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bounded by metals
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While atomic vibrations dominate thermal conduction in the amorphous and face-centered cubic
phases of Ge,Sb,Tes, electrons dominate in the hexagonal closed-packed (hcp) phase. Here we
separate the electron and phonon contributions to the interface and volume thermal resistances for

the three phases using

time-domain thermoreflectance and electrical contact resistance

measurements. Even when electrons dominate film-normal volume conduction (i.e., 70% for the hcp
phase), their contribution to interface heat conduction is overwhelmed by phonons for high-quality
interfaces with metallic TiN. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4807141]

Chalcogenide phase change materials, known primarily
through their application in optical data storage, are receiv-
ing renewed interest for applications in electronic memory
due to their unusual electrical properties. The amorphous
phase can be transformed into one or more crystalline phases
through electrical heating. The rapid and repeatable switch-
ing among phases provides a remarkable contrast in the elec-
trical resistivity and modifies the contribution of electrons to
thermal conduction. The chalcogenide compound Ge,Sb,Tes
provides a special opportunity to study parallel heat conduc-
tion by electrons and phonons. Two crystalline phases fea-
ture similar acoustic properties but dramatically different
electrical conductivities and, in the hexagonal close packed
phase, electrons and phonons contribute comparably to heat
conduction. When bounded by metals in thin film form,
Ge,Sb,Tes provides the further opportunity to examine near-
interfacial electron-phonon coupling and energy conversion
through the electrical and thermal boundary resistances.
There are thermal conductivity data for films of Ge,Sb,Tes
in its various phases' "> and even dedicated studies of the
interface resistance of these films with dielectrics™”'""'> and
metals.'? However, a study of the complex interplay of elec-
tron and phonon transport within the volume and through the
interface requires parallel electrical transport measurements
of the volume and interface in these films. Here, we use elec-
trical and thermal measurements to separate the electron and
phonon contributions to thermal transport of Ge,Sb,Tes
films in the amorphous, face-centered cubic (fcc), and hexag-
onal close-packed (hcp) phases. We select TiN as the bound-
ing metal conductor owing to the extensive additional
characterization of this specific electrical conductor for
phase change memory application.16 For clarity here, we
refer to phonon transport in all three phases even though this
approach is questionable for the amorphous phase consider-
ing the short mean free path values compared to the
wavelength.

The thermal conductivity and thermal boundary resist-
ance are measured by picosecond time-domain thermoreflec-
tance, which captures the unique signatures in the temporal
temperature decay associated with the film and the interface,
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respectively. The electrical resistivity and specific contact re-
sistance are each measured by three independent techniques
including the Cross-Bridge Kelvin Resistor (CBKR), and
Linear and Circular Transfer Length Methods.

Samples for the heat conduction measurements are pre-
pared by depositing blanket films of TiN, Ge,Sb,Tes, and
TiN without breaking the vacuum (Fig. 1). The Ge,Sb,Tes
films are deposited by sputtering in argon ambient at cham-
ber pressure SmT for the thicknesses of 30 nm and 150 nm.
A 50-nm aluminum (Al) film is deposited as a photothermal
transducer layer. Samples for the electrical measurements
are prepared by patterning Ge,Sb,Tes and TiN electrodes
designed for each measurement technique (Fig. 2). The sam-
ples are deposited at room temperature and annealed at
varying temperatures from 25°C to 300°C before the
measurements.

Picosecond time-domain thermoreflectance temporally
confines the heated region to the TiN-Ge,Sb,Tes-TiN sand-
wich structure (Fig. 1). The thermoreflectance experimental
details for can be found elsewhere.'” The thermal properties
at different points within the stack affect different time
domains of the thermal decay trace. From ~0.5 to ~2.5ns
after the pump pulse arrives, the thermal resistance of the top
TiN layer and underlying Ge,Sb,Tes dictate the decay

FIG. 1. Pump-and-probe thermoreflectance measurement sample geometry
(left) and the thermal conduction model (right) for Ge,Sb,Tes (GST) films.
The electrons (e) and phonons (p) carry the heat across the film and the inter-
faces while interacting with each other and with microstructural defects and
phase impurities.

© 2013 AIP Publishing LLC
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FIG. 2. (a) The Cross-Bridge Kelvin Resistor method allows direct access to
the interfacial voltage and the current across an overlapping area of 10-um
by 10-um. (b) The Linear Transfer Length Method extracts the contact re-
sistance from a 100-um-wide Ge,Sb,Tes leg with intermittent TiN contacts
with a gap spacing (6 um~ 60 um). (c) The Circular Transfer Length
Method extracts the contact resistance from an inner circular TiN of diame-
ter 100 um on a Ge,Sb,Tes film with a ring-shaped spacing (2 pt ~ 23 um).

behavior. Using the measured thermal conductivity of TiN,
we extract a combination of the intrinsic Ge,Sb,Tes thermal
resistance and the top Ge,Sb,Tes-TiN thermal boundary re-
sistance. The thermal decay behavior from ~2.5 ns to before
the arrival of the next pump pulse is sensitive to the total
resistance of the TiN-Ge,Sb,Tes-TiN stack. Assuming the
thermal boundary resistances at both Ge,Sb,Tes-TiN interfa-
ces are identical, we can separate out the intrinsic Ge,Sb,Tes
thermal conductivity. The transmission electron microcopy14
validated that roughness and phase distribution near top and
bottom interfaces are nearly identical for Ge,Sb,Tes films
that are deposited as amorphous phase and interfaced with
same materials at the top and the bottom.

The interfacial form of the Wiedemann-Franz Law
(WFL) has been verified recently through experiments on
bimetal interfaces.'® Here we extract the electron component
from a bilayer in which phonon transport is likely significant.
We measure the electrical contact properties using three
techniques that are standard in the electrical engineering
community. The Cross-Bridge Kelvin Resistor structure
(Fig. 2(a)) allows direct measurement of specific contact
resistance by forcing the current through one pair of
Ge,Sb,Tes and TiN legs and measuring the contact voltage
in the other pair of legs,lg’zo The contact area misalignment
due to process variations and lateral current crowding effect
can lead to measurement errors.”’>?' The linear transfer
length method (TLM) structure (Fig. 2(b)) measures both the
electrical resistivity and the specific contact resistance (p.)
by utilizing the transfer length (/;), which is defined as the
distance the current flows through Ge,Sb,Tes under the TiN
contact. Assuming the sheet resistance (Ry;,) of Ge,Sb,Tes is
much larger than that of TiN, the transfer length can be esti-
mated by /, = (pC/Rxh)l/z. The specific contact resistance is
extracted from the measured resistances as a function of the
gap spacing, assuming all contacts are identical. Since the
linear-TLM structures can be affected by parasitic current
in non-isolated regions, we also used the circular-TLM
(Fig. 2(c)). Compared to the CBKR, the TLMs are more
suitable for non-uniform contact resistances and less sensi-
tive to the misalignment, but the uncertainty depends on
the sheet resistance measurement. The three independent
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measurement techniques validate the results for each other
and offer consistent information.

X-ray diffraction (XRD) provides information about the
crystal structure for Ge,Sb,Tes films at different tempera-
tures (Fig. 3). The Ge,Sb,Tes films deposited at room tem-
perature are amorphous and show no observable crystal
peaks up 100°C. The Ge,Sb,Tes films begin crystallize to
the fcc phase at temperatures from 110 to 150 °C depending
on the annealing time and the film thickness. Figure 3 com-
pares the XRD data for Ge,Sb,Tes films of two different
thicknesses at some representative temperatures and clearly
shows that the 30-nm-thick Ge,Sb,Tes film has higher
phase transition temperatures compared to the 150-nm-thick
Ge,Sb,Tes film. The XRD data with a full range of tempera-
tures in an increment of 10 °C can be found in Ref. 39. The
suppressed crystallization in the thinner film is believed to
be due to the compressive stresses exerted by the bounding
TiN films, and similar behaviors have been observed for
Ge,Sb,Tes films with thickness below 50 nm.?> > The phase
transition temperatures of Ge,Sb,Tes films interfaced with
TiN?** or Al,05;?° increase with decreasing film thickness. In
contrast, the phase-transition temperatures of Ge,Sb,Tes
films interfaced with Si0,?*** or ZnS-Si0,** decrease with
decreasing film thickness. The thickness dependent crystalli-
zation can have a very large impact on the Ge,Sb,Tes films
in particular to their electron transport properties of such as
the electrical resistivity and the Seebeck coefficient.”?

Figure 4 shows the phase dependent thermal conductiv-
ity and the thermal boundary resistance of Ge,Sb,Tes films
measured at room temperature after annealing at varying
temperatures. The pre-annealing time is set to 10min, and
this allows crystallization to the fcc phase in both 30-nm and
150-nm-thick Ge,Sb,Tes films at 130 °C and transforms the
150-nm-thick Ge,Sb,Tes film to the hcp films at tempera-
tures greater than 190°C. Upon the phase transition from
amorphous to fcc, the thermal conductivity of Ge,Sb,Tes
films increases from 0.25Wm 'K ™' to 0.42Wm 'K .
Similar increase in the thermal conductivity has been

Annealing ---100°C —150°C ——200°C
Temperature —250 °C ——300 °C
e 30 hep (005)
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FIG. 3. Impact of annealing on the phase distributions for the (a) 150-nm-
thick Ge,Sb,Tes film and the (b) 30-nm-thick Ge,Sb,Tes film, observed
using X-ray diffraction with using Cu Ka radiation with a temperature incre-
ment of 10°C in 5 min. The peaks are normalized with respect to the highest
peak in each sample. The suppressed crystallization in the thinner film is
due to the increased role of TiN interfaces exerting compressive stresses on
G62Sb2TC5.
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FIG. 4. Room temperature thermal conductivity and thermal boundary re-
sistance of Ge,Sb,Tes films as functions of annealing temperature. While
the thermal conductivity of fcc phase agrees well with the minimum thermal
conductivity law, the thermal conductivity of hcp phase is much larger due
to electron transport predicted by the WFL. However, the thermal boundary
resistances of the both phases are similar because phonons govern thermal
transport across the interfaces.

reported in many studies' ™ including our prior work®'¥1°
and attributed to enhanced acoustic properties of the fcc
phase. The data for amorphous and highly disordered crystal-
line materials agree well with predictions from the minimum
thermal conductivity model, which describes thermal trans-
port as a random walk of localized oscillators.”® At tempera-
tures greater than the Debye temperature, a model for the
minimum thermal conductivity can be expressed as

1 /m\1/3
knin = 5 (2) Ko (v + 20), (M

where kg is the Boltzmann number, 7, is the atomic density,
v, and v, are the longitudinal and transverse sound velocities,
respectively. Using independent reports of the acoustic prop-
erties of Ge,Sb,Tes such as mass density and elastic modu-
lus,**% the Debye temperature (Tp = T (67n,) P lkg) is
estimated to be 150K in the amorphous phase, 220K in the
fcc phase, and 230K in the hcp phase. This indicates the
available vibrational states are essentially occupied at room
temperature and is consistent with our heat capacity meas-
urements.'* The minimum thermal conductivity for
Ge,Sb,Tes films is estimated to be 0.27 Wm 'K~ ! in the
amorphous phase, 040 Wm 'K™" in the fcc phase, and
0.42Wm™ 'K~ in the hcp phase. The close match of Eq. (1)
with our data in the amorphous and fcc phases suggests that
atomic vibrations govern transport. The acoustic properties
of the hcp and fcc phases are very similar. The hep phase,
however, has a thermal conductivity well above the value
determined using Eq. (1), and this is additional contribution
is almost certainly due to the dramatic difference in the elec-
tron transport properties of the two phases.

The WFL has been used to estimate electron contribu-
tion to the thermal conductivities of metals, semi-metals, me-
tallic alloys, and degenerate semiconductors including
chalcogenide materials.®'®?’° The WFL has recently been
extended to metal films of thickness down to 7nm?’ and to
metal-metal interfaces.'® The literature, on balance, does
support the application of the WFL with the Sommerfeld
value of the Lorenz number (L,=2.44x 1078 WQK?)

Appl. Phys. Lett. 102, 191911 (2013)

TABLE I. Thermal conductivity of Ge,Sb,Tes films.

k (data) k. (WFL) k, (Eq. (1))
Ge,Sb,Tes phase [Wm 'K Wm 'K Wm 'K
Amorphous 0.25 = 0.05 0.00 0.27
Cubic (fcc) 0.45 +0.09 0.04 0.40
Hexagonal (hcp) 1.32£0.18 0.87 0.42

for the case of degenerate semiconductors when the carrier
concentration is higher than 10'°cm™ at room tempera-
ture.?® The carrier concentration of our hep Ge,Sb,Tes films
ranges from 8.2x10"”cm™ to 1.5x10*°cm>.** The
WFL (k.= (L,T)/p) and the electrical resistivity (p) data
show that the electron contribution to the thermal conduc-
tivity in Ge,Sb,Tes films is negligible in the amorphous
phase but increases up to 13% in the fcc phase and up to
70% in the hcp phase. For hcp Ge,Sb,Tes films, the pres-
ence of a significant electron contribution to the thermal
conductivity, 0.87 Wm 'K™' estimated by the WFL and
our measured electrical resistivity (8.39 x 10°° Q-m),
explains the large increase in the measured thermal conduc-
tivity. The thermal conductivity in the hcp phase increases
with increasing annealing temperature due to the increase in
the carrier concentration and to the reduction in the concen-
tration of other phases. This is consistent with our electrical
resistivity data and previous work on the thermoelectric
properties, which demonstrated the impact of carrier con-
centration and phase purity on electron transport.”> Table I
summarizes the thermal conductivity findings and shows
the significantly increased role of electron transport in the
hcp phase. We find much support for this hypothesis from
complementary predictions of the phonon thermal conduc-
tivity (Eq. (1)) and the electron thermal conductivity
(WFL), as described above. While previous studies make
similar assessment for the crystalline phases,3’4‘8 this is the
only report considering the intrinsic components of thermal
and electrical transport by separating out the respective
interface contributions.

The thermal boundary resistance of the fcc and the hcp
Ge,Sb,Tes films cannot be distinguished considering the ex-
perimental uncertainty (Fig. 4). This is not surprising consid-
ering the similar acoustic properties in the two phases, but
raises questions about the importance of the electron trans-
port through the interface. The electron thermal boundary re-
sistance (R, .) can be estimated by the boundary form of
Wiedemann-Franz Law, R,.= p(,/(L(,T).l&30 The electron
transport across the interface of Ge,Sb,Tes films increases
by more than five orders of magnitude after crystallization
and slightly improves with higher annealing temperatures.®’
The specific contact resistance measured by the CBKR and
TLM structures (see Fig. 2) for fcc Ge,Sb,Tes prepared by
annealing at 200°C is 84 £ 8 Q-um? and for hep Ge,Sb,Tes
prepared by annealing at 300°C is 7 =2 Q-,umz. Even with
the substantial reduction in the specific contact resistance,
the electron transport contributes less than 2% for the bound-
ary thermal transport. This explains the similar thermal
boundary resistance in the fcc and the hcp phases despite the
large contrast in thermal conductivity.
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The specific contact resistance measurements for crys-
talline Ge,Sb,Tes, from 25 to 300 °C, show weak depend-
ence on the temperature and indicate that the electron
transport is dominated by tunneling. Combining the electron
tunneling model** with the WFL, we can express the elec-
tron boundary resistance as

2¢, [m*e,
P

(L, 1), )

where /i is the reduced Planck’s constant, ¢, is the barrier
height, m* is the effective mass of tunneling electrons, ¢, is
the dielectric constant, N is the carrier concentration, and
Peco 18 the specific contact resistance with infinitely large
carrier concentration, which is used here to simplify the
form.* The equation shows that electron transport strongly
depends on the carrier concentration (log R, ~ N2y and
the barrier height (log R, . ~ ¢;,). The barrier height for crys-
talline Ge,Sb,Tes does not depend on the metal work func-
tion,*! possibly due to Fermi level pinning and the potential
presence of a large trap density. Therefore, our data may sug-
gest that the electron contribution to boundary thermal trans-
port may generally be negligible between Ge,Sb,Tes and all
of the likely metals with which it might be combined.

Since phonons dominate the boundary thermal transport,
the diffuse mismatch (DMM) models can describe the ther-
mal boundary resistance in different phases of Ge,Sb,Tes
films. The DMM is a simplified approach that assumes all
phonons are diffusely scattered at the interface.’” While
many variations of these models exist, the DMM using meas-
ured heat capacity data better captures experimental results
for Ge,Sb,Tes films'>

-1

] Yo € e

-2

2y
Rop = 721 -2
12(2jvu + 7

where R, , is the phonon boundary resistance, C, is the heat
capacity of material 1, and v;; is the velocity of phonon
mode j in material i. The model implicitly assumes the same
form of density of states on both sides of the interface and
the results depend on the material assignment.*® Since we
know the heat capacity of Ge,Sb,Tes,'* we have assigned
Ge,Sb,Tes to be the material 1 and TiN to be the material 2.
The equation provides theoretical thermal boundary resist-
ance values: 43 m’K-GW ! for the amorphous Ge,Sb,Tes,
15 m*K-GW ! for the fcc Ge,Sb,Tes, and 13 m*K-GW !
for the hcp Ge,Sb,Tes. The DMM captures the phase de-
pendence, which is governed by the changes in sound veloc-
ity but does not accurately match the data (Table II). The
discrepancy is partly due to the fact that the original model
was developed in the low temperature limit and required
high quality interfaces.>” The close match between the data
and the DMM value for samples with a high temperature
anneal suggests that the large mismatch for samples with a
low temperature anneal is potentially due to imperfections
near the interface and contacts. The process dependent
defects can be reduced by high temperature deposition and
their impact on thermal transport needs further investigation.

Appl. Phys. Lett. 102, 191911 (2013)

TABLE II. Thermal boundary resistance of Ge,Sb,Tes films.

Ge,Sb,Tes Ry, (data) Ry (WFL) Ry, (DMM)
phase [m*> K-GW '] [m”> K-GW '] [m> K-GW ']
Amorphous 210 + 80 10° 43
Cubic (fcc) 24+10 10* 15
Hexagonal (hcp) 12+10 10° 13

At metal-semiconductor and metal-dielectric interfaces,
an additional thermal resistance may become important due
to electron-phonon coupling.>*> We assume that direct cou-
pling of electrons in the metal and phonons in the nonmetal
at the interface does not offer a significant pathway because
the electron heat capacity is about three orders of magnitude
smaller than the phonon heat capacity. Since the electron
boundary resistance is much greater than the phonon bound-
ary resistance, electrons transfer energy to phonons before
the phonons transfer the energy across the interface. The
electron-phonon coupling can increase the overall resistance
of electron dominated materials, but our data suggest that the
coupling resistance is very small in Ge,Sb,Tes films by
showing the similar thermal boundary resistance between the
fcc and the hcp phases. However, at temperatures higher
than the Debye temperature, i.e., 580K for TiN,35 the
electron-phonon coupling resistance may become important
because it scales by T'/? while phonon and electron boundary
resistances do not increase with temperature.

We have separated the phonon and electron contribu-
tions to volume and interface heat conduction in the three
phases of Ge,Sb,Tes films. While atomic vibrations domi-
nate thermal conduction in the amorphous and the fcc films,
electrons dominate in the hcp film. The phonons govern
boundary thermal transport of Ge,Sb,Tes interfaces with
TiN in all three phases including the electron dominated hcp
phase. This study provides guidelines for understanding the
complex interplay of electron and phonon transport for chal-
cogenides with metallic interfaces.
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