1 mm

SiO2 �100 nm� … 2b=20 �m 44.8 1.67�10−3 0.40 0.66 … 1.40
d=2 mm

… 2b=4.8 �m 23.1 1.60�10−3 0.28 0.36 … 1.30
d=1 mm

… 2b=1.3 �m 10.2 1.57�10−3 0.15 0.60 … 1.25
d=1 mm

Amorphous Ge2Sb2Te5 �300 nm� ZnS:SiO2 �100 nm� 2b=20 �m 29.2 1.47�10−3 0.26 0.31 1.86 0.24
d=2 mm

2b=5.94 �m 12.4 1.51�10−3 0.11 0.44 2.61 0.24
d=1 mm

Crystallized Ge2Sb2Te5 �280 nm� ZnS:SiO2 �100 nm� 2b=20 �m 29.2 1.41�10−3 0.26 0.3 1.58 0.26
d=2 mm

2b=5.94 �m 12.4 1.32�10−3 0.14 0.44 2.04 0.29
d=1 mm

TiN �300 nm� SiO2 �100 nm� 2b=10 �m 37.8 1.49�10−3 0.39 0.29 0.12 10
d=2 mm

2b=9.5 �m 13.6 1.46�10−3 0.15 0.12 0.03 11
d=2 mm

2b=2.17 �m 4.44 1.50�10−3 0.06 0.16 0.04 15
d=2 mm
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negligible. Consequently, the thermal conductivity values of
our crystallized Ge2Sb2Te5 films can be directly compared to
the values of the lattice thermal conductivity of well-
crystallized bulk material reported by Konstantinov et al.18

and to the thermal conductivity values of crystallized
Ge2Sb2Te5 films reported by Kim et al.16 for whom the elec-
tronic contribution was also negligible. It, however, turned
out that the values we found are about two times lower than
those reported by these authors. This discrepancy may be
explained by the obtaining of different crystallographic
structures induced by the employment of different annealing
temperatures. By the way, our annealing treatment was per-
formed at 480 K for 30 min whereas it was carried out at 550
K for 1 min by Kim et al., resulting in a smaller decrease in
thickness �7% vs 10%� too. Friedrich et al.19 and Yamada et
al.3 reported the obtaining of a rocksalt structure �fcc� for
films annealed at 470 and 450 K, respectively, whereas the
temperatures found for the transition from the rocksalt to the
hexagonal structure were 610 and 500 K. Figure 3 shows the
XRD patterns of an as-deposited Ge2Sb2Te5 film and of films
annealed at 480 and 550 K. An analysis of the peak diffrac-
tions obtained with the film annealed at 480 K for 30 min
identifies the crystal structure as being fcc. Additional very
weakly intense peaks are obtained on the XRD patterns of
the film annealed at 550 K for 1 min, suggesting that a sec-
ond hexagonal phase starts to grow at the expense of the
material in the fcc structure. An additional effect of the in-
crease of the annealing temperature is an enhancement of the

grain size �45–51 nm, calculated by Scherrer’s formula from
the full width at half maximum of the �200� peak of the fcc
structure, the K�2 line being subtracted from K�1 the line by
deconvolution�.

The thermal conductivity values of 300-nm-thick tita-
nium nitride films measured with 10, 9.5, and 2.17-�m-wide
strips are 10, 11, and 15 W m−1 K−1. The difference in ther-
mal conductivity measured with these different strips is quite
large. This can be easily understood by the lower-
temperature rise due to the TiN layers than due to the insu-
lating layer. The thermal conductivity value obtained with
the narrower strip is the most likely to be the most accurate.
Therefore, this value will be taken in the next calculations.
Much more accurate measurements could have been ob-
tained using on membrane thermal conductivity.20 The ther-
mal conductivity of our films is significantly lower than the
thermal conductivity of bulk TiN nitride.21 The contribution
of the electronic part to the total thermal conductivity
�15 W m−1 K−1� of the TiN films is about 0.8 W m−1 K−1.
Therefore, the total thermal conductivity is essentially domi-
nated by the phononic part.

It is worth noticing that the electrical resistivity of our
TiN layers ��=9 �� m� is relatively large compared to the
values found in the literature.22 This can be explained by the
addition of oxygen in TiN which may change drastically the
electrical properties, inducing a transition from the metallic
to a semiconducting state.23 Actually, Rutherford back-
scattering spectroscopy showed that our films are strongly
oxidized �TiNO0.5�.

B. Heat transfer in PC-RAM cells

The time �tF� needed to reach the melting temperature of
the PC material �TF=916 K� and the maximum cooling
speed reached after the switching off of the current have
been calculated by solving by dichotomy T�0, tF�=TF and by
calculating, Max
�T2�0, t
 tF� /�t
, respectively. The cross-
section area of the PC-RAM cells was considered to be
1 �m2. The thermal properties of the PC material used in
these calculations are shown in Table II and the results in
Table III. The calculations have been done with two reset
currents of intensities 4 and 8 mA and with Ge2Sb2Te5 ma-
terial in the fcc and hexagonal crystallographic structures.
Our calculation shows that a decrease of the thermal conduc-

TABLE II. Room-temperature physical properties of the materials used for the simulations. � is the electrical
conductivity, � the density, and Cp the specific heat and � the thermal conductivity.

Material ���−1 m−1� ��kg m−3� Cp�J kg−1 K−1� ��W m−1 K−1�

Amorphous Ge2Sb2Te5 �film� … 6150a 210a 0.24b

Crystallized Ge2Sb2Te5 �face cubic centered� 103c 6150a 210a 0.28b

Crystallized Ge2Sb2Te5 �hexagonal compact� 103c 6150a 210a 0.46d

TiN �film� 105b 5430a 784e 15b

aData taken from Refs. 24 and 25.
bOur work.
cMeasured on Ge2Sb2Te5 with fcc structure at room-temperature. In this study, we used the same value for
Ge2Sb2Te5 with thc structure for the sake of simplicity. Nevertheless, in reality the electrical conductivity of
Ge2Sb2Te5 with hc structure is higher �3.5�104 �−1 m−1�.
dData taken from Ref. 16.
eData taken from Ref. 2.

FIG. 3. X-ray diffraction patterns of Ge2Sb2Te5 films deposited on Si sub-
strates. �a� as-deposited, �b� annealed at 480 K, and �c� annealed at 550 K.
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tivity of the PC material from 0.46 to 0.28 W m−1 K−1 does
not decrease significantly tF for a current intensity of 8 mA.
This is because tF is so small that heat does not have time to
spread significantly in the PC material. For a current inten-
sity of 4 mA, TF cannot be reached for a PC-RAM cell made
of hexagonal Ge2Sb2Te5 whereas it takes about 142 ns for a
PC-RAM cell made of fcc Ge2Sb2Te5. This result is interest-
ing because it means that lower voltages �1.4 vs 2.8 V�
across the PC-RAM cells can be used. It is worth noticing
that the maximum cooling speed after the reset current is
switched from 8 to 0 mA is about two times lower when the
thermal conductivity of the PC material is changed from 0.46
to 0.28 W m−1.K−1, i.e., when the crystallographic structure
is changed from the hexagonal compact to the rocksalt struc-
ture.

The influence of the thermal resistance and heat capaci-
tance induced by the pseudoelectrode made of titanium ni-
tride was also studied by numerical simulations. The thermal
properties of the pseudo-TiN electrode are given in Table II
and the thermal properties of the PC material are those of the
material with the fcc crystallographic structure. The tempera-
ture profiles were plotted for current intensities of 4 and 8
mA and for various thicknesses of the pseudoelectrodes �Fig.
4� at the time tF needed by the PC-RAM cell to reach the
melting temperature in its center, for an electrode 1 �m in
thickness. Once again, if the reset current is 8 mA, the tem-

perature profile calculated with Eq. �2� and by numerical
simulation is almost the same whatever the electrode thick-
ness is �Fig. 4�a��. If the reset current is 4 mA, the change in
the temperature profile is noticeable �Fig. 4�b��. The time
needed to reach the melting temperature is significantly
lower with a 1-�m-thick electrode than when the electrode is
considered as a perfect heat sink �94.7 ns vs 142 ns, see
Table III�. More generally, when the TiN thickness is larger
than the thermal penetration length, i.e., �	EtF, where 	E is
the thermal diffusivity of the pseudoelectrode, the tempera-
ture profile in the PC material is almost unaffected when the
electrode thickness is changed. Obviously, materials used to
make pseudoelectrodes in PC-RAM cells must have even
lower thermal conductivity. Nevertheless, the cooling speed
decreases when the thermal conductivity of the TiN electrode
is decreased and amorphization may not take place. For ex-
ample, when the switching currents are 4 and 8 mA, with a
1000-nm-thick pseudoelectrode made of TiN, the maximum
cooling speeds are about 1.0�1010 K/s. These are slightly
slower than when the pseudoelectrodes are perfect heat
sinks.

V. CONCLUSIONS

The thermal conductivity of
ZnS:SiO2,SiO2,Ge2Sb2Te5, and TiN thin films has been

TABLE III. Influence of the thermal conductivity of the PC material on the time tF needed to reach the melting
temperature TF and on the cooling speed calculated with formula �2� and �3�, respectively for various switching
currents I. The electrodes are assumed to be perfect heat sinks at the temperature 300 K. If the melting
temperature is not reached, the maximal temperature reached instead of tF is reported in brackets. The maxi-
mum cooling speed is reached at a time reported in brackets that lag behind tF.

I �mA� tF �ns� Cooling speed �K/s�

Crystallized Ge2Sb2Te5 �face centered cubic� 8 12.7 −1.1�1010 �25 ns�
4 13.2 −1.2�1010 �146 ns�

Crystallized Ge2Sb2Te5 �hexagonal compact� 8 13.6 −1.8�1010 �20 ns�
4 �691 K� …

FIG. 4. Temperature profiles along the x axis of half of a PC-RAM cell, constituted of a 300-nm-thick Ge2Sb2Te5 layer with the rock salt structure sandwiched
by TiN layers of different thicknesses. The surface contact between the TiN pseudoelectrode and the phase change material is 1 �m2. The profiles of figures
a and b are obtained for reset currents of 4 and 8 mA and durations of 94.7 and 12.7 ns, respectively. These are the times necessary for the temperature in the
center of the cell with 1-�m-thick electrode to reach the melting temperature. The solid lines are obtained using Eq. �3� assuming that the electrodes are
perfect heat sinks at T=300 K. The thermal penetration length at the time tF is �	EtF, where 	E is the thermal diffusivity of the TiN electrode.
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measured by the 3� method. We found that the thermal con-
ductivities of amorphous and rocksalt-crystallized
Ge2Sb2Te5 are 0.24 and 0.28 W m−1 K−1, respectively. The
thermal conductivity of Ge2Sb2Te5 with the rocksalt struc-
ture is significantly lower than the reported values for the
same material with a hexagonal crystallographic structure
�0.46 W m−1 K−1�. The thermal conductivity of oxidized TiN
films �15 W m−1 K−1� is significantly lower than most of the
reported values for bulk titanium nitride materials and its
electrical resistivity is higher �9 �� m�.

Analytical formula and numerical modeling have been
developed taking into account the heat transfer by conduc-
tion and neglecting the heat of fusion of the PC material.
They have been used to obtain the time-dependent tempera-
ture profiles in PC-RAM cells. It is further assumed that the
electrodes are perfect heat sinks when deriving the analytical
formula. It is concluded that a decrease in the thermal con-
ductivity of the PC material or of the TiN pseudoelectrode
improves the performance of PC-RAM cells only for long
reset current duration of low intensity. The optimal pseudo-
electrode thickness is about the thermal penetration length in
the electrode at the time needed to reach the melting tem-
perature of the PC material for a given reset current.
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