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Phase change memory uses brief pulses of electrical current to induce phase transitions in
chalcogenide material regions with dimensions near or even far below 50 nm. The strongly
differing electrical conductivities of the crystalline and amorphous phases allow data storage
at densities in excess of terabits per square inch. Nanoscale conduction heat transfer governs
the figures of merit in these devices, which include the energy and time required for switching,
and has received much attention through both measurements and simulations over the last two
decades. This chapter reviews the recent progress on thermal conduction phenomena relevant
for phase change memory, including a summary of the physical mechanisms involved as well
as the most useful simulation and measurement techniques. Experimental work has focused on
separating the intrinsic and boundary resistances of thin film phase change materials, as well
as the individual contributions of electrons and phonons to the effective conductivity of the
hexagonal crystalline phase. Simulations have focused on improving device geometries and
switching characteristics, and continue to need improvements in the areas of crystallization
modeling and the impact of phase distribution on electrical and thermal transport. Future
research requires a more detailed understanding of electron-phonon coupling and its impact
on electrical and thermal conduction in the crystalline phase, as well as greater insight into
thermoelectric transport and its impact on device behavior. This progress will be critical for
the development of innovative memory strategies including multibit storage.

1. INTRODUCTION

Interest in the fundamental study of chalcogenide phase change materials has accelerated
over the past decade due to their application in high-density optical recording,*? phase
change memory (PCM) devices,®* and, more recently, in thermoelectric power genera-
tion and cooling (TPG&C) technology.’~" First-generation PCM devices are beginning
to enter the marketplace in multichip packages and handsets,® and show great potential
for scalability.” Figure 1 shows that the number of papers studying chalcogenides for data
storage has doubled every six or seven years during this time period. PCM devices rely on
complex interactions between temperature, electrical fields and current transport, crystal-
lization, and species diffusion processes.!? The complexity of high-density phase change
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NOMENCLATURE
A area (m?) ZT  dimensionless figure of merit
b heater half-width (m)
C volumetric heat capacity Greek Symbols
(Im=3 K™ o transmission coefficient
Cdim dimensionless parameter Br dimensionless parameter
c sound speed (m s~ 1) 8% Sommerfeld parameter
d thickness (nm) (Im—3 K?)
f frequency (10° Hz) 0 Debye temperature
G electron-phonon energy A mean free path (m)
transfer rate (W m~3 K) P electrical boundary resistance ({2 m?)
Ky Boltzmann’s constant J K1) o electrical conductivity (' m~1!)
k thermal conductivity T characteristic time scale (s)
(Wm~t K1
L heater length (m) Subscripts
Lwrr Lorenz coefficient (W Q K=2) b boundary
n number density (m~?) D Debye
Q heating power (W) DMM (diffuse mismatch model
q’ heat flux (W m~2) e electron
R thermal resistance (m?> K W~1) e-p  electron-phonon
Sdim dimensionless parameter f Fermi
S Seebeck coefficient (mV K~1) 1 longitudinal
T temperature (K or °C) p phonon
v velocity (m s—1) s substrate
Zapparent thermal transfer function t transverse
A electrical energy flux T in-plane
(Wm—2K™1 Y cross-plane

(PC) optical recording technology is comparable to that of PCM due to challenges as-
sociated with subdiffraction optical writing and read-back. PC materials in high-density
data storage applications undergo millions of temperature cycles of unprecedented mag-
nitude, AT ~ 600°C, where temporal and spatial temperature gradients of ~109°C/s and
~103°C/nm prevail. The importance of PC thermal properties in the operation, reliabil-
ity, and scaling of high-density data storage devices explains the growing interest in their
study.

Although recent progress has been rapid, the physical principles behind PCM and the
first devices using these principles are over 40 years old.!! =14 In PCM devices, a chalco-
genide thin film switches reversibly between the bistable polycrystalline (SET, low resis-
tivity) and amorphous (RESET, high resistivity) states, shown in Fig. 2(a), and, schemat-
ically, in Fig. 2(b).!® In the phase change material Ge;SboTes, the crystalline states are
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FIG. 1: Interest in chalcogenides for data storage and their thermal properties, measured
by number of papers indexed by Google (scholar.google.com accessed 11/01/2011), has
grown almost exponentially over the past 15 years.
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FIG. 2: (a) Transmission electron microscopy (TEM) image of a PCM cell that has been
subjected to a RESET process.'® (b) Schematic of a simple PCM cell with programming
current 4. (c) Schematic of the temperature history during programming events. Tty ~
300°C and Ty,e; > 600°C. The switching time is highly dependent on the thermal decay
time of the cell, but can be as low as tens of nanoseconds.

face-centered cubic (FCC) and hexagonal close-packed (HCP). The FCC state is similar to
the rock salt structure, with small deviations due to the varying radii of the atoms involved.
As a result, the Ge-Te and Sb-Te bonds are slightly larger than expected for an ideal FCC
structure.'® Joule heating, caused by a controlled current pulse, induces structural changes
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between these phases. Rapid melting (1" > 600°C) and quenching of the crystalline phase
change material at ~10'°°C/s freezes it into the glasslike amorphous phase. Sustained
heating above the glass temperature, ~300°C, causes the amorphous phase to transition
back to the crystalline phase. Figure 2(c) schematically depicts the temperature history
during programming. Threshold switching, the process whereby an amorphous semicon-
ductor switches into a low-resistivity state in the presence of a large electric field,!! per-
mits the amorphous-to-crystalline transition to occur at similar voltages as the crystalline
to amorphous transition. The heating and quenching process can occur up to 101°-10'2
times.!”

A functional phase change memory array of 128 Mb (90 nm node) has been demonstra-
ted.'® Favorable scaling is often cited®*'7 as one of the key advantages of PCM over other
nonvolatile memory (NVM) technologies, and it is suggested that PCM may be scalable
well beyond the 50 nm node.*''¥ There have been numerous efforts to discover novel cost-
effective methods for fabrication in the sub-50 nm regime to overcome the difficulties
associated with electron beam lithography. Several groups?°~22 demonstrated functioning
devices using GeySboTes (GST) nanowires (d = 30-500 nm). However, challenges asso-
ciated with proper alignment and integration processes remain. Other groups have devel-
oped bottom-up self-assembly—based fabrication processes?® that produce highly ordered
PC nanoparticles of dimensions ~10-20 nm. This process can be also utilized for growth
of highly ordered Ge nanowires (NWs) as the bottom electrical contact for PCM, further
reducing the contact area and programming current.?4

The widespread adoption of PC materials in high-density optical phase change record-
ing (e.g., CD-RW, DVD-RW) predates many of the recent advances in PCM. In high-
density optical recording, a tightly focused laser heats a small spot in a PC layer sand-
wiched between dielectric thin films. Laser absorption in the PC layer causes phase tran-
sitions between the crystalline and amorphous phases, which have a strong contrast in
optical reflectivity. Data are read by measuring the reflected intensity of a low-power read
laser. The main challenge facing PC optical recording is the diffraction limit. The super-
resolution near-field structure (super-RENS) has emerged to overcome this limitation by
introducing a layer of randomly dispersed Ag or SbTe nanoparticles.! Recently, Small et
al.! demonstrated that areal-density and readback signal noise characteristics can be con-
siderably improved in a nanopatterned PC medium, but offered no commercially viable
manufacturing process to realize the technology. Self-assembled PC nanoparticles are a
promising candidate for integrating the super-RENS and patterned PC media schemes into
a single media stack.

More recently, Castro et al.2’ reported the first evidence of the thermoelectric effect and
its dramatic impact on the characteristics of linear PCM devices. Chalcogenide PC mate-
rials have also attracted much attention as candidates for thermoelectric power conversion
applications.”>” The figure of merit for power generation, known as the power factor, is
~1073 W m~! K~2 for high-performance thermoelectric materials compared to the re-
ported values of 4 x 10™* and 5 x 107 W m~! K2 for bulk,? and superlattice (Big.o
Sbo.8)2Te3-SboTel PC materials, respectively. Power factors comparable to or larger than
those of high-performance thermoelectric materials?® may be within reach using fine-grain
PC thin film and nanoparticles due to enhancement in the phonon drag component of the
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Seebeck coefficient.?”*?® Further enhancements will be possible due to the reduced ther-
mal conductivity of the thin film PC materials compared to those of the bulk samples.??-3°
Table 1 provides a baseline summary of the existing data on thermal, electric, and thermo-
electric properties of GST.

Thermal design and engineering play an important role in optimizing the performance
of both optical and PCM devices. In optical storage media, mark-edge jitter dominates
the read signal noise. Jitter, storage density, and speed are all influenced by the ther-
mal properties of the constituent films.!3! In PCM, thermal properties influence virtu-
ally every figure of merit including the programming current, scalability, reliability, and
cross talk, among others.*32734 While compact models demonstrate the role of the to-
tal device thermal resistance,*:32:33:35:36 detailed finite element models discern the im-
portance of the spatial distribution of thermal properties.>?3437 Device studies confirm
that increasing interfacial®®~4° and volumetric'®4! thermal resistances, and confining heat
generation®$42~47 reduce programming current, and can simultaneously improve reliabi-
lity, 38:42:43

In 2003, Lai'” highlighted cell physics, programming current reduction, and high-
density manufacture as the key areas of development needed for the widespread success
of PCM. Hudgens and Johnson*® emphasized similar points in their review outlining the
history, fundamental physics and device operation, and recent technological progress in

TABLE 1: Electrical and thermal properties of the phase change material GST.
These properties will vary from sample to sample. The values shown here provide
only an idea of the expected values of these properties. The Debye temperatures
are calculated using the number density and sound velocities of each phase, with
the supplied references offering additional estimates, ~300 K. The values for k
represent those shown in Fig. 7. The values for .S represent room temperature
data for 380 nm— and 550 nm—thick GST, with the larger values corresponding to
thinner samples.”” The variability in Z7, evaluated at room temperature, is due
to the range of values in k, S, and o

Phace Property |, GsT f-GST h-GST
vpq (ms— 1) (Ref. 61) 2250 3190 3300

p (g cm™3) (Ref. 16) 5.9 6.3 6.4

C (JKg=! K) (Refs. 2 and 118) 170-202

01 (K) (Refs. 38, 61, and 87) 210 250 370
E(Wm-1 K1) 0.14-0.29 0.29-0.95 0.77-2.14
kp (Wm—L K1) (Ref. 61) 0.27 0.40 0.42
ko (Wm—L K1) (Ref. 61) 0.000024 | 0.015-0.07 11

o (0 em 1) (Ref. 61) 0.033 2299 1709

S (mV K1) (Refs. 5 and 90) 0.43-0.55 | 0.28-038 036
ZT (Refs. 5 and 90) 621 x 107* | 0.06-1.47 | 3-9 x 10~*
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PCM. These authors*® observe that the earliest devices'?'4 suffered from excessive pro-
gramming currents due to poor thermal efficiency, which was first addressed nearly three
decades later. A 2005 perspective*® emphasized the contribution of Lankhorst®° to reduc-
ing switching power and time through thermal design and use of new PC materials. Wuttig
and Yamada®! prepared a comprehensive review of PC material modeling and measure-
ments and suggested that understanding the interplay between thermal and electronic con-
duction in the crystalline state is essential to overcoming this hurdle. Most recently, Lacaita
et al.>? reviewed PCM simulations and suggested that there is a need for additional study
of electrical transport phenomena.

This chapter reviews thermal transport physics in phase change memory materials rele-
vant for high-density data storage applications. We refer the reader to reviews of nanoscale
thermal transport physics,? thermometry,>* and thermal boundary resistance®®5% for a
more fundamental and broad treatment of these topics. The present section focuses on re-
cent thin film thermal measurements and the physical models critical for improving phase
change data storage devices. Section 2 covers the fundamental physics involved with phase
change and thermal transport in PCM devices. Section 3 focuses on experimental tech-
niques utilized in thermal property measurements. Section 4 discusses the measured intrin-
sic and interface thermal transport phenomena, including topics such as the Seebeck effect,
size effects, and the interplay between electrons and phonons in phase change memory ma-
terials.

2. PHASE TRANSITION MECHANISMS

Ovshinsky first described the phase change mechanism as a “rapid and reversible transition
between a highly resistive and a conductive state effected by an electric field.”!! However,
there is still significant debate over whether the phase change process is electrical or ther-
mal in nature. While Kolobov et al. showed that the phase change process between FCC
and amorphous GST results from distortion of the Ge and Sb sublattices, 'S it still remains
to be seen whether temperature or electric field is the driving force for phase change. The
phase change mechanism may be a combination of both processes, with their respective
degrees of contribution depending on the specific switching technique in use.

Although initially switched using electric fields,!! subsequent work demonstrated the
use of optical®”~¢ and thermal®?-%! phase change methods. In the case of an applied elec-
tric field, a current filament sets up through the phase change medium.52:53 Joule heat-
ing within this filament causes the local temperature to rise rapidly. If this temperature
exceeds the melting or crystallization temperature of the phase change material and the
material is subsequently quenched, the heated region switches to the amorphous or crys-
talline phase. The switching times, temperatures, and currents involved in this process
are crucial limiting factors in the device figure of merit. These properties are affected
by local phase content,54~66 film thickness,%6:57 stoichiometry,%%:%9 and thermoelectric
properties.”%: 7!

In the case of optical switching, if sufficient photon energy flux is incident on the phase
change material, the absorbed energy will result in a temperature excursion in the pumped
area that induces phase change. This technique, commonly used for CD-RW drives, is
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thermal in nature. However, Dresner and Stringellow demonstrated phase transformations
using high-energy optical pulses without exceeding the crystallization temperature.” The
wavelength dependence of the observed transition further demonstrated that phase trans-
formation depended on the number of electron-hole pairs created by the influx of optical
energy. Later experiments confirmed the nonthermal nature of optical phase change using
ultrafast laser pulses.”7* Konishi et al.”™ were able to switch Ge;oSbyTe;3 from crys-
talline to amorphous using a single 140 fs pulse from a Ti:Sapphire laser. By measuring
the resulting reflectivity change over time, they confirmed that the irradiated area had tran-
sitioned to the amorphous phase within 1 ps of the application of the pulse.”® Such a
transition is on the order of the electron-phonon relaxation time in metals,”® making it un-
likely that the lattice could have reached melting temperatures. Rather, the authors suggest
that the high-density electron excitation directly breaks the Ge-Te bonds in the structure,
displacing the Ge sublattice.”767"

Externally applied heating, however, demonstrates that electrical current is not neces-
sary to change the phase of a device. In the measurements of Lyeo et al.! and Reifenberg
et al.,2? the authors were able to induce phase change through the use of temperature-
controlled ovens or hot plates. By heating the samples above the crystallization temper-
atures and quenching, they demonstrated the presence of FCC and HCP phases without
using an electric field. Although the thermal time constant of an oven precludes the pos-
sibility of rapid phase change, structures such as those demonstrated by Lee et al.”® offer
ways to thermally switch a PCM device on timescales approaching those seen in electrical
and optical switching.

2.1 Thermal Conduction Mechanisms

In the amorphous and FCC phases, thermal conduction in GST is primarily due to phonon
energy transport. However, in HCP-GST, electrons contribute to thermal conduction on
roughly the same order as phonons. This added contribution to thermal conduction affects
not only the intrinsic resistance of the film, but the thermal boundary resistances (TBRs)
as well. Existing models for TBR rely on the principle of acoustic™ or diffuse>® reflection
of phonons at a material interface. There are theories that expand these models to include
both electron and phonon conduction,®?:%! but these models operate on the assumption that
one of the materials involved restricts electron heat transfer.8! In the case of a PCM device,
in which HCP-GST is in contact with an electrically conductive electrode, such theories
may be insufficient for estimating TBR.

The acoustic properties of FCC- and HCP-GST do not differ to a great degree, with the
densities,®? volumetric heat capacities,® and longitudinal phonon velocities®! of the two
phases differing by <3%. Further, due to the high degree of material disorder in GST, the
phonon mean free path (MFP) (<1 nm) is significantly less than the average grain size (20—
30 nm).®* As a result, grain growth does not significantly affect the average phonon MFP,
Using the minimum thermal conductivity model, one can determine the expected phonon
contribution to conduction in such materials. The minimum thermal conductivity model
for amorphous solids describes thermal transport as a random walk of energy between
localized oscillators.5*8° In the high-temperature limit under the Debye approximation
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for phonon dispersion, it predicts no temperature dependence of the lattice component
according to

_lym 1/3 2/3
buin =5 (5) Kon®’* (o +20) (M

where K3, is the Boltzmann constant, n is the atomic number density, and v; and v, are
the longitudinal and transverse phonon velocities, respectively. Assuming constant or in-
creasing heat capacity and MFP, both models demonstrate that the increases in the sound
velocity from the amorphous to the FCC phase™®6 should contribute to an increase in
lattice conductivity. However, it is unlikely that the phonon thermal conductivity differs
significantly between FCC- and HCP-GST. The difference in thermal conductivity be-
tween the two phases of crystalline GST instead comes from a dramatic increase in the
hole concentration and mobility in HCP-GST, greatly increasing electrical conductivity.5!
The Wiedemann-Franz-Lorenz (WFL) rule allows us to relate the electron contribution to
thermal conductivity, k., to the electrical conductivity, o, using the relation

ke
5 = Lwr1T ()

where 7" is ambient temperature and the proportionality constant Ly, is the Lorenz num-
ber, 2.45 x 1078 W  K~2. This rule applies in situations when the relaxation times for
charge and heat transport are similar. This occurs when the material temperature is greater
than half the Debye temperature, or less than approximately 10 K. In the intermediate
range, electron-phonon scattering affects charge transport more than thermal transport.
Since, as Table 1 shows, the Debye temperature of GST is ~300 K,37 the WFL is an appro-
priate tool for estimating electron thermal conductivity. This results in an expected electron
thermal conductivity contribution accounting for ~75% of the total thermal conductivity
of HCP-GST (Fig. 3).

Phonons play an important role in thermal transport in PC and many electrode materi-
als such as TiN.88 The role of electrons is not fully understood in phase change materials
such as GST. In electrode materials such as TiN, the electron contribution to the thermal
conductivity depends on the material choice and process conditions.32:8%:89 In the molten
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FIG. 3: The left and right regions indicate the relative contributions of phonons and elec-
trons, respectively, to thermal conductivity in HCP-GST. The relative sizes of the regions
indicate the proportions of thermal conductivity due to phonon and electron conduction.
The phonon and electron components of TBR are indicated.
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phase, the electrical resistivity of GST is comparable to that in the HCP phase,”® so elec-
trons probably play an important role in thermal transport®! during reset pulses. In general,
the thermal interface transport in PCM devices involves phonon-phonon, electron-phonon,
and electron-electron processes (Fig. 4). Many devices leverage TBR to reduce the pro-
gramming current3®~41:91 and improve reliability.® The following section summarizes
the physical models of TBR and critical results important for improving PCM devices.

2.2 Thermal Boundary Resistance Mechanisms

Thermal boundary resistance arises from the incomplete transmission of heat carriers across
an interface.>®°6 The ratio of the temperature discontinuity, AT, across an interface to the
heat flux, ¢”, defines the boundary resistance,

Rb = (3)

Pollack®® and, later, Swartz and Pohl®® prepared comprehensive reviews of TBR model-
ing and measurements for liquid-solid and solid-solid interfaces. Recent work offers in-
sight into the classical mismatch models,”?>~%® high-temperature TBR,?” metal-nonmetal
TBR,31:89:98.:99 and metal-metal TBR.!%C In this context, the term metal applies to materi-
als in which electrons contribute significantly to thermal transport, while phonons dominate
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FIG. 4: Physical depictions of several TBR models: (a) acoustic mismatch model
(AMM);% (b) diffuse mismatch model (DMM);>® (c) electron DMM;!? (d) electron-
phonon coupling model.3! The e and p denote electrons and phonons, respectively.
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thermal transport in nonmetals. There is an abundance of TBR models, but the search for
a quantitatively accurate model that applies for a wide range of materials and temperatures
is a topic of ongoing research. Nevertheless, many of the models offer physical insight that
can be applied to improving PCM design.

2.3 Nonmetal-Nonmetal TBR

The two most common analytical models for TBR are the acoustic mismatch (AMM) and
diffuse mismatch (DMM) models.?%-%2:101 These models predict interfacial phonon trans-
mission and reflection rates, which dominate the thermal resistance at nonmetal interfaces.
The AMM treats the TBR using a continuum acoustics model that describes phonon trans-
mission by the mismatch in acoustic impedances. Transmission obeys an analog to Snell’s
law, and reflections are specular. The AMM finds agreement with experimental data for
many interface combinations at temperatures less than 10 K.°® The DMM better predicts
TBR at higher temperatures by assuming diffuse phonon scattering at the boundary. Fig-
ures 4(a) and 4(b) show schematics of the AMM and DMM models, respectively, at non-
metal interfaces. TBR scales in inverse proportion to the transmission coefficient, o1 _o,

given by
>,

PR DIy

for the DMM model, where c¢; ; refers to the sound velocity in material ¢ in phonon mode
4.5% Equation (4) qualitatively describes the phonon density of states (DOS) mismatch
between materials 1 and 2. Materials with large DOS mismatches generally have larger
TBRs.?® The Debye temperature ratio offers another estimate of the DOS mismatch.38:%8
Modified approaches based on the AMM and DMM attempt to improve agreement with
experiments by capturing a range of physical effects such as the actual weak bonding at the
interface”® and the actual DOS.?? The latter method accounts for the actual DOS through
the measured volumetric heat capacity of the film, ¢; (7). This value is used to extract TBR
via

“)

a1—2 =

-1

al—2 — _
Ry = Tci’D Z 615 el (T)~! &)
J

where the subscript D refers to the use of the Debye model and the assumption that all
phonon polarizations have the same sound velocity. Molecular dynamics simulations of-
fer detailed explanations of several other influential effects: the frequency dependence
of the transmission coefficient,”* phonon transmission between dissimilar lattices,”® the
role of anharmonic effects in the temperature dependence,’” and the effect of interface
disorder.>:97

2.4 Metal-Metal Thermal Boundary Resistance

When electrons contribute significantly to the thermal conductivity of one or both contact-
ing materials, they also affect interfacial transport. In the case of metal-metal interfaces,
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electrons dominate thermal transport in both materials. The TBR at metal-metal interfaces
is about an order of magnitude smaller than that when a nonmetal is involved.'°° Mahan
and Bartkowiak8? showed boundaries have an exact analog for the WFL rule,
Pb
R = — 6

bWFL = 777 (0)
where py, is the electrical boundary resistance (EBR) in 2 m?. This result applies to inter-
faces such as grain boundaries, where the contacting materials are identical. Gundrum et
al.199 derived a DMM model for TBR between different metals,

A(Zy + Z3)

77, (7

Rpmm,e =
where Z; = y;Tv¢; is the product of the electronic heat capacity per unit volume, vy, 7,
and the Fermi velocity, vy ;, of side 7, and 7y, is the Sommerfeld parameter. Figure 4(c)
schematically depicts the electron DMM model, which shows relatively good agreement
with experimental data for Al/Cu interfaces.!%C Given the intimate relationship between
charge and thermal transport at metal-metal contacts, in sifu characterization of the EBR
could provide much insight into the high-temperature TBR in PCM devices.

2.5 Metal-Nonmetal Thermal Boundary Resistance

The electron and phonon systems must interact to transport heat across metal-nonmetal
boundaries. Huberman and Overhauser® and, later, Sergeev'%2 showed electrons exchange
energy anharmonically with joint phonon states near the interface. The joint phonon states
subsequently communicate energy between the materials. Majumdar and Reddy®! showed
that electron-phonon coupling in the bulk of the metal, followed by phonon-phonon trans-
mission at the interface, can also contribute significantly to the metal-nonmetal TBR. Fig-
ure 4(d) shows this scenario schematically. The additional resistance contribution from the
electron-phonon coupling, R..p, is

1

AV ka,metal

where G is the rate of electron-phonon energy transfer per unit volume, ~106-1017
W/m?/K, and kp. metal 1s the phonon contribution to the thermal conductivity in the metal,
~10-20 W/m/K 3!

In most material interfaces, one of these mechanisms for TBR will dominate. How-
ever, in the case of a metal-GST interface, the situation is more complicated. Small device
dimensions, high switching temperatures, and the unique balance between electron and
phonon thermal conductivity in crystalline GST requires that all these phenomena be con-
sidered when evaluating TBR. As a result, there remains considerable work to be done
on understanding the fundamental interface behavior between GST and electrode materi-
als.

Re—p = (8)
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3. THERMAL PROPERTY MEASUREMENTS FOR PHASE CHANGE
MATERIALS

Thin film thermal conductivity measurement techniques have grown increasingly sophis-
ticated and relevant over the past two decades. Nanoscale thin films often have lower ap-
parent thermal conductivities than bulk films owing to increased scattering of heat carriers
at lattice defects, grain boundaries, impurities, and material interfaces. Partial heat car-
rier transmission at interfaces gives rise to thermal boundary resistance. In thin films, it is
common for the TBR to be comparable to the intrinsic thermal resistance of the film.%3
Chalcogenide thin films, in particular, exhibit all of these effects.??32 A key challenge in
thin film thermal property measurements is separating the intrinsic thermal resistance from
the TBR.

Measurement techniques may be grouped broadly into two categories: electrical and
optical methods, which refers to the method used for heating and thermometry. The most
common electrical technique for measuring chalcogenides is the 3w method.'®? Several
studies?29:32,61,104=107 ytjlize a variety of optical methods. The characteristic time and
length scales of a measurement control which thermal properties are directly accessible
through the data. The measurement technique determines the scale. The measurement fre-
quency temporally limits frequency domain electrical techniques such as the 3w method.
Various widths of 3w structures may also be used to spatially limit the measurement and
determine the anisotropic thermal properties of thin films. Detector bandwidth and laser
pulse duration temporally limit optical techniques. In the equilibrium regime, the thermal
diffusivity physically links the time and length scales through the relation d% , =~ ar,
where d.p,, is the characteristic length, « is the thermal diffusivity, and T is the character-
istic timescale. Figure 5 illustrates this concept schematically for three common thermom-
etry techniques: 3w, nanosecond optical transient thermoreflectance (TTR), and optical
time domain thermoreflectance (TDTR). The right axis of the figure assumes a chalco-
genide thermal conductivity of 1 W/m/K. For films approximately 100 nm and thinner, the
3w and nanosecond TTR techniques can access only spatially averaged, or effective ther-
mal properties. These methods offer excellent sensitivity to the thin film thermal resistance,
but require multiple samples and ex-post thermal models to interpret thickness dependen-
cies of the effective thermal conductivity. In contrast, TDTR has the temporal resolution to
potentially resolve the TBR and intrinsic thermal properties uniquely. This section reviews
the 3w, nanosecond TTR, and TDTR techniques, and their application to phase change
memory materials.

3.1 Three Omega Technique

The 3w method uses a microfabricated metal line as both a heater and thermometer to
measure the thermal response of the underlying thin films and/or substrate.'?3:18 Figure 6
depicts a typical experimental setup and sample structure for phase change memory mate-
rials. A current, I, at frequency w induces heat generation at frequency 2w in the metal
line. The linear thermal transfer function of the thin films and substrate relates the 2w heat-
ing to the 2w temperature rise in the metal line. The metal line resistance varies linearly
with temperature, causing resistance oscillations, Rs,, at 2w, and voltage oscillations at
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to be on the order of 1-10 um to strongly influence the frequency response in a 3w mea-
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the transient temperature profile in TDTR measurements.
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3w due to the product Ra, 1. A lock-in amplifier captures the 3w voltage, which deter-
mines the thermal transfer function (i.e., thermal impedance) of the films and substrate.'%3
The line heater must be completely electrically isolated to prevent measurement errors due
to leakage current.!?%119 Because most phase change memory materials are electrically
conductive, the PCM material is often sandwiched between passivating thin films such as
SiOs, ZnS:SiOs, or Si3N4.31’1O7’109_111

Several assumptions accompany data interpretation in the 3w method for thin films.
The method directly measures the average temperature rise of the metal heater over a range
of frequencies, typically 1 Hz < f < 10 kHz. The thermal diffusion depth bounds the low
end of the measurement frequency, which is chosen to satisfy the relations f > asup/d>

sub>

and b < Xsyb/ dfub, where d is the substrate thickness, 2b is the heater width, and oy
is the substrate thermal diffusivity. The limits of the lock-in amplifier and modeling errors
imposed by the thermal mass of the heating element commonly limit the upper frequency
range.''? The slope of the in-phase component of the heater temperature rise versus In(f)
determines the substrate thermal conductivity.!?® The 3w technique strictly determines the
frequency-dependent thermal impedance of the thin film plus substrate.!'?113 The most
common assumptions for extracting thin film properties are®3:103 (i) heat transfer through
the thin films is 1D and (ii) the thermal response of the thin film is frequency independent.
Combined, these assumptions permit extraction of an effective thin film thermal conduc-
tivity, ke, using the relation,'%8
Qdﬁlm

= WLAT

where @) is the total heating power, dgiyy, is the thin film thickness, L is the heater length,
and ATgyy, is the temperature rise exclusively across the thin film of interest, which is
commonly measured differentially.3!:3® Equation (8) explains why PCM papers employ-
ing the thin film 3w method require differential measurements. The technique measures
the total temperature difference across the thin films. Extraction of ATg),, requires mea-
suring samples with and without the PCM material. Once ATgy, is determined, the ef-
fective thermal conductivity contains contributions from the TBRs between the PCM and
passivation materials. Studies that also vary the PCM thickness separate the TBR from
the PCM material intrinsic thermal conductivity.3!:197-111 The length scales dictated by
the frequency-dependent thermal penetration depth and heater widths justify Eq. (8) and
expose its limitations. The primary limitation is that the spatial distribution of thermal
properties is not directly accessible with this technique.

Sample geometries and data interpretation methods vary in 3w thin film measurements.
These variations may explain some of the disparity in reported thermal conductivities.
Dames and Chen!!3 analyzed the effect of using a voltage source, as is common, instead
of a current source as assumed in the derivation of the thermal model. They show a neces-
sary correction factor to the thermal transfer function, Z,,parent,

Reampie |
Ztrue = Zapparent <1 - %) (10)
total

where Zi,c 1s the actual thermal transfer function to be used in fitting the data, Reumple
is the heater resistance, and Ryt 1S the total resistance of the circuit including output

©

et
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impedances. It is not clear whether Dames and Chen account for the voltage source cor-
rection, or whether their respective experimental systems are insensitive to the correction
factor. For a typical voltage source with an output impedance of 50 €2, and a series resistor
comparable to the heater resistance between 5 2 and 150 €2, the correction factor varies be-
tween 1.09 and 1.75. The extracted effective thermal conductivity underestimates the true
conductivity by a similar proportion. Using low-resistance heaters or adding ballast resis-
tors to the circuit when using a voltage source reduces the importance of the correction
factor.

Heat spreading and the thermal mass of the heater introduce systematic errors to data
interpretation under the 1D assumption. Risk et al.1?9:110 ysed an optimization algorithm*!2
accounting for both effects, and Fallica et al.!'! used a 3D analytical heat transfer model.
Borca-Tasciuc et al.''* examined the limits of the thin film assumptions. The ratio of the
true thermal conductivity, ki ue, to the conductivity extracted using the 1D assumptions,
le, 1S

k rue
™ — CtimSdim (11)
kip
Caim and Sg;m are nondimensional parameters given by
kyks
Cagim =1 — 22 (12)
and
1 krp d
Saim = (1 +0.38BF) 5 Pr= P Br <10 (13)
y

ky, k., and kg are the thin film cross-plane, thin film in-plane, and substrate thermal con-
ductivities, respectively. The dimensional parameters d and b are the thin film thickness
and heater half-width, respectively. The parameter C' measures the thermal conductivity
contrast between the thin film and substrate. In isotropic materials, 3 reduces to the ratio
of film thickness to heater width. For GST and TiN films of thickness near 300 nm thick
measured with 2 um—wide heaters, the 1D assumptions contribute to approximately a 10%
overestimation of the thermal conductivity. Equations (10)—(12) suggest it is possible to
measure the thermal conductivity anisotropy of PCM materials by using thick films, thin
heaters, thermally resistive substrates such as quartz, or suspended films.54

Sample design for the 3w method involves many compromises between signal max-
imization, analysis complexity, and the possibility of current leakage. If using a voltage
source, such as the output of a lock-in amplifier, an impedance-matched, narrow heater
maximizes the measurement signal, but the corrections from Egs. (9) and (12) may be sig-
nificant. However, it has recently been suggested that voltage-driven measurements that use
common mode subtraction do not require the correction factor.!!® In either case, using a
current source always circumvents the need for Eq. (9) and the associated design trade-offs.
Pinholes in the passivation layer or punctures from probes or wirebonds can cause current
leakage through the PCM material. Increasing the passivation layer thickness can help
prevent puncturing, but reduces the sensitivity to the PCM thermal conductivity. Increas-
ing the heater thickness can also prevent puncturing, but the additional thermal mass may
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affect the measurement at high frequencies.''* Risk et al.''? recommend using beryllium-
copper probe tips and advise against a wide variety of other contact methods. The need for
electrical contact also complicates high-temperature measurements.! 1" Ultimately, leakage
current characterization is essential for guaranteeing the reliability of 3w measurements of
thin films containing conducting materials.

Several authors report the thermal conductivity of PCM materials using the thin film
3w method, summarized versus film thickness in Fig. 7.29—32,61,78,83,87,107,109—111,116 120
Kim et al.3! report the amorphous and FCC phase GST intrinsic conductivity and ZnS:SiO2/
GST TBR between 50 and 300 K using multilayer samples. Giraud et al.®3 measured ef-
fective thermal conductivities for ZnS:Si02, SiO2, amorphous GST, FCC-GST, and TiN.
Risk et al.'%% developed an in situ 3w technique to monitor the effective thermal conduc-
tivity of GST during the amorphous to FCC phase transition. Risk et al.!'® subsequently
measured the effective thermal conductivities of the phase change materials GST, N-doped
GST, AgInSbTe alloy, and GeSb, suggesting a modified Wiedemann-Franz law to predict
the temperature dependence of the thermal conductivity. Fallica et al.''! report the room
temperature thermal conductivity of SiO-, SisN,, amorphous, FCC, and HCP-GST, and the
SiO2/GST TBR. Lee et al.'%7 used a combination of optical and 3w techniques to report
the thermal conductivity of various thicknesses of a-GST and FCC-GST thin films, along
with the thermal boundary resistance betweens these films and SigNy passivation layers.
A microthermal stage, developed by Lee et al.,”® was used to simultaneously characterize
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FIG. 7: Thickness dependence of the effective and intrinsic thermal conductivities for
GesSboTes at room temperature in the amorphous (A), FCC (v), and HCP (T) phases.
Solid markers indicate 3w measurements. Open markers indicate optical measurements.
Gray markers indicate that both optical and electrical techniques were performed. For 3w
and optical measurements using multiple thicknesses, we plot the extracted intrinsic con-
ductivity at the location of the average sample thickness. The horizontal line labeled ki
indicates the minimum thermal conductivity estimate in the amorphous phase,%! and the
horizontal line at the top is the bulk thermal conductivity measured in the HCP phase.''®
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and control the temperature of thin GST films. The authors used this technique to locally
cycle GST between the SET and RESET states, and measure the resulting electrical and
thermal conductivity. Lee et al.'2! also utilized in-plane steady state electrical thermome-
try on suspended GST thin films to determine in-plane thermal properties, demonstrating
significant anisotropy due to phase impurities in the film. Li et al.'?? confirmed the effect
of phase impurities on lateral thermal conduction, and suggested the use of such to reduce
the programming current of lateral PCM devices by up to 30%.

3.2 Photothermal Property Measurements

Optical thermometry techniques for PCM materials measure the transient change in re-
flectance to probe the thermal response of a thin film stack. In contrast to the 3w tech-
nique, optical techniques are noncontact and do not require electrical passivation layers or
microfabrication steps beyond blanket film deposition. These features make optical tech-
niques preferable to electrical techniques when conducting temperature-dependent mea-
surements. However, data extraction in optical thermometry often requires a numerical
solution of the heat diffusion equation, and it is significantly more challenging to measure
the absolute temperature. Absolute optical temperature measurements require careful cal-
ibration of the temperature-dependent reflectance, absorbed laser power, and photodiode
responsivities.'?3 These steps are unnecessary in linear thermal systems, where the shape
alone of the transient thermal response determines the thermal properties.

The first optical measurements? 194105124 ysed the phase-dependent reflectance
changes in optical PC disks to probe their thermal properties. A multiparameter fitting
routine matches the reflectance data to simulations of the coupled heat diffusion, phase
change, and optical processes.?'%4124 Recent optical measurements use nanosecond
TTR29:87,107,116,117,120 a4 TDTR.32:61 These techniques offer improved sensitivity and
reduced errors due to systematic experimental errors compared to other optical methods.3°
In thermoreflectance measurements, a high-intensity laser pulse (i.e., pump) causes a tem-
perature excursion in the sample. A probe beam samples the temperature of a metal trans-
ducer via its relative reflectance change. Due to the linearity of the heat diffusion and
transducer reflectance variation with temperature, thermal property data can generally be
extracted without knowledge of the absolute temperature magnitude. A wide range of ma-
terials satisfy the linearity requirements, making thermoreflectance a robust choice for ther-
mal property measurements. This section focuses on thermoreflectance measurements of
PCM materials.

3.3 Nanosecond Transient Thermoreflectance

Nanosecond TTR systems measure thermal decays in the range of tens of nanoseconds
to tens of microseconds with temporal resolution <10 ns.'?%126 The reflected intensity
of a continuous wave (CW) probe laser interrogates the transient surface temperature
of a metal transducer via a high-speed photodiode. TTR systems used in PCM mate-
rial measurements have two common configurations: dual transducer®”-116:117 and single
transducer.29-30:120:126 Tn 3 dual-transducer system, two metal layers sandwich the thin
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film or films of interest. The pump and probe beams strike opposing sides of the sam-
ple, which is similar in principle to bulk flash diffusivity measurements.'?” The substrate
must be transparent at the pump or probe wavelength. Figure 8 depicts a typical single-
transducer TTR system.2%:30:120,126 A gingle-metal layer coating the thin film of interest
serves as both the pump absorber and probe transducer. When the thermal mass of the
metal transducer is large, this configuration benefits from decreased sensitivity to the heat
capacity of the thin film.

The hardware in both configurations is similar. A frequency-doubled Q-switched
Nd:YAG (yttrium aluminum-garnet) laser heats the sample with short (<10 ns) pulses.
The photodiode typically has a bandwidth between 500 and 650 MHz.2%:119:126 The pump
pulse width and photodiode bandwidth determine the maximum temporal resolution of the
measurement. Samples should have characteristic thermal diffusion times longer than this
to ensure measurement accuracy. A band-pass filter at the probe wavelength is essential
for preventing pump leakage into the photodiode. Pump pulses recur with a frequency of
~1-10 Hz, characteristic of Q-switched lasers. The pulse repetition rate determines the
maximum thermal decay time of the sample, which should be much longer than the in-
verse of the repetition rate to allow the sample to fully cool before the next heating event.
The signal-to-noise ratio for a single pump pulse is poor, owing to the large measurement
bandwidth and low transducer sensitivity. Relative reflectance changes are on the order of
10~4/°C,'2® and the pump pulse typically heats the sample by <10°C.3% Normalized ther-
mal decay traces are, therefore, the average over thousands of heating events. The spatial
extent of the pump beam is generally much larger than the thermal diffusion length, so a
1D1, multilayer solution to the heat diffusion equation models the data.

3.4 Time Domain Thermoreflectance

TDTR is a pump-probe technique that can measure a wide range of thermal physics from
electron-phonon interactions at timescales less than 10 ps to thermal decays of up to
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FIG. 8: Typical nanosecond TTR setup. The sample surface is a reflective metal.
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7 ns.'29=131 TDTR uses a mode-locked laser to produce a pulse train with repetition rates

between tens>2:131:132 and a few hundreds'?? of megahertz. Figure 9 shows one implemen-
tation of TDTR used in Refs. 32 and 132. The laser output splits between a pump beam
that is often frequency doubled3?:131:132 and a probe beam that travels through a variable
delay stage. The difference in optical path lengths fixes the delay time between the heat-
ing and probing events. The thermal decay trace is reconstructed by sweeping the delay
stage through its range of motion. An electro-optic or acousto-optic modulator chops the
pump beam, at frequencies below 100 kHz up to 10 MHz.'3% A lock-in amplifier detects
the in-phase and out-of-phase components of the reflected portion of the probe beam at the
modulation frequency. By limiting the measurement bandwidth to a small window around
the modulation frequency, the lock-in amplifier greatly improves the signal-to-noise ratio
compared to nanosecond TTR.

Several techniques can improve TDTR signal quality in practice. Capinski and Maris'
incorporated a single-mode fiber (SMF) to reduce errors caused by probe beam misalign-
ment and divergence as it traverses the delay stage. Schmidt et al.!3! used a beam expander
to reduce beam divergence and a double pass of the delay stage to extend the measure-
ment’s temporal range. Costescu et al.% and Cahill'® demonstrated that measurements
of the phase ratio rather than the signal amplitude eliminate the need for pump and probe
normalization and can improve the signal-to-noise ratio.

TDTR data carries a wealth of information about thin film physics. At delay times
less than ~10 ps, the two-temperature model is often used to interpret the data because
the electron and lattice temperatures in the metal transducer have not equilibrated.'3* Pi-
cosecond acoustics measurements in TDTR systems can often be used to measure the local
metal and thin film thicknesses and sound velocities,%! eliminating the need for other char-
acterization methods.®? At longer times, various models describe the thermal decays, the

33
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FIG. 9: One implementation of a picosecond TDTR setup.3%132 Other implementations use
a Ti:sapphire laser and the phase ratio measured by the RF lock-in,'3%:13! but the systems
are similar in principle.
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most general being a 3D, multilayer, frequency domain solution to the heat diffusion equa-
tion accounting for radial spreading and pulse accumulation.3?:139:131 Schmidt et al.!3!
suggested varying the modulation frequency to sample different thermal properties, while
Reifenberg et al.3? recently used a series of different sample geometries to simultane-
ously extract intrinsic thermal properties and interface resistances. Because of its excellent
temporal resolution, TDTR can directly measure TBR.83%132 Although the advantages of
TDTR are numerous, the experimental apparatus and data analysis are considerably more
complex than nanosecond TTR and 3w.

4. THERMAL PROPERTY MODELING AND MEASUREMENTS IN
PCM MATERIALS

Figure 10 summarizes the temperature-dependent amorphous, FCC, and HCP phase ther-
mal conductivities of GST reported using nanosecond TTR and TDTR. For clarity, the
figure does not show effective conductivity data for the 350 nm and 60 nm layers mea-
sured in Ref. 29. Including 3w and effective thermal conductivity measurements, the amor-
phous, FCC, and HCP thermal conductivities span the ranges 0.14—0.29 W/m/K, 0.29—-0.95
W/m/K, and 0.77-2.14 W/m/K, respectively. Several studies note that mass diffusion,'”
phase change material sublimation,?%:32 and component failure'?® limit the peak measure-
ment temperature to 350-400°C. Overcoming these challenges to measure thermal prop-
erties up to and beyond the melting temperature remains an important goal.

The differences between amorphous phase measurements are generally small. Because
amorphous materials conduct heat through a network of localized oscillators,51:%% it is
likely that structural defects do not strongly affect the thermal conductivity. The differ-
ences in the measured amorphous phase thermal conductivity may instead be due to partial
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FIG. 10: Temperature-dependent thermal conductivity data for GeoSboTes taken with op-
tical measurement systems. The data from Ref. 29 are for a 120 nm layer that underwent
the FCC-to-HCP phase transition just above 200°C, as opposed to ~340°C for the sample
in Ref. 61.
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crystallization30-13°

measurements.

The room temperature FCC phase conductivity generally falls between 0.3 W/m/K and
0.57 W/m/K. Measurements show that increases in the electron contribution'? and lattice
contribution®! can both account for the larger FCC phase thermal conductivity. The temper-
ature dependence of the FCC phase conductivity is particularly important because it may
strongly influence the programming current.?3:34:136 Lyeo et al.®! show increasing FCC
thermal conductivity with temperature. Other studies report no temperature dependence,®”
or a slower increase in the FCC thermal conductivity with temperature.??:32

Most thin film HCP thermal conductivity measurements span the range 1-2 W/m/K.
The HCP phase exhibits an approximately 10-fold to 100-fold decrease in electrical resisti-
vity®1:90:137 attributed to increased hole mobility.6' Unlike the FCC and amorphous phases,
the electrical resistivity increases with temperature.’® The electron contribution dominates
the HCP phase conductivity,61:117:118,138

and/or differences in TBR in the case of effective thermal conductivity

4.1 Electron Thermal Conductivity

Despite the FCC phase having ~103-10% times higher electrical conductivity than the
amorphous phase,’®>!37 the increased electron contribution does not explain the differ-
ences in thermal conductivity in all measurements. At room temperature, the WFL predicts
a small electron contribution in the FCC phase in Ref. 61 that does not fully account for
the difference in FCC and amorphous thermal conductivities. Risk et al. confirm that the
electron contribution does not explain the difference.!%%110 At 300°C, assuming an acti-
vation energy of 0.14 eV3490 and constant lattice conductivity,%! the WFL overestimates
the measured temperature dependent in FCC thermal conductivity.6132:87 The WFL alone
cannot explain the observed temperature dependence of the FCC phase thermal conduc-
tivity. Simultaneous temperature-dependent electrical and thermal conductivity measure-
ments could offer insight into the role of electrons in thermal transport in the FCC phase.

4.2 Lattice Thermal Conductivity

Molecular dynamics simulations accounting for anharmonic effects may improve under-
standing of lattice conduction, including its temperature dependence. Reifenberg et al.?*
suggested that the microstructure plays an important role in reducing the effective thermal
conductivity. In crystalline materials with long-range order, defects act as phonon scat-
tering sites, reducing the intrinsic thermal conductivity.® The relative importance of the
microstructure contribution decreases during and after annealing.?:6* Although no stud-
ies have directly examined their role, deposition conditions may strongly impact the mi-
crostructure. Annealing experiments with variable time and temperatures can also improve
understanding of the lattice contribution to the thermal conductivity.

4.3 Thermal Boundary Resistance in Phase Change Materials

There are limited TBR data for PCM materials. Figure 11 summarizes the available data.
The TBR between the bottom electrode, or heater, and the GST is extremely important
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FIG. 11: Summary of the temperature-dependent thermal boundary resistance data for
phase change materials. A TBR of 10 m?K/GW has thermal resistance equal to ~190 nm
of TiN,32 or 14 nm of thermally grown SiOs.

since the bottom electrode dissipates most of the heat during programming.*3¢ The TiN/FCC
GST TBR decreases from 26 m?*K/GW to 19 m?K/GW between 30°C and 325°C.32 A
TBR of 10 m2K/GW is equivalent in thermal resistance to ~190 nm of TiN at room
temperature,3? or ~14 nm of thermally grown SiO. At room temperature, the series com-
bination of the TiN/GST TBR and Al/TiN TBR increases the apparent thermal resistance
through the heater by almost a factor of seven, assuming a 100 nm-tall TiN heater contacted
by an Al interconnect®? Kim et al.®® showed an even larger average interface resistance of
~77 m?K/GW between a Cg layer, used as part of the bottom electrode, and Al and
TiAIN films. The results for these electrode materials agree qualitatively with other mate-
rials with similar Debye temperature mismatches.”® Other studies used the 3w method to
extract the TBRs between GST and ZnS:SiO5,3! an important interface in optical media,
and GST and SiO5.!!! Both reports show larger TBR in the amorphous phase, which the
authors attribute to larger acoustic mismatch and interface roughness. Reifenberg et al.
reported that the application of the DMM using the measured heat capacity®? yields pre-
dictions that best match the temperature-dependent data for phonon-dominated TiN/FCC
GST TBRs.

The TBR models and data raise many questions whose answers will improve PCM
design and engineering. The models demonstrate that the nature of charge and thermal
transport in the electrode and phase change material play an essential role in determining
the TBRs. The temperature-dependent transport properties of thin film electrode materi-
als such as TiN are not well characterized. The intrinsic electrical properties of GST are
well understood, but the EBR is not. High-temperature TBR measurements of GST thin
films at T" > 400°C still pose significant challenges for standard experimental approaches.
Ptitsina et al.!®® showed that transverse phonons dominate electron-phonon coupling in
impure thin metal films over a wide temperature range. Because the molten phase does
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not support transverse modes, the high-temperature TBR may not conform to the standard
models.

4.4 Thermoelectric Transport

As temperature gradients increase in scaled devices, thermoelectric effects may become
increasingly important. A recent study?® attributes programming asymmetry in a linear
PCM cell to thermoelectric effects. Suh et al.”” used electrothermal simulations to demon-
strate that, by carefully selecting PCM electrode materials based on Seebeck coefficient,
thermoelectric heating can significantly reduce programming current. Lee et al.'? recently
developed SOI structures to characterize the thermoelectric power generated at such inter-
faces, specifically for TiW-SbTe.

The low thermal conductivity and small band gap in phase change materials makes
them excellent candidates as thermoelectric materials.'4* Ohta et al.”0 showed that the
room temperature Seebeck coefficients of thin GST in the amorphous and FCC phases are
comparable to those in the best thermoelectric materials.” 142 Further complicating matters
is the existence of the boundary Seebeck effect,'4? and its temperature dependence. The
possibility of using phase change nanowires,?°~22:35 nanotubes,'#* and nanoparticles?3-14°
to minimize device size merits investigation of their thermal properties. Lee et al.,'46 for
example, reported low effective thermal conductivities for GST-SiO» thin film composites.
Ryu et al.”! later showed that such composites reduce reset current by up to 45% from
pure GST. Use of vertically aligned Ge nanowires?* or carbon nanotubes as the heater can
significantly reduce the device cross-sectional area. The possibility of ballistic transport in
these structures further complicates thermal conductivity and TBR calculations, but may
significantly reduce programming current.”®

4.5 Commentary on Thermal PCM Research

The goals of reducing programming current and cell dimensions in PCM devices remain
driving forces for research into the thermal properties of phase change materials. How-
ever, the vast body of literature shown here demonstrates that the intricate thermal physics
of these materials are fascinating enough on their own to merit study. It has been almost
45 years since phase change materials were first demonstrated, and we are still answer-
ing many fundamental questions about their physical behavior. Certain phases of PCM
have similar electron and phonon contributions to thermal conductivity, inviting study into
electron-phonon coupling effects in both bulk GST and GST-electrode/dielectric interfaces.
Such studies may be the route to a more generalized understanding of electron-phonon in-
teraction in TBR. The desire to understand electrothermal phenomena in phase change
materials has inspired the development of novel measurement techniques of interest to the
microscale heat transfer community, with many more likely in the pipeline. Low GST band
gap and low thermal conductivity make it a promising thermoelectric material. Interface
engineering and nanostructuring may further increase the figure of merit. These projects
are capable of standing on their own merits, and need not run under the auspices of building
a better PCM cell. Their results, however, will remain critical to the PCM community.
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