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ABSTRACT

This article presents three photothermal methods dedicated to the measurement of the thermal properties of chalcogenide alloys, used as a
central element in the new generations of non-volatile memory. These materials have two phases, amorphous and crystalline, possessing
a sharp contrast in their electrical and thermal properties. In the crystalline phase, the properties also change very significantly with
temperature. The control of the temperature of the samples, the choice of transducers, and the time or frequency characteristic values of the
photothermal excitation are thoroughly discussed. Each photothermal technique is described from the experimental point of view as well as
from the inverse method, performed to identify the parameters of interest. The identified thermal properties mainly concern the thermal
conductivity and the thermal resistance at the interfaces between the phase-change materials and the materials in contact as encountered in the
production of the microelectronic memory device. Assessing various photothermal techniques, the study suggests that pulsed photothermal
radiometry is the most effective method for sensitive high-temperature measurements of thermal properties of the phase-change materials.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0020983

I. INTRODUCTION

The phase-change materials (PCMs) have been largely studied
for several years because of their useful implementation within the
field of non-volatile memories,* leading to the phase-change
RAM or PCRAM. Those chalcogenide binary or ternary alloys
involve at least one chalcogenide element, generally Te, and one or
two other elements from columns 13, 14, and 15 as Ge, In, and Sb.
The most well studied compounds are based on the In-Sb-Te and
Ge-Sb-Te systems as reported in Fig. 1(a). These alloys are imple-
mented in non-volatile memory devices because their electrical
resistivity R, varies across several decades, according to the crystal-
line state of the alloys as showed in Fig. 1(b). In the amorphous
state, the electrical resistivity is high and the material behaves as an
insulator, whereas in the crystalline state, the electrical resistivity is
very low and the material behaves like a metal. A bit, whether 0 or
1 or even intermediate,>” can be thus linked to this electrical state

of the alloy. A continuous scaling of PCRAM devices is well observed
down-to the nanometer characteristic dimension®™® across years.
Indeed, the technologies for the implementation of the alloy have not
ceased to evolve over time in order to reduce the transition times for
the phase change as well as the power consumption required for this
change. Thus, the first technologies have relied on the thin layer tech-
nology, which leads to a variation in the so-called “mushroom” pro-
gramming volume due to the shape of the half-sherry volume on the
heating electrode.”'’ More complex forms as micro-trenches have
also emerged.'" Finally, the latest developments aim to implement
the phase-change material in the form of nanowires'*™'* whose diam-
eter does not exceed a few nanometers or as PCM superlattices
leading to the interfacial phase change memory technology.”

The thermal property measurement of PCM is a crucial step
for their implementation in PCRAM.'®'® Indeed, knowing both
the thermal properties, as a function of the temperature, and the
crystalline state will allow the calculation of the electrical power

J. Appl. Phys. 129, 000000 (2021); doi: 10.1063/5.0020983
Published under license by AIP Publishing.

129, 000000-1



PROOF COPY [JAP20-AR-PHOTOTHERMICS2020-04306]

Journal of

Applied Physics

59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78

80
81
82
83
84
85
86
87
88
89
90
91
92
93

Ge/In

Te Sb

(a)

ARTICLE scitation.org/journall/jap

10*

100

R, (Q.cm)

0.01

0.0001

| I S
0 50 100 150 200 250 300 350 400
T(°C)

(b)

FIG. 1. (a) An overview of the phase-change alloys that have been investigated using the Ge-Sh-Te and In-Sb-Te ternary diagrams. (b) Resistivity as a function of
temperature during a heating cycle for initially amorphous, as-deposited films of various phase-change materials (PCMs).

and associated transient waveform required for the phase change.
In addition, it also allows for the design of the memory cell in
order to avoid the thermal crosstalk effects with neighboring
cells."”** The measurement of PCM thermal conductivity must be
performed over the entire temperature range including the
amorphous-crystalline phase transition and up to the melting tem-
perature. It is also well-established that the thermal boundary
resistance (TBR) at the interfaces between the PCM microvolume
and neighboring materials, such as the dielectrics and metal elec-
trodes, has a comparable influence than that of the thermal con-
ductivity on the heat transfer within the device.'””'~** It must be
emphasized that, when the characteristic dimension of the system
becomes comparable to or less than the average mean free path of
the elementary heat carriers (phonons and electrons), the thermal
conductivity has no longer physical meaning from the point of
view of Fourier’s law. In such a case, the measurement of the
thermal resistance or conductance of these nanostructured materi-
als is achievable. Typically, there are two major classes of methods
for the thermal characterization of materials deposited in thin
layers or nanostructured: contact methods and non-contact
methods. Contact methods, as the 30’ ”° and the scanning
thermal microscopy (SThM),””* have the advantage of having
absolute measurements of flux and temperature. The major draw-
back of the contact methods is the presence of the additional
unknown parameters, relating to the contact itself and the signifi-
cant thermal inertia of the probes, which introduce difficulties in
processing the very fast transients.

In this paper, we will discuss the implementation of PTR tech-
niques as the periodic (MPTR) and pulsed (PPTR) photothermal
radiometry within the infrared (IR) and the time domain thermore-
flectance (TDTR). All those PTR methods are based on the
response to a thermal disturbance, generated as a heat flux ¢ (¢) at
the surface of the investigated material. This disturbance must be
small enough to fulfill the linearity requirement, regardless of the
value of the initial temperature (7;) of the material. The three

methods are complementary since they involve different character-
istic time or frequency range by decades as well as different spatial
resolution. First, we present all the technological solutions provided
to carry out the temperature control of the sample. In particular,
we show the influence of the thermal loading of the sample on this
temperature control and on the choice of the most appropriate
optical-to-thermal transducer. Second, we present the most efficient
minimization techniques and more particularly show the contribu-
tion of inference techniques to predict the confidence domain of
the parameters identified with greater accuracy. It must be noted
that the inverse method is poorly discussed in the literature,
whereas it constitutes a fundamental step towards finding the
thermal properties, regarding mainly the identifiability of the
unknown parameters based on a sensitivity study. On the other
hand, the confidence domain of the identified parameters depends
not only on the statistical properties of the measured signal but
also on the minimization method used. Finally, the most advanced
experimental configurations for MPTR, PPTR, and TDTR are pre-
sented, focusing on the laser excitation time waveform and the
signal processing that involves both the model of the experiment
and the inverse procedure. The model is sometimes restricted to
the heat diffusion within the sample, whereas the complete acquisi-
tion chain affects the measured signal. A global model is thus
required that accounts with the all the experimental parameters.
The inverse method aims to minimize the difference between the
measured physical quantity and its value calculated from the model
discussed just before. The minimization is achieved by implement-
ing a set of suitable mathematical methods whose literature is
rich.>® On the other hand, it is clear that thermal conductivity and
TBR parameters are not always separately identifiable according to
the experimental configuration. Therefore, specific strategies have
to be implemented to separately distinguish TBR and thermal con-
ductivity, which can be done using the sensitivity analysis. In addi-
tion, it must also be said that some sample configurations, such as
thin films stacks or super lattices, also involve several interfaces,
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and it is extremely difficult to identify them separately. A typical
case for the PCRAM application is the stack formed by the metal
electrode, the PCM layer, and the dielectrics material that ensures
electrical and thermal insulation of the operating cell.

Il. GENERAL CONSIDERATIONS
A. Controlling the sample temperature

The PCM layer is generally deposited on a Si wafer with SiO,
thermal oxide at the surface. The adhesion of the PCM on SiO, is
generally high and does not require an interfacial layer. Additional
layers, including the optical-to-thermal transducer, have to be con-
sidered, and finally, a stack of thin layers is obtained. The sample is
put inside a furnace that allows controlling the annealing tempera-
ture. The use of PTR methods requires the oven to be equipped
with an appropriate window that allows the passage of the pump
and probe laser for the methods based on thermoreflectance
(TDTR), as well as the laser and the IR radiation for the radiometry
methods (MPTR and PPTR). The designed furnace is represented
in Fig. 2(a). The window is CaF, for MPTR and PPTR methods
since it is transparent for both the visible and infrared radiation as
showed in Fig. 2(a). For the TDTR method, the window is silica
glass since the pump and probe lasers work within the visible wave-
length as represented in Fig. 2(b). The silica glass transmittance
according to the radiation wavelength is reported in Fig. 2(b).

There is no need for a perfect uniform temperature of the
sample as long as it is stationary. The out-of-plane temperature gra-
dient within the sample is low for low temperature, whereas it
increases drastically as the temperature increases. Indeed, convec-
tion and even more radiation are enhanced as the temperature gap
between the sample and the ambient is high. In addition, the
contact between the sample and the furnace is very weak, leading
to a high thermal resistance at the interface. For the MPTR and
PPTR configurations, there is no benefice from the CaF, window

100
90
80
. MPTR, PPTR
e 70
é 1064 nm
8 60 ;
g " IR radiation CaF, window
k= (1-10)um
g 40 sample
g heater ceramic up
&= 30 to1100K
PID Temperature
20 controlled
10 cooled oven enclosure at 300 K
0
0 2 - 6 8 10 12 14 16

(a) A Gemy

Transmittance (%)

(b)

100

80

70

60

50

40

30

20

ARTICLE scitation.org/journall/jap

to make greenhouse to occur since transmittance is high within IR.
It is then required performing a calibration of the sample surface
temperature for each type of transducer used (see Sec. II B) since
heat loss by radiation will depend on the emissivity of this material.
An illustration is given in Fig. 3(b) considering a sample capped
with a Pt layer. The emissivity of Pt is well measured™ and varies
according to wavelength and temperature as reported in Fig. 3(a).
Such dependence makes absolute temperature measurement at the
surface of the sample quite difficult. The second solution is to use
the glass transition temperature [see Fig. 1(b)] of the PCM as fixed
points on the experimental calibration curve. However, it must be
noted that the crystallization temperature could vary with the film
thickness when the former is low, typically of order of some nano-
meters. Therefore, the calibration with fixed points has to be per-
formed considering thick PCM layers, in general, more than
100 nm. Both the fixed point and the calibration from surface tem-
perature measurement are known, they are used simultaneously,
which allows one to achieve a better accuracy. This calibration is
not required anymore for the TDTR method since the silica glass
window makes the greenhouse to occur, and it is then observed
that the temperature at the sample surface is not significantly dif-
ferent from the set temperature of the furnace.

In order to limit the heat loss by convection and also the
sample oxidation, one can implement a secondary vacuum within
the furnace. However, given that it comes to lower the vaporization
temperature of the transducer material, a continuous deposition of
chemical species from the sample to the window of the oven is
observed. This contributes to modify the structure of the layers and
to obstruct the window at very short terms. A more efficient solu-
tion consists in producing a flow of argon gas within the oven
enclosure.

For all the characterizations performed using either the
MPTR, the PPTR, or the TDTR, the temperature ramp is
25°C/min and the stabilization time is 2 min. The measurement

TDTR
Probe (400 nm) silica glass window
Pump
(800 nm)
sample
IR radiation
(1-10)pm
100 1000 10000
A (nm)

FIG. 2. (a) Designed furnace for the MPTR and PPTR methods at temperature up to 1100 K; CaF, transmittance within the visible and IR wavelength range; (b) designed
furnace for the TDTR method (transmittance of silica glass within the visible and IR wavelength range).
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FIG. 3. (a) Pt spectral hemispherical emissivity according to wavelength and temperature; (b) surface temperature of the sample measured using an IR camera. The oven
enclosure is cooled at 300 K, there is a flow of Ar gas within the furnace and the window is CaF,. Crystallization temperature of different thick PCM alloys are reported on

the plot.

time is about 10min at each investigated temperature for the
MPTR and TDTR methods, whereas it is only about 20s for the
PPTR one.

B. Optical-to-thermal transducer

The alloys constituting the PCMs are generally transparent to
the wavelength of the laser, regardless of the choice of the PTR
method. A full volume absorption does not make it possible to gen-
erate a temperature gradient within the layer to be characterized
and, therefore, to reach its thermal conductivity. On the other
hand, the PCM alloys being semiconductors, the carrier response is
very easily observed during the passage of the bandgap within the
IR signal. Thus, in order to control the absorption of the laser at
the surface of the material, it is common to deposit a layer, called
optical-to-thermal transducer whose role is to transform the inci-
dent photons into a surface heat flux. It must be said that the litera-
ture is often very discrete regarding the choice of the material
transducer for high-temperature characterization as well as its
thickness value. Most of the studies do not make a physicochemical
investigation of the layers as well as their interfaces after the appli-
cation of the high-temperature budget. The TiN material would be
very effective for high-temperature application, and it would be
also very interesting since it is generally used as the metal elec-
trodes within the PCRAM device. Unfortunately, this material is
not opaque within the visible wavelength. For MPTR and PPTR
radiometry techniques in the IR, it is strongly advised to search for
a transducer whose properties come closest to a blackbody.
Unfortunately, many candidate materials do not withstand high
temperatures. For instance, chromium is an excellent candidate for

low temperatures given its high emission factor in IR. However,
when the temperature reaches 300 °C, cracks are observed on the
surface of the sample. After testing several coating layers, we found
that the only material that can withstand high-temperature levels,
without evaporating nor oxidizing, is platinum. However, as
showed in Fig. 3(a) the properties of platinum for both the absorp-
tion in the visible wavelength and the emission within the IR are
low. As reported in Fig. 4(a), Time of Flight-Secondary Ion Mass

Spectrometry (ToF-SIMS) has been performed at room temperature 2
(RT) for a 30 nm thick Pt layer deposited on a 210 nm amorphous 2

GeSbTe thick layer. The measurement was then done for the
annealed sample at 400 °C when the PCM phase change has been
reached. It is thus observed a slightly diffusion of Pt within the
Ge,Sb,Tes (GST) layer close to the interface. This observation

leads to limit the use of this technique to layers whose thickness is 2

large enough (more than 100 nm in practice) in order to not be sig-
nificantly affected by the transducer material diffusion at high tem-
perature. We also observed that the diffusion of species between
platinum and most chalcogen alloys (GeTe, SbTe, InSb, InSbTe)
remained very limited. It is obviously recommended to limit the
duration of the thermal budget of the investigated samples during
the experiment by carefully choosing the temperature ramp as well
as the duration of the measurement at each scanned temperature.
For thermoreflectance, we look for a material whose reflectiv-
ity as a function of the temperature is large. Pt is not suited for
such measurement and Au diffuses very quickly within the PCM
alloys as soon as the temperature increases. Al is generally the
material that presents satisfying properties in terms of temperature
dependent reflectivity and that can withstand thermal budget as
high as 400°C at the maximum without apparition of visible

245
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FIG. 4. (a) ToF-SIMS for the as-deposited amorphous GST with Pt caPped
layer and the annealed sample at 400°C (GST in the hcp phase);”’ (b)
ToF-SIMS for the as-deposited (ad) amorphous GST with the Al capped layer
and the annealed sample at 400 °C (GST in the hcp phase).*® The dashed line
locates the perfectly flat ideal interface, and the gray area evidenced the
interface width.
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surface degradation. However, ToF-SIMS performed on amorphous
and 400°C annealed sample evidences changes in depth profiles
for Ge, Sb, and Te species with diffusion into the Al layer and up
to the Al surface after annealing [Fig. 4(b)]. There is no Al diffu-
sion into GST, the apparent higher intensity seen in the annealed
sample being due to the concomitant Ge, Sb, Te diffusion at the
interface. Both information regarding surface roughness and mass
diffusion allow us defining the interface layer to be 0.9-3 nm thick.
Moreover, roughness uniformity allows us to conclude that the
mass amounts of GST and Al in the interface layer are close to
B =60% and (1 — ) = 40%, respectively. This also leads us to
conclude that the method should be used for PCM layer whose
thickness is higher than 100 nm.

A fundamental comment is about the fact that the thermal
budget applied to the sample for the characterization is far from
the way the PCM is heated during the PCRAM device operation.
This has not been clearly studied but the thermal load operation
will significantly change the way the interface is modified over
time. In the same vein, it is important to note that all the thermal
characterization experimental procedure reported in the literature
omit to specify the conditions of thermal load of the PCM materi-
als. Therefore, the thermal resistance measurement at the interfaces
between the PCM and neighbored layers reported within the litera-
ture has to be considered with high caution.

C. Investigated depth within the sample

When the heat flux is a periodic function of time with angular
frequency = 2zf (MPTR), the thermal diffusion length within
the expected material is a function of its thermal diffusivity a, that

is the ratio k/p C, of the thermal conductivity and the specific heat 2

per unit volume, and the frequency f as: z; = y/a/zf. Similarly,
when the heat flux is generated as a pulse with duration 7 (PPTR,
TDTR), the minimum investigated depth within the material is
Zh, min = v/a 7. The typical heat penetration depth is illustrated in

MPTR

{SThM

3w} PPTR TDTR Transducer
(TR) <
PCM (L) g

T~ Dielectrics

Substrate
(S)

FIG. 5. The investigated heat penetration depth within the sample according to
the technique used. The transducer thickness depends on the temperature
range swept during the characterization, i.e., at ambient measurement the thick-
ness transducer can be small enough (10 nm), whereas it must be larger at
high temperature (100 nm) in order to resist to both thermomechanical
constraints and evaporation. The 3w and SThM techniques are also reported for
information. Some additional interfacial layers can be considered with regard to
adhesion purpose of the transducer.
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TABLE I. Ry thermal resistance involved within the heat transfer model considering the stack deposited on the substrate (S) and capped with the transducer (TR) as repre-
sented in Fig. 5; ¢ and k; are the thickness and the thermal conductivity of the PCM layer (L); Rk is the intrinsic thermal resistances for the layers (TR and D) involved in the
stacks with known thermal conductivity; TBR; denotes the thermal resistance at each interface i within the stack; © is the vector of identified parameters using the NLSQ
method, P is the vector of identified parameters including uncertainties on known parameters using the Markov Chain Monte Carlo (MCMC) method (see the related section

for the description of those experimental parameters).

Method Ry (€] P
MPTR ki + R+ R, with Rg = >, ti/k; Ry [k;and R, if Ry =f(t;) available] ~ © + {ro, 74, R as ks} + {ae} (see
and R, = ), TBR; Sec. I A)

PPTR and TDTR R+ t)/k, with R, = TBR(TR/L)

kb Rc O+ {tl} + {fm» fcut) tdel} for the
PPTR (see III C)

O + {f,} for the TDTR (see III B)

Fig. 5, considering the three different methods. The thickness of
the layers constitutive of the stack being of the order of some tenth
of nanometers, only the thermal resistance of the investigated stack
deposited on the substrate can be reached by using the MPTR. This
thermal resistance includes both the intrinsic thermal resistance
t/k of the layers from the stack and the sum R, of the TBR at the
interfaces between the layers. A very important point in the use of
the experimental data for this technique is that here the substrate
defines the reference for these measurements since only the relative
variations of temperature can be measured. It is, therefore, impor-
tant to know the thermal properties of the substrate, over the entire
temperature range explored, with great accuracy. For the PPTR and
TDTR, it is expected that the thermal conductivity of the layer as
well as the TBR can be identified separately. Nevertheless, for these
two methods which lead to the measurement of the relative tem-
perature variation, it is the transducer that constitutes the reference
with respect to the use of the experimental data with regard to the
model. The properties of the transducers must, therefore, be known
with precision over the entire temperature range explored for these
two methods. Table I presents the parameters that can be identified
for the three methods. The three methods, therefore, appear to be
complementary because they lead to different information but
which, in fine, must overlap and lead, in particular, to the different
values of thermal conductivity of the PCM and of the thermal
resistances at the different interfaces.

D. Identification procedure

The identification of the seek parameters ©® = [o;] (o; being
either a thermal resistance, a thermal conductivity, a TBR, or other
unknown parameters related to the experimental configuration used) is
based on several mathematical algorithms. The two most appropriate
classes of methods for this kind of inverse problem are the linear and
nonlinear least square (LSQ, NLSQ) techniques and the Bayesian
ones.”” Of course, other techniques can be used (genetic algorithms,
particle swarm, etc.), but they will not provide additional information
than those obtained by the two classes of methods mentioned above.
Within the first class (as Newton-Gauss, Levenberg—Marquardt,39 or
trust-region-reflective algorithms*’), the method will lead to minimize
the quadratic gap between the experimental data and those calculated
using a model of the heat transfer within the experimental configura-
tion. If the sensitivity functions Sq(¢;) = 9Q/da; of parameters ¢
relative to the measured quantity Q (that is generally an absolute

relative temperature or a phase-lag) are linearly independent, the mini-
mization of ] = [|[Y — Q||,, where Q = [Q]y is the measurement
vector constituted from N data, leads to a global minimum and then
to the optimal values for ;. On the other hand, this method allows
estimating the standard deviation of the identified values using the
covariance matrix for o; at the end of the iterative minimization
process and the residuals E = Y — Q that are expected to be compara-
ble to the noise measurement assuminlg the model is unbiased. The
covariance matrix is cov(®) = (S”S) ™", where vector § = [Sq(a;)] -
It comes that the standard deviation of the identified parameters is
o(ay]Y)*~ cov(®)E/y/N. The main advantage of the non-linear least
square technique is the computation speed that is very fast when
approaching the minimum. The drawback of this approach is that it
assumes that other experimental parameters are known accurately,
which is not true in practice. Some uncertainties can be put on the
known parameters within the NLSQ technique assuming strong condi-
tions. Therefore, the Bayesian minimization technique can be effi-
ciently implemented assuming a standard deviation on the known
parameters. Indeed, in this method, all variables involved in the model,
formally gathered in column vector P (@C P), are considered random
variables. Information on variables is expressed as probability distribu-
tions. Each time a new information occurs for variables, it is combined
with the previously available information through the Bayes’s theorem,
Tposterior (P) = 7(P|Y) = mprior (P) 7(Y|P) /7 (Y), where mpogerior(P) is
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the posterior probability density, that is, the conditional probability of 351

the parameters P given the measurements Y; 7pior(P) is the prior
density, that is, the coded information about the parameters prior to
the measurements; 7(Y|P) is the likelihood function, which expresses
the likelihood of different measurement outcomes Y with P given; and
7(Y) is the marginal probability density of the measurements, which
plays the role of a normalizing constant. This technique is generally
implemented as a Markov Chain Monte Carlo method, known as the
Metropolis-Hastings algorithm,”" so that inference on the posterior
probability becomes inference on the samples.

Ill. EXPERIMENTAL TECHNIQUES
A. The MPTR technique

The modulated photothermal radiometry method is a contact-
less measurement technique based on monitoring the emitted
infrared radiation from the surface of the sample consequently to a
periodic photothermal excitation ¢(t) provided by a laser.
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42,43

Originally proposed in 1979,”>"" the method has been exten-
sively improved for both the experimental**™*® and theoretical'’~>*
aspects. The spatial distribution of the excitation can be uniform or
with more complex form (Gaussian, for example). The radiation
from the laser is absorbed by the surface of the sample, if opaque,
leading to a surface heat flux ¢. This results in an increase AT at
the heating area leading to an infrared emitted radiation.
Considering a periodic heat flux ¢(t) = ¢, cos(wt), the average
temperature increase over the measurement area at the surface of
the sample is constituted from a continuous and transient parts as:
AT(t) = ATy + AT, cos(wt + ¢). Assuming small temperature
increase, the transient part of the emitted radiation from the aimed
area can be linearized as: AM = 4g0, AT; AT,. The sketch of
the MPTR setup is presented in Fig. 6. A lock-in amplifier is used
to measure the signal at the IR detector and leads to the amplitude
A(w) and phase-lag ¢(w) measurements. As said previously, for
thin layers of micrometer or sub-micrometer thickness deposited
on a substrate, the MPTR allows measuring, as for the 3w method,
the global thermal resistance Ry of the deposit. The calibration of
the amplitude vs the surface temperature requires knowing accu-
rately the surface emissivity £ that comes to be a difficult task.
Since the phase ¢(w) is very sensitive to the thermal resistance of
the layer, this measurement is used within the identification
process. The average temperature over the aimed area at the surface
of the sample is

AT(@) = ¢y(Z (@) + Rr), (1)

with

)

Zoo(w) = " i hlayrde
ksra = a2 tanh(\/af1 —+ J;—‘fe,) \/aﬁ —+ {l—f’RZ Jo(ot, R)z

2
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and g =0, o, R=n(n+1/4) —3/8x(n+1/4)) (n>0), o is
the laser beam radius, 74 is the radius of the aimed area by the IR
detector, k; and a; are, respectively, the thermal conductivity and
thermal diffusivity of the substrate with thickness e; [for a semi-
infinite behavior tanh(co) = 1]. Finally, J, and J; are the kind

speeie Bessel functions of 0 and 1 order, respectively. The phase-lag 3

is then ¢(w)=argAT(w) = arctan(Im(AT(w))/Re(AT(w))).
The detector and associated amplifier involve a phase-lag ¢,,, that
increases linearly with the frequency . The function ¢, (@) has to
be calibrated using a fast IR led and the model for the phase is,
therefore, Pp(w) = (@) + ¢4 (@). Considering the measured value
Y4(w;) of the phase-lag at different frequency w; (i =1, N), the
objective function is J = ||Y — V| ,» where Y4 =Yg (@;) and
Wy = ¢(w;) are respectively the measured and simulated phase at all
the investigated frequencies. The value of Ry can be identified
using a nonlinear least square (NLSQ) technique as the Newton-
Gauss or Levenberg-Marquardt algorithm. In that case, the stand-
ard deviation on Ry is achieved from the covariance matrix at the
end of the iterative process. In order to introduce uncertainties on
geometrical properties as e, ry, and ry as well on the substrate
thermal properties a; and k; and the phase-lag ¢,,, of the detector
it is recommended to use the MCMC method with appropriate var-
iations. As described in Table I, the thermal resistance Ry includes
the intrinsic thermal conductivity k; of the PCM layer (L) as well as
the thermal resistance of other layers (TR and D) constituting the
stack presented in Fig. 5, and finally, the sum R, of the thermal
resistances at the interfaces between layers of the stack. The MPTR
allow the determination of Ry and that of k; and R, if the experi-
ment can be repeated with different values of the thickness #;. In
such a case, a linear regression is applied to the resistance measure-
ments as a function of the thickness for each temperature of the
PCM that leads to the value of the two parameters (1/k; being the
slope and R, the value at the origin). This approach has the advan-
tage of increasing the accuracy of the measurement on the two
parameters by confirming a linearity relationship. The major draw-
back remains the obligation to fabricate additional samples and the
duration of the characterization experiments also becomes much
longer.

The method has been used to measure the temperature depen-
dent thermal conductivity of several chalcogenide alloys: Ge,Sb, Tes
(GST),”” GeTe,” C-doped GeTe,”* and In;Sb;Te,.”” It has been
also used to investigate the TBR at the SiO,~GST interface’” and
the role of Ti at the interface between TiN (the metal electrode in
the PCRAM) and GST.>®

B. The TDTR technique

Originally designed to study ultrafast phenomena, the time
domain thermoreflectance (TDTR) has been implemented within
the framework of thermal characterization.”” The technique has
been largely improved up to nowadays.”*™*" A high-energy picosec-
onds or even femtoseconds laser produces a very short pulse with
high frequency repetition rate f,,. The beam is split as a low-energy
probe beam and a high-energy pump beam. Pump and probe
beams have generally the same diameter and are superimposed at
the sample surface. Drawbacks in using a mechanical stage as the
optical delay line can be avoided by using the heterodyne
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method.”’ The pump is modulated at a low frequency that allows
the accurate extraction of the measured periodic change of surface
reflectivity using a lock-in amplifier that measure the voltage drop
at the photodiode. The probe is continuously delayed from the
pump with time 7 in the nanoseconds time range. The pump is
thus used to heat the sample surface, whereas the probe is used to
monitor the change of surface reflectivity AR/R, using a photodi-
ode. Assuming this change is proportional to that of the tempera-
ture, it is then obtained the quantity of interest for the
identification process (Fig. 7).

An optical-to-thermal transducer is used that is generally gold
or aluminum. The diameter of the pump is larger than the PCM
film thickness leading to consider one-dimensional heat diffusion
within the sample. On the other hand, given to the very fast transi-
ent excitation and observation time, the TDTR method leads to
exploring only the PCM layer and the interface with the transducer
layer. The model that allows to simulate the measured signal by the
lock-in has to account also with the modulation of the laser beam,
and it is finally obtained

o0

D(t) = Z E(Zn’ (g +fm)) exp(—%). (3)

n=—00

Assuming the transducer thickness is small enough to con-
sider the layer at a uniform temperature at each time, one has

AT(@) = ¢o(1/E/jo + Rr), )
where E; = | /k;p; C,, is the effusivity of the PCM layer. Since the
heat flux absorbed by the surface from the pump is not known in
practice and that it is only measured a relative variation of the tem-
perature at the surface, a normalized function D(#) of D(#) with
respect to its value at t chosen between 0 and 7 is considered. Both
Rr and k; can be identified using either the NLSQ or the MCMC

Pem s wm ey

Al PCM substrate |

\ ;

Laser 200 fs
790 nm - 82 MHz
Ti:Sapphire

Delay line

photodiode
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silicaglass |
window,
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'
i i o a8
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T
! Non linear optical crystal at 293 K, Ali
' doubling L gaz flow.

! | . R

_| Function Lock-in
generator Amplifier [~

FIG. 7. Sketch of TDTR experimental setup.
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technique, although the former is recommended in order to intro-
duce an uncertainty on the modulation frequency f,,.

The method has been used to measure the temperature depen-
dent thermal conductivity of several PCMs, GST,%*"** Sb,Tes, ©°
and GeTe.”® It has been also used to measure the TBR at the
GST-Al interface,”® the TBR at the TiN-GST interface’"*>*” and
the influence of fullerene Cgo at the GST-TiN interface.®®

Unfortunately, the material used as the transducer (Al or Au)
are not suited to work at high temperature, the maximum admissi-
ble temperature being of the order of 300 °C, beyond which crack-
ing as well as a strong atomic diffusion is observed. Given that we
are seeking to develop PCMs with a high crystallization tempera-
ture for high-temperature applications, the TDTR method turns
out to be less and less suitable for this type of characterization.

C. The front face PPTR technique

The approach is similar to that of the MPTR but in that case
the photothermal source is continuously emitting nanoseconds
heat pulses at frequency f,, ranging from 1kHz up to 100 kHz.
Once the steady periodic regime is reached, the signal measured by
the IR detector, which is proportional to the front face temperature,
is recorded after every pulses and averaged with the previous
average signal. In comparison with the classical flash technique,””
and even accounting with all the successive improvements,”~"®
averaging the recorded signal leads to a significant improvement of
the signal noise ratio” since the standard deviation of measured
values of noise is reduced by \/N;, where N; denotes the number of
pulses used to perform the average. A fast IR detector (20 MHz and
nanoseconds rise time) is implemented. The optical arrangement is
quite similar to that of the MPTR in order to make the image of
the sensitive element of the detector on the heated area by the
laser. The sketch of the experimental setup is represented in Fig. 8.

Accounting with the periodic repetition, it is obtained that the
signal measured between two successive pulses, when the stationary
regime is reached, is expressed from the average temperature on the

Parabolic mirrors

IR, Judson, 1 MHz |
Furnace, RT-700°C+

CaF2 windows 1% I 0 i

o

Glass window

mirror

Laser YAG, 1064 nm, 30 nsec

FIG. 8. Sketch of the PPTR experimental setup.
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aimed area as

oo .
D(t)= Y AT(rfy) exp <— 12’””). (5)

n=—o0o fm

If the layer behaves as a semi-infinite medium for the value of
fn» meaning e; > /a;/7 f,, then AT(w) is given by relation (1)
with tanh(o0) = 1 and replacing k; and a; by the properties of the
layer, ie., k; and a;. The thermal resistance Ry = err/kr + R. is
the sum of the intrinsic resistance of the transducer layer with the
contact resistance R, at the interface between the transducer and
the PCM layer. Since the laser beam radius is much large than the
layer thickness, the heat transfer is one dimensional and the rela-
tion (1) can be simplified to obtain the same expression of AT(w)
than that of the TDTR technique, e.g., relation (4). Hence, E and
Rr can be identified using the minimization algorithms discussed
below. In case, the heat penetration depth is larger than the PCM
layer thickness but still less that the laser beam radius, a model
based on the thermal impedance network method® can be
implemented.

Regarding the sample configuration, the network is as the one
represented in Fig. 9 with Z; (@) = (cosh(Be) — 1)/(k; 8 sinh(Be)),
Z3(w) = 1/(ki B sinh(Be)), B=+/jo/a, E; = \/kp,Cps, and

Zy(w) = 1/E; \/jo. Therefore, the temperature at the aimed area is

AT(0) = ¢, <#+ ! : + 7 (o) +RT>. (6)
Z(0) T Zi(0)+Z(0)

Since the heat flux absorbed by the surface from the laser is
not known in practice and that it is only measured a relative varia-
tion of the temperature at the surface, a normalized function D(¢)
of D(t) with respect to its value at ¢ chosen between 0 and 1/f,, is
considered. The model has to account with the frequency trans-
forms H,(w) of the pulse transient waveform and the transfer func-
tion Hyy(w) of the detector that is considered as a delayed
first-order low-pass filter with cut-off frequency f.,; and delay f4,.
It leads to replace AT(w) by the double convolution product
AT(w)*Hy (@) Hget (0).

Both Ry and k; can be identified using the NLSQ algorithm,
although it is rather recommended to use the Bayesian technique,
which allows introducing uncertainties on {f;, fi, four> taer}. The

wo) Ry Z(w)

Z(w)
— 1

AT(w)

FIG. 9. Heat transfer model within the front face PPTR configuration
considering the heat penetration depth is larger than the PCM thickness.
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PPTR method has advantages for the characterization of high- 545

temperature PCM layers. The first is that the sensitivity of the 5
method remains two orders of magnitude above that based on 5

thermo-reflectivity. The second is the possibility of using trans-
ducers whose chemical affinity with PCMs is low (as Pt) and which
resist well at high temperatures, at least up to 500 °C. Finally, the
method, in its current state, makes it possible to explore layers of a
few tenths to hundred nanometers without the contact with the
lower layers being considered. Considerable technological progress
now makes it possible to use detectors whose acquisition frequency
can reach 100 MHz. This is still insufficient to compete with the
TDTR method, but it will make it possible to characterize layers of
PCM of a few tens of nanometers without having to diffuse into
the lower layers. It, therefore, seems that real progress can be
obtained by using the PPTR method for the characterization of
thin layers of PCM as a function of temperature in the future. The
method is quite recent and has been only used to measure the
thermal conductivity of the amorphous GeTe alloy and the TBR at
the interface with Pt.*’

IV. ILLUSTRATIONS

We give in Fig. 10 the results obtained by using the three
methods described previously for three phase-change alloys,
namely, Ge,Sb,Tes (GST), In3SbyTe, (IST), and GeTe. The PPTR
method was used for GeTe, the MPTR method was used for the
IST and the TDTR method was used for the GST. For each alloy,
we start from the amorphous state and we perform a measurement

for each prescribed temperature of the sample. The standard devia- 5
tion for each identified value is also reported in the figure, and it 5
must be also accounted with the 5% of uncertainty for the annealed 5

temperature of the sample (only represented for GeTe in the figure)
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As one might expect, the thermal conductivity of materials in the 575

amorphous state does not change with temperature. Then, we 5

observe for the three systems a glass transition to the crystalline
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FIG. 10. lllustration of the use of the three techniques for the thermal
conductivity measurement of Ge,Sb,Tes (GST), In3SbyTe, (IST), and GeTe.
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state as well as a variation of the conductivity of the crystalline
phase with the temperature, the slope of which being essentially
linked to the electronic behavior. These variations are in agreement
with the electrical resistivity measurements as we presented them
in Fig. 1(b) in the Introduction section. A mainly striking result is
above all the uncertainty on the glass transition temperature T,
value, which is within the shaded areas in the figure. In fact, the
amorphous phase being very unstable, the transition to the crystal-
line state may appear during a measurement at a temperature
slightly below T., whatever the technique used. For information the
exact phase change temperature are 150°C for GST, 180°C for
GeTe, and 320°C for IST. It is, therefore, essential to carry out the
measurement, at a given temperature, in the shortest possible time
in order to minimize the transition from the amorphous state to
the crystalline state when one approaches the transition. It should
also be noted that the shorter the thermal loading time, the more
the risks of degradation of the transducers, as well as the diffusion
of species between layers are minimized. The PPTR method is the
most efficient for this purpose since only one transient measure-
ment is required at a given temperature, while the MPTR and
TDTR methods require several.

V. CONCLUSION

In this paper, we proposed a review of the latest developments
achieved for three photothermal radiometry methods used for the
measurement of thermal properties as the thermal conductivity of
phase-change chalcogenide alloys and related thermal boundary
resistances. Those methods are complementary not only in terms
of improving the accuracy of the seek parameters but also to dis-
criminate easily the thermal resistance at the interfaces between the
PCM and the adjacent layers that are the metallic dielectrics and
electrodes of the PCRAM cell. As we have shown, these methods
are much more effective than contact methods (3w and SThM)
when we want to measure the changes in these thermal properties
at high temperatures, above the phase-change temperature. We
have particularly emphasized in this paper on the aspects linked to
the implementation of devices for controlling the temperature of
the sample, the choice of optical-thermal transducers, and the evo-
lution of materials as a function of temperature. A conclusion to
this part is that the thermal budget undergone by the samples will
have a significant role on the evolution of the sample and in fact
on the thermal properties. For fairly thick layers of the PCM, this
especially has repercussions on the value of the TBR, given the
strong interface variables which are observed in terms of composi-
tion and equivalent thickness. This also suggests that a thermal
characterization of thin layers of PCM at high temperature should
systematically be preceded and followed by a physicochemical char-
acterization (ToF-SIMS, Raman, DRX), which takes account of the
possible modifications undergone by the sample. This is still too
rarely done systematically in most published studies on PCM. We
have also shown the utility of using techniques for identifying
unknown parameters which take into account the uncertainty on
all the other known parameters, whether they are related to the
experimental method or to the properties of materials, other than
the PCM, constituting the sample. In this, the MCMC method is in
our opinion the most efficient. Finally, we have shown that the

ARTICLE scitation.org/journall/jap

PPTR technique becomes a credible alternative to the TDTR
method for high temperatures where transducer materials have to
withstand intense thermal loads. Further improvement is needed in
this area so that the observation times allow an investigation of the
PCM layer alone. However, recent technological developments to
make IR detectors capable of operating at frequencies above
100 MHz can further open up avenues of real applications.
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