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thick GST layer in the hcp phase is 40!10−9 /1.4=2.9
!10−8 K m2 W−1, which is very close to the measured TBR
between the GST and the BE. In such a case, the TBR must
be introduced as a fundamental parameter for multiphysics
!electrical and heat transfer" simulation of the PCM. Unfor-
tunately, it is very difficult to theoretically estimate the TBR
value at high temperatures. Most of the theoretical models on
the TBR between two solid media, neglecting the influence
of roughness, are based on acoustic mismatch and diffuse
mismatch that do not fit with the experiments when the tem-
perature is high with respect to the Debye temperature.16,17

An interesting approach to model the heat transfer at the
interface between two solid layers at high temperature is to
perform a nonequilibrium molecular dynamics simulation.18

The TBR at the interface between the GST and the di-
electric material !usually silicon oxide or silicon nitride"
used in the memory cell can also have a significant influence
on the heat transfer balance and thus on the electrothermal
response.

In this paper, we investigated the thermal conductivity of
the GST layer, as well as the TBR at the interface between
GST and amorphous SiO2, depending on temperature, from
RT up to 400 °C. Starting from the amorphous state, the
GST was swept to the fcc- and hcp-crystalline states by in-
creasing the temperature.

II. EXPERIMENTAL PROCEDURE AND
MATHEMATICAL GOVERNING EQUATIONS

The reference amorphous SiO2 !"-SiO2" layer was ob-
tained using a rapid thermal annealing of a Si wafer, yielding
a 100 nm thick amorphous SiO2 layer, whose thermal con-
ductivity was measured through the photothermal radiometry
!PTR" technique to be equal to kSiO2

=1.45 W m−1 K−1. By
increasing the temperature, we found that the thermal con-
ductivity of "-SiO2 does not vary significantly up to 400 °C.

In order to discriminate the GST thermal conductivity
from the TBR !Ri" at the GST-SiO2 interface, five samples
with different GST thicknesses, namely, 100, 210, 420, 630,
and 840 nm, were prepared, The deposition of GST was
achieved using dc-magnetron sputtering on a 100 nm thick
thermally grown "-SiO2 on Si substrate. Each thickness was
carefully measured by field-emission scanning electron mi-
croscopy !SEM". An illustration for the 210 nm GST is given
in Fig. 1; this SEM image was obtained after the thermal
characterization of the sample, which means that the GST

had been annealed and therefore it is in the crystalline state
!crystalline grains can be distinguished in the image". How-
ever, it must be emphasized that the maximum thickness that
can be deposited during the sputtering process is 210 nm.
This means that 420, 630, and 840 nm GST thick layers are
achieved in 2, 3, and 4 deposition steps, respectively. There-
fore, different interfaces are present inside the GST layers !1
for 420 nm, 2 for 630 nm, and 3 for 840 nm"; these inter-
faces can have significant influence on heat transfer during
the characterization.

Assuming that the Fourier law is valid in both the SiO2

and GST layers, the thermal resistance of the GST-SiO2

stack is defined as

R = RGST + Ri

Rt

+ RSiO2
=

eGST

kGST
+ Ri +

eSiO2

kSiO2

.!"""""# !1"

In this relation, Ri denotes the TBR at the GST-SiO2

interface, RSiO2
denotes the thermal resistance of the SiO2

layer, and RGST is the thermal resistance of the GST layer. In
this relation, eSiO2

and eGST are the thicknesses of the GST
and SiO2 layers, respectively.

Using ellipsometry we found that the extinction coeffi-
cient for GST at 514 nm !the wavelength of the laser used in
the PTR" varies between 2.5 and 4.5 in the amorphous and
crystalline fcc states, respectively. With respect to the GST
layer thicknesses, this coefficient leads to a non-negligible
optical depth absorption !#17 nm" at 514 nm. Therefore, a
platinum layer !30 nm thick" was deposited by e-beam
evaporation on the GST layer as a transducer for the incident
laser beam. Indeed, the heat flux is absorbed by the Pt layer
that is assumed to be isothermal for all the frequency range
swept during the experiment; on the other hand, the Pt layer
avoids possible oxidation and evaporation of the GST at high
temperature. Moreover, it must be also noted that thermolu-
minescence of the silicon substrate occurs at #1.7 #m.
Since the GST is transparent at such a wavelength, this ra-
diation can be collected by the IR detector. Capping the GST
with the Pt layer limits this thermoluminescence radiation
from the sample surface so that only the radiation related to
heat transfer in the sample is measured.

PTR experiments were implemented to measure the ther-
mal resistance R $as defined in relation !1"% of each sample as
a function of temperature. The basic principle is to measure
the phase lag and the amplitude of the periodic temperature
response produced on the sample surface by a modulated
laser beam.19 A thermal diffusion model describing the heat
transfer in the sample during the experiment enables the cal-
culation of the theoretical phase lag and the amplitude as a
function of frequency. The identification of the stack thermal
resistance is performed by minimization of the gap between
the theoretical and the experimental data.

The schematic view of the PTR experimental setup
is presented in Fig. 2. In order to perform experiments at
different temperatures, the temperature of the sample was
controlled by a commercially available heating device, work-
ing under argon as inert gas. The sample was heated at a rate
of 20 °C /min and annealed for 5 min at the required

! " # ! " # $ % & ' ( ) * +

# , -
&
% ' ( ( ) * +

# , % . / 0 1 2 +

3 4 % 5 ( ) * +

FIG. 1. SEM cross-sectional image obtained after the sample had been
thermally characterized. After the 400 °C annealing temperature is reached,
the GST crystalline phase is observed. It is also seen that the Pt layer
thickness remains unchanged during the characterization.
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Difficultés	
  inhérentes	
  à	
  la	
  mesure	
  à	
  
haute	
  température	
  

•  La	
   couche	
  métallique	
   supérieure	
   joue	
   le	
   rôle	
   de	
  
transducteur	
  op:que	
  (métal,	
  émissivité	
  faible)	
  et	
  
thermique	
  (fréquence	
  faible	
  <	
  1MHz);	
  

•  Elle	
   joue	
   un	
   rôle	
   vis	
   à	
   vis	
   de	
   l’oxyda:on	
   et	
   de	
  
l’évapora:on	
  du	
  matériau	
  à	
  caractériser;	
  

•  Elle	
  évite	
  le	
  rayonnement	
  à	
  lg	
  dans	
  le	
  cas	
  des	
  SC;	
  
•  Elle	
  doit	
  rester	
  intègre	
  aux	
  températures	
  élevées	
  
à	
   pression	
   atmosphérique,	
   sa	
   température	
   de	
  
fusion	
   doit	
   être	
   grande	
   devant	
   la	
   température	
  
maximale	
   exploré	
   (risque	
   d’évapora:on	
   sur	
   la	
  
fenêtre	
  du	
  four,	
  surtout	
  à	
  basse	
  pression).	
  



Les	
  solu:ons	
  trouvées	
  

•  Plusieurs	
   types	
   de	
   couches	
   métalliques	
   ont	
  
été	
   testées;	
   le	
  Pt	
   (Tf	
  =	
  1840	
  K)	
  est	
  celle	
  qui	
  a	
  
donnée	
  les	
  meilleurs	
  résultats;	
  

•  Il	
   vaut	
   mieux	
   travailler	
   sous	
   atmosphère	
  
contrôlée	
   que	
   sous	
   vide	
   (fréquence	
  
d’excita:on	
   suffisamment	
   élevée	
   pour	
  
négliger	
   les	
   pertes,	
   moins	
   de	
   risque	
  
d’évapora:on	
   de	
   la	
   couche	
   métallique	
   à	
  
température	
  élevée).	
  



Emissivité	
  du	
  Pt	
  en	
  fonc:on	
  de	
  T	
  

Measurement of emissisity of platinum 
1 mm above the specimen but was not in contact with it. 
The output from the detector was measured continuously by 
a high-speed Pen recorder and the trace was marked 5 and 

The standard deviations of individual values of 6hr and surface 
temperature are 0.008 and 7 degc respectively. 

Values for eht at 100 degc intervals (table 2), taken from a 

A 

o - -  

Figure 1. A, ammeters; Tv, variable transformers, Ts, step-down transformers; SP, surface 
pyrometer; S, platinum foil sample; F, furnace; E, silicon carbide heating elements; RL, 
pyrometer load resistance; SM, microswitch and RT, shunt for timing marks; R, highspeed 

rezorder, ranges 0-2, 0-20, 0-50 mv. 

20 sec after the pyrometer had been applied to the specimen. 
This enabled extrapolation of the output to zero time (by the 
square-root law) for the purpose of eliminating the effect of 
the pyrometer on the surface temperature. Outputs were 
reproducible to better than 5 0 . 5 %  in different sets of 
measurements. The two measurements for one determina- 
tion were made within 1 min and could be repeated at intervals 
of 15 min, the time required for the pyrometer to cool. 
Separate instruments (Land SP and QSPSO) were used for 
the determination of 6ht and Eh;.. 

3. Results and discussion 
The values obtained for E , , ~  are given in table 1 and plotted 

in figure 2 (together with results obtained by previous authors). 

Table 1 

Surface Exptl 
temp. points 
TS Eht 

286 0.074 
376 0.093 
527 0.118 
581 0.126 
706 0.137 
747 0.146 
824 0.152 
927 0.168 

1003 0.172 
1081 0.182 
1213 0.195 

Table 2 

Surface AV. 
temp. curve 
TS Eht 
300 0.078 
400 0.095 
500 0.111 
600 0.126 
700 0.139 
800 0.152 
900 0.163 

1000 0.174 
1100 0.184 
1200 0.192 
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Figure 2. Total emissivity of platinum plotted against surface temperature. 
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A
bstract. 

The total hem
ispherical em

issivity Eht of platinum
 in the tem

perature range 
300-1200"~ has been determ

ined by a technique based on the Land hem
ispherical surface 

pyrom
eter. 

It is show
n that Eht of a low

-em
issivity m

aterial and its dependence on tem
- 

perature can be m
easured conveniently, rapidly and precisely by this technique. 

The 
spectral hem

ispherical em
issivity of platinum

 at 0.9 pm
 has been m

easured in the ten- 
perature range 900-1 200"c. 

1. Introduction 
The 

total 
hem

ispherical 
em

issivity 
Eht 

of 
platinum

 
at 

tem
peratures betw

een 25 and 1250"~ has been determ
ined by 

three 
groups 

of 
investigators 

using 
various 

m
ethods. 

D
avisson and W

eeks (1 924) and also G
eiss ( 1925) determ

ined 
the heat-radiated from

 a platinum
 w

ire in vacuo from
 the 

electrical pow
er input and derived the tem

perature of the 
W

ire from
 its electrical resistance after correcting for heat loss 

to the ends and the potential leads. 
K

rishnan and Jain (1954) 
used a similar m

ethod but m
easured the tem

perature by 
optical pyrom

etry based on a previously determ
ined value of 

the spectral em
issivity at h =

 0.665 pm
. 

The total norm
al em

issivity ent also has been m
easured in 

several w
ays (Foote 1914, Pirani 1939, Sully er al. 1952, 

Betz and O
lson 1956). 

Figure 2 show
s the results for 

E
ht 

and cnt 
W

ith the exception of one set of results (Pirani 
1939), 

Eht and ent increase w
ith increasing tem

perature as 
required by the free electron theory (see review

s by Jakob 
1949, Thorn and W

inslow
 1962) but there is som

e disagree- 
m

ent betw
een the absolute values. 

The procedures for m
easuring total em

issivity adopted 
hitherto have been rather com

plicated and have required 
an independent or indirect m

easurem
ent of 

the surface 
tem

perature. 
This paper reports a redeterm

ination of 
Eht 

betw
een 300 and 12W

c by a relatively sim
ple and convenient 

m
ethod based on the Land hem

ispherical reflector type 
surface pyrom

eter @
rury et al. 1951), an instrum

ent w
hich is 

available com
m

ercially. 
A

n im
portant object of the w

ork 
w

as to assess the reliability and convenience of the m
ethod 

for the routine m
easurem

ent of Eht of other poorly em
issive 

m
aterials in connection w

ith w
ork on the effect of such 

m
aterials on heat transfer in furnaces. 
The hem

ispherical spectral em
issivity EM

 at 0.9 pm
 has 

also been m
easured over the range 870-1250'~. 

The values 
obtained for Eh;., though less accurate than those for Eht, are 
reported 

since apart 
from

 the isolated (and discordant) 
values of 

enj. (norm
al spectral em

issivity) determ
ined by 

Price (1947) (for l.O
pm

), M
cCauley (1913) (for 0.8 and 

1 'O
pm

) andSchley,Tingwaldt,andVerch (1960)(for0.85 pm
) 

(see figure 3) no data for this w
avelength appear to be available. 

The platinum
 w

hich form
ed the subject of the present in- 

vestigation w
as 99.9%

 pure and w
as supplied by M

atthey- 
G

arrett Pty Ltd., Sydney, N
.S.W

. 
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2. Experim
ental 

The Land surface pyrom
eter is essentially an open hollow

 
hem

isphere 2.5cm
 in radius. 

Its inside surface is gold- 
plated and a detector (therm

opile for total radiation, silicon 
cell for 0.9 pm

) (Barber and Land 1962) is situated behind a 
sm

all w
indow

 (fluorite, glass) at the pole. 
A

n account of 
the theory of the instrum

ent is available elsew
here (D

m
ry 

et al. 1951, Land Pyrom
eters Ltd. 1959, 1960). 

To determ
ine 

the hem
ispherical em

issivity of a hot surface tw
o m

easure- 
m

ents are m
ade: in the first the gold surface is covered w

ith a 
black insert, and the voltage output V,, w

hich is a m
easure of 

the radiant tem
perature, is recorded w

hen the instrum
ent is 

held close to the hot surface. 
The m

easurem
ent is then 

repeated w
ith the gold surface exposed, w

hereupon the 
m

ultiple reflections increase the output from
 the detector. 

This new
 output VG

 is a know
n function of the true surface 

tem
perature 

T,, 
the hem

ispherical em
issivity 

Eh and the 
hem

ispherical reflectivity Rh of the gold surface. 
The values 

V,, 
VG

 and R
h

 and certain other correction factors together 
enable T, and Eh to be calculated. 

For total radiation the 
value of &

,t 
given by the m

anufacturer (0.91) w
as used, but 

no value of R
h>. w

as available for m
easurem

ents at 0.9 pm
. 

A
 determ

ination of the reflectivity at 0.9 Fm
 carried out by 

the C.S.I.R.O
. D

ivision of Physics set a low
er lim

it of 0-86. 
A

n upper lim
it of 0.95 w

as calculated from
 the optical 

constants of evaporated gold film
s (Schulz 1954, Schulz and 

Tangherlini 1954) and values of 0.84 and 0.91 are available 
(G

ier, D
unkle and Bevans 1954, Schley et al. 1960) for gold 

surfaces at 1.0 and 0.85 pm
 respectively. 

Free electron 
theory 

yields 
a 

value 
of 

0.925 
at 

0.9pm
 and room

 
tem

perature. 
From

 these considerations a value of 0.90 
w

ith a standard deviation of about j0
.0

2
 w

as adopted. 
The specim

en, a flat w
rinkle-free unpolished piece of rolled 

platinum
 foil, w

as supported horizontally in a suitably 
shaped hole cut in an insulating brick. 

The brick form
ed the 

top of a furnace heated internally by tw
o sets of four silicon 

carbide elem
ents at right angles to each other. 

Pow
er up to 

5 kvA (total) w
as m

onitored by am
m

eters and controlled 
m

anually by variable transform
ers. 

A
 block diagram

 of the 
apparatus is given in figure 1. 

For the low
 output ranges Of 

both pyrom
eters, the 0-2m

w
 range of the speed recorder 

gave adequate sensitivity w
ithout special precautions. 

The aperture of the pyrom
eter w

as supported less than 
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ranges. On the other hand, the SiO2-Si interface does not act
in this configuration since the amorphous oxide is achieved
by thermal annealing.

The system of partial differential equations was solved
using the Laplace integral transform on time.19 The unknown
thermal resistance Rt=Ri+RGST is identified using a minimi-
zation procedure based on the large-scale algorithm. This
algorithm is a subspace trust region method and is based on
the interior-reflective Newton method described in Ref. 20. It
must be noticed that each iteration involves the approximate
solution of a large linear system using the method of precon-
ditioned conjugate gradients. The thermal conductivity of
GST and the TBR are retrieved using the thermal resistances
identified for each thickness of the GST film.

A. Validation of the Fourier regime assumption

The goal of this section is to justify the use of relation
!1", i.e., the expression of the thermal resistance of each layer
!GST and !-SiO2" according to their respective thicknesses
and thermal conductivities !R=e /k". We first performed a
picosecond time domain thermoreflectance !TDTR" experi-
ment on the 400 nm thick GST layer in the hcp-crystalline
phase at RT. The experimental method is described in the
paper of Battaglia et al.21 and was based on a time resolved
pump-probe setup using ultrashort laser pulses !wavelength
=800 nm and pulse duration "=100 fs" generated by a Ti-
:sapphire laser. The transducer was an aluminum film #de-
noted as Al, with eAl=55 nm for the thickness and #Cp!Al"
=2700$900 J kg−1 m−3 of specific heat per volume unit$,
deposited on the GST layer in order to increase the signal-
noise ratio during the TDTR. The expression of the average
!with respect to the spatial distribution of the temperature
on the heated area" normalized time domain thermoreflec-
tance signal is TDTR¯ =exp!!2t"erfc!!%t", where !

=EGST%h̃ /Cp!Al", EGST=%kGST#Cp!GST" is the effusivity of
the GST layer, and 1 /%h̃=eAl is the heat penetration depth
during the thermallization process between electrons and the
lattice in the aluminum film. The result of the experiment is
reported in Fig. 4, as well as the simulation obtained from
the heat conduction model. It clearly appears that the mea-
sured impulse response fits very well with the semi-infinite

behavior when time becomes higher than &"min=0.3 ns. This
demonstrates that the Fourier law is valid only for GST
layers whose thickness is higher than min!eGST"
&%&"minkhcp-GST /#Cp!GST"=19.3 nm #for this calculus we
used khcp-GST=1.7 W m−1 K−1 and #Cp!hcp-GST"=6400
$212 J m−3 K−1$. This minimal GST thickness is largely in-
ferior to the thicknesses of the used GST samples. This value
can be viewed as the phonons mean free path in the hcp-GST
and it must be lower in the amorphous phase. Implicitly, it
demonstrates also the validity of the framework of the ther-
mophysical properties of GST in the hcp phase. The same
experiment was performed on a !-SiO2 layer and it was
found that min!e!-SiO2

"&5.3 nm.

III. RESULTS AND ANALYSIS

Figure 5 represents the measured thermal resistance Rt
according to the temperature for all the Pt /GST /SiO2 /Si
stacks. The thermal resistance before the !-fcc transition is
constant !zone 1" until the phase change occurs at 130 °C
!zone 2". The fcc-hcp transition occurs close to 310 °C, but
it is not as clearly observable as for the first one since the
thermal resistance increases continuously between the two
phase change temperatures !zone 3". After reaching 400 °C,
the temperature is decreased and it is observed that the ther-
mal resistance remains constant for all the samples, as ex-
pected, since the hcp configuration is stable. Figure 6 shows
the measured value of Rt as a function of the thickness of the
GST layer for the whole swept temperature range. For the
!-GST !T'100 °C", the linear regression can be considered
only for the first two thicknesses !100, 210 nm". Indeed, it is
clear that the thermal resistance increases rapidly for the
three higher thicknesses !420, 630, and 840 nm". As said in
Sec. I, this phenomenon comes from the fact that these thick-
nesses are obtained after several deposition steps, each step
corresponding to a 210 nm deposition. Therefore, there are
the 1, 2 and 3 additional interfaces between each layer inside
the GST that lead to a significant increase in the R!-GST
value. On the other hand, results obtained at 140 °C show
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FIG. 4. !Color online" Plot of a TDTR experiment performed on a hcp-GST
layer, 420 nm thick, capped with a 55 nm aluminum film. The simulation
exhibits the time range needed for the Fourier regime to become applicable.
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temperature before starting the measurement. Optical access
to the sample located inside the crucible of the heating de-
vice was ensured by a BaF2 window that is transparent in the
visible and infrared radiation range. The thermal excitation
was generated on the sample front face by an Ar+ laser of
514 nm wavelength and 1.7 W maximum power. The laser
was modulated by an acousto-optic modulator using the
square signal issued from a function generator and was re-
flected to the sample surface by a set of mirrors. The laser
beam had a Gaussian profile of power repartition on the spot
of 1 mm in diameter at 1 /e2. A very fast photodiode was
used to measure the reference signal, in order to avoid the
phase lag due to the acousto-optic modulator driver. The
thermal response was measured by an infrared HgCdTe de-
tector. The wavelength measurement range of this IR detec-
tor was comprised between 2 and 13 !m. Parabolic mirrors
coated with high reflective rhodium !reflectivity of 98% in
the infrared detector wavelength band" were used to collect
the emitted infrared radiation and to focus it on the infrared
detector. The detector wavelength operating range was
higher than that of the laser, therefore, the measurement was
not disturbed by the photonic source; moreover, an optical
filter was used in order to reject all the visible radiation ar-
riving on the IR detector. The zone viewed by the detector
was the image of the infrared sensitive element on the
sample corresponding to a circle of 1 mm in diameter. A
lock-in amplifier was used to measure the amplitude and the
phase lag between the reference and the detector output, ac-
cording to the frequency. The frequency range of
1–100 kHz, where the phase and the amplitude are sensitive
to the thermal resistance of the film, was swept during the
experiment. Each measurement for the amplitude and phase
was affected by a 5% standard deviation. The periodic tem-
perature variation "T at the sample surface was small
enough to assume that the measured radiative emission by
the IR detector was linearly proportional to "T.

Considering the large diameter of the laser beam with
respect to the small GST film thicknesses, the heat transfer in
the sample in this experimental configuration is described by
the following relations in one dimension

1
#i

!T

!t
=

!2T

!z2 , 0 $ z $ ei, t % 0, i = GST,SiO2,Si.

!2"

With related boundary conditions

− kGST
!T

!z
= &0 cos!'t", z = 0, t % 0, !3"

T = 0, z = eT = eGST + eSiO2
+ eSi, t % 0, !4"

TGST − TSiO2
= Ri&, z = eGST, t % 0, !5"

and the initial condition

T = 0, 0 $ z $ eT, t = 0, !6"

where #i is the thermal diffusivity !ki /(iCi" of the respective
layer i, T is the temperature, t is the time, and & is the heat
flux. Condition !3" corresponds to the periodic heat flux with
angular frequency '=2)f . Equation !4" gives the condition
of prescribed temperature !after a change in variable" and
initial condition.!6" The boundary condition !5" introduces
the thermal resistance at the GST-SiO2 interface. We per-
formed a time of flight secondary ion mass spectroscopy
!ToF-SIMS" experiment using an ION-TOF IV instrument,
on the 210 nm thick GST sample. ToF-SIMS measurements
were taken sputtering over 200*200 !m2 area Cs+ ions
with energy of E=500 eV and analyzing a 50*50 !m2 at
the center of the sputtered area with Ga+ ions with energy of
E=25 keV, and collecting secondary !sputtered" negative
ions. The result is presented in Fig. 3 and shows a small
diffusion of the Pt inside the GST at the interface. This lo-
cated mixing at the Pt-GST interface leads us to assume a
negligible thermal resistance at the Pt-GST interface with
respect to the GST-SiO2 interface. Furthermore, SIMS mea-
surement on the annealed sample at 400 °C does not show a
change in the Pt layer as well as at the GST-Pt interface,
which denotes that the Pt does not diffuse more inside the
GST layer when increasing the temperature. Thus, previous
assumption remains valid for all the swept temperature
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FIG. 2. !Color online" PTR experimental setup. The sample is put inside a
furnace that permits reaching 1200 °C under vacuum or under inert gas.
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FIG. 3. ToF-SIMS analysis obtained from the 210 nm thick GST sample. It
is observed a small diffusion of Pt inside the GST that leads to consider that
the TBR at the Pt-GST interface is negligible with respect to that at the
GST-SiO2 interface.
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that these interfaces disappear when the GST crystallizes.
This means that the intrinsic thermal conductivity for the
amorphous phase, as well as the TBR at the !-GST-SiO2
interface, must be calculated from the linear regression ob-
tained for the 100 and 210 nm thick GST only. For the crys-
talline samples, a linear regression between the thermal re-
sistance and the GST thickness is well retrieved, as expected
from relation !1".

Using relation !1" for all the measured values of Rt, the
corresponding values of the intrinsic GST thermal conduc-
tivity versus temperature were found, as represented in Fig.
7, as well as the variation in the TBR versus temperature, as
represented in Fig. 8. Since the precision on the TBR values
is strongly dependent on the slope of the curve, the regres-
sion coefficients R2 are also reported in Fig. 8.

Only the values with 0.98"R2"1 were retained for
the TBR. A constant value of k!-GST=0.19 W m−1 K−1 was
found for the amorphous phase with a TBR of Ri=5
#10−8 K m2 W−1. The intrinsic thermal conductivity for
the fcc-GST varied from kfcc-GST=0.42 W m−1 K−1

to 0.91 W m−1 K−1 in the 140–300 °C range. From the
phase change temperature to 250 °C, the TBR decreased
significantly to reach a minimum value of Ri=5
#10−9 K m2 W−1. Above 250 °C, the TBR increased to 9
#10−8 K m2 W−1 at 400 °C. The intrinsic thermal conduc-
tivity for hcp-GST !from 310 to 400 °C" varied from
khcp-GST=1.1 to 2 W m−1 K−1. Obviously, this particular be-
havior cannot be observed when one characterizes an an-
nealed sample at RT. Indeed, as it can be seen in Fig. 7, the
thermal conductivity of the hcp-phase remained quite con-
stant and equal to 1.6 W m−1 K−1. On the other hand, it was
found that the TBR between the GST and !-SiO2 is higher
!Ri#1#10−7 K m2 W−1, in Fig. 8" for hcp-GST than that for
fcc-GST and !-GST.

IV. CONCLUSION

The TBR at the interface between GST and SiO2 thin
films is a fundamental parameter that influences the heat
transfer in a PCM device. This parameter appears even more
dominant as the GST thickness decreases down to the tens of
nanometer range. As we demonstrated using the TDTR tech-
nique, the Fourier regime for the crystalline hcp-GST phase
is applicable when the thickness is higher than 20 nm. An
interesting achievement of the present work is that the GST
thermal conductivity in the hcp-phase still increases with the
temperature. On the other hand, the same literature value was
found when the temperature is set back to RT.

According to our results, the thermal resistance of a
40 nm thick GST in the hcp phase is RGST=40#10−9 /1.6
=2.5#10−8 K m2 W−1 at RT. Since TBR results above
10−8 K m2 W−1, this means that TBR plays a significant role
on controlling the heat transfer and should be included in
PCM modeling.
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phase n’entraîne pas de changement significatif des constantes optiques [41]. Le GST étant un semi-
conducteur, l’ellipsométrie permet d’en déterminer le gap. Ainsi Eg = 0,74eV (º 2,5µm) pour l’amorphe,
0,5eV (º 1,7µm) pour cfc et 0,5eV pour le cristal hcp [42].

1.4.4 Propriétés électroniques/électriques

L’alliage Ge2Sb2Te5 est utilisé dans les PRAM car, en plus de la vitesse de cristallisation élevée et
de la stabilité de la phase amorphe, la différence de résistivité électrique entre l’état amorphe et l’état
cristallin est de quasiment 4 ordres de grandeur [43, 44](voir figure 1.16).

FIGURE 1.16 – Résistance électrique d’un dépôt de 85 nm de GST déposé amorphe sur silicium en
fonction de la température [35]

Cet alliage, isolant électrique à l’état amorphe, devient via changement de phase, conducteur
électrique en l’espace d’une centaine de nanosecondes (i.e le temps de cristallisation du matériau).
On remarquera aussi que le GST est composé de matériaux non métalliques provenant de la co-
lonne des chalcogènes et des métalloïdes dans la classification périodique des éléments. Aussi l’al-
liage Ge2Sb2Te5, est-il un semi-conducteur type P à l’état cristallin [45], il présente donc des porteurs
libres de charges qui contribuent à la conduction électrique. Or, la recombinaison de ces porteurs sui-
vant la théorie des bandes peut entraîner l’émission de photons de longueur d’onde caractéristique
du gap du semiconducteur [46]. Une éventuelle émission de photons peut donc perturber la mesure
sur un dispositif de pyrométrie (voir annexe 1).

1.4.5 Propriétés mécaniques

Dans notre cas nous nous intéressons aux propriétés liées à la propagation des ondes acoustiques.
Tout d’abord, la vitesse longitudinale de propagation du son dans ce milieu est mesurée par la tech-
nique d’acoustique picoseconde (décrite dans le chapitre 2). Ainsi, les mesures sont de vÆ°GST = 2250
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Later,24 it is thus found E0 ¼ Eg " ð/m " vpÞ ¼ 0:77 eV and
barrier width d0 ¼ ðere0 E0=2ecnpÞ1=2 ¼ 2:094 nm (with e0

the free-space permittivity and ec the electron charge). The
tunneling probability is found to be very low: P ¼ 1=
ð1þ sinh2ð4p2me E2

0 d2
0=h2Þ1=2Þ ¼ 0:0052 (with me the

electron effective mass and h the Planck constant), mak-
ing negligible the thermionic emission contribution to the
heat transfer at the interface. On the other hand, the ther-
mal resistance due to coupling between electrons and
phonons in the Al layer has been explicitly given in Ref.
25 as Re"ph ¼ 1=

ffiffiffiffiffiffiffiffiffiffi
Gkph

p
where G ¼ 4:9& 1017 W m"3 K"1

is the electron-phonon coupling factor26 and kAl;ph

¼ 18 W m"1 K"1 is the phonon thermal conductivity in Al.
We obtained Re"ph ¼ 3:36& 10"10 m2 K=W, that is at least 2
orders of magnitude below the measured TBR. Therefore,
the electronic contribution to the TBR is very small.

As described in Ref. 27, the diffuse mismatch model
(DMM) is able to calculate the transmission coefficient
sAl"GST for phonons at the Al-GST interface. However, at
temperature higher than the Debye temperature, high fre-
quencies contribution cannot be neglected and it is recom-
mended to calculate the transmission coefficient from the real
density of states (DOS) instead of assuming the Debye
approximation.28 Such data have been measured using X-ray
photoemission spectroscopy.29 This approach requires to cal-
culate integrals over the whole frequency range of the first
Brillouin zone using a numerical technique (the adaptive
Lobatto quadrature has been used in this work). However, at
high temperature, we observed that the asymptotic behavior
described by Rph"ph ¼ 4=ðsGST"Al Cp;GSTðTÞ vGSTÞ, where

sGST"Al¼
P3

j¼1v
"2
g;j;Al=ð

P3
j¼1v

"2
g;j;GSTþ

P3
j¼1v

"2
g;j;AlÞ'v"2

Al =ðv"2
GST

þv"2
Al Þ is the phonon transmission coefficient (Cp;GSTðTÞ is

the specific heat per unit volume of the GST (see Table I),
vGST¼ðvg;lþ2vg;tÞ=3 is the speed of sound in GST and vAl

denotes the speed of sound in Al (see Table I) fits very well
with the calculated values from the detailed DOS. However,
we must insist on the fact that this asymptotic solution is only
valid when considering the heat flux coming from the GST
towards the Al since the GST Debye temperature is the low-
est (see Table I) and obviously the TBR is an intrinsic prop-
erty of the interface that does not depend on the heat flux
direction. This point has been also discussed in Ref. 30. The
calculated Rph"ph for the three crystalline states are reported
in Table. II. Those theoretical values, thus, appear close to
the measured ones for the amorphous and fcc crystalline
states. However, a significant difference, one order of magni-
tude, occurs for the hcp state. At high temperature (above the
Debye temperature), inelastic phonon scattering has a large
effect on the TBR decrease.27 This effect is even more pro-
nounced here since the Al and GST Debye temperatures are
very different and moreover the one of GST is low (see Table
I). However, although a similar trend was expected when
going from fcc to hcp, a very pronounced increase of the
TBR is conversely observed.

This observation suggests that the increase in TBR after
130 (C is mostly sensitive to the grain growth and species
inter-diffusion during the fcc-hcp phase change that impacts
the interface morphology. This effect at high temperature has
been investigated rather recently in a quantitative way,31–34

although the concept of virtual crystal was first introduced in
Ref. 35. In such a configuration, the TBR is sensitive to
atomic disorder in the mixing zone, anharmonic scattering,
and chemical bonding. Therefore, since all these parameters
can not be easily measured, it is not reasonably expected to
obtain a very accurate TBR estimation but rather a bounded
interval. The Al surface roughness and that of the GST alone,
in the amorphous, fcc and hcp states, have been measured by
atomic force microscopy (AFM). Very similar arithmetic av-
erage, Ra, of the surface roughness profiles for all the configu-
rations are found (Table II) which demonstrates the Al layer
follows well the GST surface change during crystallization. It
is, thus, observed that the Ra increases by 23% for the fcc

FIG. 3. Identified TBR at the Al-GST interface according to the sample tem-
perature (blue diamond), high temperature asymptotic DMM theoretical val-
ues (red squares), and high temperature asymptotic DMM theoretical values
with interfacial layer (grey dot).

TABLE II. Measured TBR (from identification based on the heat transfer
model and TRPP data), theoretical phonon transmission coefficient
(sAl"GST), calculated thermal resistance at the interface (Rph"ph) using the as-

ymptotic relation at high temperature, measured average roughness (Ra) on
GST alone and on Al, measured oscillation frequency (fexp), acoustic reflec-

tion coefficients (Rexp
ac ), phonon transmission coefficient (sexp

Al"GST) from
acoustic TRPP data and massless spring (kr) per unit length of the interfacial
layer.

Al-GSTa Al-GSTf cc Al-GSThcp

Measured TBR ½m2:K:W"1* 260:5& 10"8 662& 10"9 862& 10"8

sAl"GST (Theory, DOS) 0.865 0.73 0.73

Rph"ph ½m2:K:W"1*
(High T model) 1:423& 10"8 5:647& 10"9 5:189& 10"9

Ra (nm), on GST / Al
(60:1 nm) 0.4 / 0.7 0.5 / 0.8 0.7 / 0.9

lexp 0:3160:01 0:1560:01 0:1160:01

fexp ðGHzÞ 165620 130610 145610

Rexp
ac 0:1560:05 0:360:05 0:4560:05

sexp
Al"GST (ACO) 0.69 0.52 0.29

kr ½GPa:nm"1* 7565 2563 1563
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Later,24 it is thus found E0 ¼ Eg " ð/m " vpÞ ¼ 0:77 eV and
barrier width d0 ¼ ðere0 E0=2ecnpÞ1=2 ¼ 2:094 nm (with e0

the free-space permittivity and ec the electron charge). The
tunneling probability is found to be very low: P ¼ 1=
ð1þ sinh2ð4p2me E2

0 d2
0=h2Þ1=2Þ ¼ 0:0052 (with me the

electron effective mass and h the Planck constant), mak-
ing negligible the thermionic emission contribution to the
heat transfer at the interface. On the other hand, the ther-
mal resistance due to coupling between electrons and
phonons in the Al layer has been explicitly given in Ref.
25 as Re"ph ¼ 1=

ffiffiffiffiffiffiffiffiffiffi
Gkph

p
where G ¼ 4:9& 1017 W m"3 K"1

is the electron-phonon coupling factor26 and kAl;ph

¼ 18 W m"1 K"1 is the phonon thermal conductivity in Al.
We obtained Re"ph ¼ 3:36& 10"10 m2 K=W, that is at least 2
orders of magnitude below the measured TBR. Therefore,
the electronic contribution to the TBR is very small.

As described in Ref. 27, the diffuse mismatch model
(DMM) is able to calculate the transmission coefficient
sAl"GST for phonons at the Al-GST interface. However, at
temperature higher than the Debye temperature, high fre-
quencies contribution cannot be neglected and it is recom-
mended to calculate the transmission coefficient from the real
density of states (DOS) instead of assuming the Debye
approximation.28 Such data have been measured using X-ray
photoemission spectroscopy.29 This approach requires to cal-
culate integrals over the whole frequency range of the first
Brillouin zone using a numerical technique (the adaptive
Lobatto quadrature has been used in this work). However, at
high temperature, we observed that the asymptotic behavior
described by Rph"ph ¼ 4=ðsGST"Al Cp;GSTðTÞ vGSTÞ, where

sGST"Al¼
P3

j¼1v
"2
g;j;Al=ð

P3
j¼1v

"2
g;j;GSTþ

P3
j¼1v

"2
g;j;AlÞ'v"2

Al =ðv"2
GST

þv"2
Al Þ is the phonon transmission coefficient (Cp;GSTðTÞ is

the specific heat per unit volume of the GST (see Table I),
vGST¼ðvg;lþ2vg;tÞ=3 is the speed of sound in GST and vAl

denotes the speed of sound in Al (see Table I) fits very well
with the calculated values from the detailed DOS. However,
we must insist on the fact that this asymptotic solution is only
valid when considering the heat flux coming from the GST
towards the Al since the GST Debye temperature is the low-
est (see Table I) and obviously the TBR is an intrinsic prop-
erty of the interface that does not depend on the heat flux
direction. This point has been also discussed in Ref. 30. The
calculated Rph"ph for the three crystalline states are reported
in Table. II. Those theoretical values, thus, appear close to
the measured ones for the amorphous and fcc crystalline
states. However, a significant difference, one order of magni-
tude, occurs for the hcp state. At high temperature (above the
Debye temperature), inelastic phonon scattering has a large
effect on the TBR decrease.27 This effect is even more pro-
nounced here since the Al and GST Debye temperatures are
very different and moreover the one of GST is low (see Table
I). However, although a similar trend was expected when
going from fcc to hcp, a very pronounced increase of the
TBR is conversely observed.

This observation suggests that the increase in TBR after
130 (C is mostly sensitive to the grain growth and species
inter-diffusion during the fcc-hcp phase change that impacts
the interface morphology. This effect at high temperature has
been investigated rather recently in a quantitative way,31–34

although the concept of virtual crystal was first introduced in
Ref. 35. In such a configuration, the TBR is sensitive to
atomic disorder in the mixing zone, anharmonic scattering,
and chemical bonding. Therefore, since all these parameters
can not be easily measured, it is not reasonably expected to
obtain a very accurate TBR estimation but rather a bounded
interval. The Al surface roughness and that of the GST alone,
in the amorphous, fcc and hcp states, have been measured by
atomic force microscopy (AFM). Very similar arithmetic av-
erage, Ra, of the surface roughness profiles for all the configu-
rations are found (Table II) which demonstrates the Al layer
follows well the GST surface change during crystallization. It
is, thus, observed that the Ra increases by 23% for the fcc

FIG. 3. Identified TBR at the Al-GST interface according to the sample tem-
perature (blue diamond), high temperature asymptotic DMM theoretical val-
ues (red squares), and high temperature asymptotic DMM theoretical values
with interfacial layer (grey dot).

TABLE II. Measured TBR (from identification based on the heat transfer
model and TRPP data), theoretical phonon transmission coefficient
(sAl"GST), calculated thermal resistance at the interface (Rph"ph) using the as-

ymptotic relation at high temperature, measured average roughness (Ra) on
GST alone and on Al, measured oscillation frequency (fexp), acoustic reflec-

tion coefficients (Rexp
ac ), phonon transmission coefficient (sexp

Al"GST) from
acoustic TRPP data and massless spring (kr) per unit length of the interfacial
layer.

Al-GSTa Al-GSTf cc Al-GSThcp

Measured TBR ½m2:K:W"1* 260:5& 10"8 662& 10"9 862& 10"8

sAl"GST (Theory, DOS) 0.865 0.73 0.73

Rph"ph ½m2:K:W"1*
(High T model) 1:423& 10"8 5:647& 10"9 5:189& 10"9

Ra (nm), on GST / Al
(60:1 nm) 0.4 / 0.7 0.5 / 0.8 0.7 / 0.9

lexp 0:3160:01 0:1560:01 0:1160:01

fexp ðGHzÞ 165620 130610 145610

Rexp
ac 0:1560:05 0:360:05 0:4560:05

sexp
Al"GST (ACO) 0.69 0.52 0.29

kr ½GPa:nm"1* 7565 2563 1563
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Chapitre 6 Caractérisation thermique des matériaux fondus à l’échelle du microlitre

de 100°C (voir section 3.5.2 page 51). Les épaisseurs de déposition sont de 150 nm
et 300 nm sur les hémisphères tellure provenant de la série MOCVD #275 et de 400
nm sur les hémisphères MOCVD #296. On rappelle ici que la déposition MOCVD
#296 est une déposition identique à de la #275 réalisée avec les mêmes paramètres de
déposition. Ces images nous permettent d’apprécier pleinement la qualité et la conformité
d’une déposition par technique ALD. Le recouvrement des hémisphères est parfait toutes
épaisseurs d’alumine confondues, l’épaisseur est constante sur le substrat. La couche suit
parfaitement le profil du tellure même dans les vallées les plus étroites.

Échantillons juste après leurs fabrication en salle blanche
150 nm Al2O3 300 nm Al2O3 400 nm Al2O3

Figure 6.2.16: échantillons MOTe296/alumine par ALD juste après leurs fabrication.
L’alumine a été déposée par ALD à 100°C en trois épaisseurs.

Des recuits à la température de 450°C pendant 20 minutes sous flux d’azote ont été
menés avec le four du laboratoire MDM afin de verifier si les couches d’alumine résistent
à la contrainte thermique. La vitesse de montée en température a été fixée à 5°C par
minute. Les analyses MEB et XRD ont montré que les échantillons les plus épais ont
bien résisté aux recuits au contraire de celui avec 150 nm d’alumine. Les images MEB
obtenues pour des épaisseurs d’alumine de 300 nm et de 400 nm recuite à 450°C sont
présentées sur la figure 6.2.17 et les résultats des analyses XRD sur la figure 6.2.18.
Cette fois les hémisphères sont toujours en place et la couche d’alumine ne semble pas
a�ectée. Par contre le transducteur métallique déposé sur la couche d’alumine de 300
nm montre un évident changement de sa morphologie. Ce changement ne peut pas être
d’origine chimique car il est absent dans le cas de la même couche de platine déposé sur
la couche de 400 nm d’alumine.
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6.2 Chalcogénures pour mesures de la phase fondu

recuit 450°C / 20 min recuit 450°C / 20 min
300 nm Al2O3 400 nm Al2O3

Figure 6.2.17: images MEB des échantillons MOTe296 (Si/SiO2/Te/Al2O3/Pt) re-
cuits à 450°C pendant 20 minutes.

Le di�ractogramme du MOTe recouvert par 300 nm d’alumine montre un pic à environ
18° qui peut être expliqué en supposant une formation surfacique de la phase chimique
PtTe2 des deux éléments. Ce pic n’est pas présent sur le di�ractogramme du MOTe
recouvert par 400 nm d’alumine. Ce di�ractogramme présente notamment des pics qui
sont facilement attribuables aux tellure et platine seuls.

Figure 6.2.18: di�ractogrammes aux rayons X des échantillons recouvertes par 300 nm
et 400 nm d’alumine recuit à 450°C pendant 20 minutes

Ces analyses physicochimique nous ont conduits à choisir l’échantillon avec la couche
d’alumine la plus épaisse pour les mesures en radiométrie photothermique qui sont pré-
sentées dans la section qui suit.
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GST-124 were demonstrated to have lower threshold voltage
and lower activation energy than those based on GST-22534

(1.41 vs 1.57 V, 2.12 vs 2.28 eV, respectively). As a result, the
GST-124 alloy is expected to deliver faster switching, lower
power devices, although at the expenses of a smaller resistance
programming window and poorer retention, in comparison to
those based on GST-225. According to our results, the above-
mentioned lower threshold voltage, lower amorphous resist-
ance, and smaller resistance gap of GST-124, which were
demonstrated for thin films, still hold valid for NWs. In
addition, our GST-124 NW threshold voltage is slightly lower
than that of a conventional, 50 nm thick, PCM cell based on
the same composition.34 Lastly, the MOCVD-grown GST-124
NW state was reversibly switched up to 9 times before failure,
which we ascribe to the incorporation of contaminants due to
the ambient from which the wire is not isolated.
In conclusion, single crystal Ge1Sb2Te4 nanowires were

synthesized at 400 °C and 50 mbar by MOCVD via the Au-
catalyzed vapor−liquid−solid mechanism. Ge1Sb2Te4 nano-
wires exhibit lower threshold voltage and a smaller program-
ming window, compared with Ge2Sb2Te5 ones, as expected
from their different chemical composition. Moreover, the
Ge1Sb2Te4 nanowires present a threshold voltage even lower
than the one of thin film devices based on the same compound.
These results show that MOCVD-grown Ge1Sb2Te4 nanowires
are promising structures for the realization of highly scaled, low
programming current PCM devices.
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Figure 7. (a) SEM image of a GST-124 NW, contacted by FIB; the
NW area is visible in the zoomed image. (b) Pulsed I/V measurement
of the device in (a) (blue data, full squares for amorphous GST, open
squares for crystalline GST) and comparison with analogous
measurement from a GST-225 NW-based device (red data, full circles
for amorphous GST, open circles for crystalline GST) reported by Lee
et al.8
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turned out to significantly influence the composition and the
morphology of the growth products that were just crystals, or
NWs together with crystals, or just globular structures.
In particular, at the fixed 50 mbar pressure, the minimum

temperature for the NW self-assembly to take place is 375 °C,
at which the very first NWs appear, as from the morphological
analysis of Figure 1b. The compositional analysis of Figure 1f
determines that, at lower temperatures, only Sb2Te3 crystals are
deposited (Figure 1a). The formation of NWs is maximized at
400 °C (Figure 1c), while there are more byproducts at 420 °C
(Figure 1d). Above 420 °C, the formation of big crystals is
favored (Figure 1e), accompanied by an increase of germanium
incorporation; in this case, many Au seeds remain not reacted
on the SiO2 substrate surface between the crystals.
In Figure 2a−e the SEM images of samples obtained by

varying the deposition pressure (when the temperature is fixed
at T = 400 °C) show that at pressures below 50 mbar the
deposited structures tend to be a Sb-rich Sb−Te alloy (Figure
2f) and tiny crystals are formed (Figure 2a,b). Again, Au seeds
remain not reacted on the substrate. At 50 mbar, the NW
formation is enhanced (Figure 1c) and above 100 mbar only
microspheres are obtained (Figure 2d,e) with their chemical
composition (Figure 2f) corresponding to a Te-rich Ge−Sb−
Te alloy with a very low Sb content. In our experiment, a high
deposition pressure implies a higher reactant partial pressure.
Therefore, a threshold reactant supersaturation is needed to
activate the NW self-assembly, whereas a too high reactant
concentration seems to favor isotropic crystal growth with the
formation of spherical structures due to the low wettability of
the resulting metallic alloy (Au−GeTe) with SiO2.
By cross-comparing the results of Figures 1 and 2, it was

possible to define the parameter windows yielding the highest
NW density with a composition range compatible with either
the Ge2Sb2Te5 or the Ge1Sb2Te4 alloys. In particular, the

temperature of 400 °C and pressure of 50 mbar appeared to be
the optimal parameters in the explored ranges. Actually, NWs
could even be obtained at T = 350 °C and P = 300 mbar by
varying the DiPTe/TDMAGe and TDMAGe/TDMASb
concentration ratios. In these cases, the density and length of
the NWs are sensibly reduced and/or different crystalline
phases appeared. Therefore, these conditions were discarded.
Anyway, the growth temperature of 400 °C remains one of

the lowest reported for the self-assembly of Ge−Sb−Te
NWs.4,5

The SEM cross section image of Figure 3 shows the
optimized NWs (400 °C, 50 mbar), randomly tilted with
respect to the substrate surface. Because of the amorphous
character of SiO2, no preferential growth alignment is expected.
Many wires present droplets of different size on the top, most
likely Au seeds, as expected by the VLS or vapor−solid−solid23
mechanisms, driving the wire formation. An average density of
3.2 × 106 NWs/mm2 was calculated. Ge−Sb−Te plates and
grains are present as growth byproduct.
The statistical analysis, performed on several SEM

observations, gave the result that the NWs are featured by a
variable diameter and length. The length distribution is
centered on 350 nm (Figure 3b), but NWs as long as 1 μm
can be found for a deposition time of 10 min. By also
considering the NWs width distribution of Figure 3c, two types
of NWs could be identified: (A) NWs featured by mean cross
size >50 nm and aspect ratio (AR = length/mean cross size)
distribution centered around 5 and (B) NWs featured by mean
cross size <50 nm and AR distribution centered around 12
(approximately 1.5 times higher than NWs in case A) 1.5−2
μm long NWs with AR ≈ 24 were also obtained with a
deposition time of 20 min, indicating that no intrinsic limitation
to the NW aspect ratio is present in our growth method, being
the NW width essentially related to the Au nanoisland size.

Figure 3. (a) SEM cross section showing the NWs deposited at 400 °C, 50 mbar. The Au droplets on top of the NWs are clearly visible; (b,c):
statistical distribution of length and diameter for the NWs of sample in (a), where the red line is the best Gaussian data fit; (d) XRD analysis of the
sample in (a): the expected spectra from the different GST stable phases (blue for GST-124, red for GST-147, purple for GST-225) and of Au (in
green) are also shown.
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