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ABSTRACT

Germanium–antimony–telluride has emerged as a nonvolatile phase change memory material due to the large resistivity contrast between
amorphous and crystalline states, rapid crystallization, and cyclic endurance. Improving thermal phase stability, however, has necessitated
further alloying with optional addition of a quaternary species (e.g., C). Here, the thermal transport implications of this additional species
are investigated using frequency-domain thermoreflectance in combination with structural characterization derived from x-ray diffraction
and Raman spectroscopy. Specifically, the room temperature thermal conductivity and heat capacity of (Ge2Sb2Te5)1�xCx are reported as a
function of carbon concentration (x � 0:12) and anneal temperature (T � 350 �C) with results assessed in reference to the measured phase,
structure, and electronic resistivity. Phase stability imparted by the carbon comes with comparatively low thermal penalty as materials exhib-
iting similar levels of crystallinity have comparable thermal conductivity despite the addition of carbon. The additional thermal stability pro-
vided by the carbon does, however, necessitate higher anneal temperatures to achieve similar levels of structural order.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0023476

I. INTRODUCTION

GeSbTe-based solid solutions are chalcogenide materials that
reversibly change phase in response to sufficient alterations in temper-
ature that are commonly realized with a pulsed laser or current.1,2

A phase change modifies the atomic arrangement and thus the materi-
al’s electronic and optical properties. The reversible property changes,
in turn, lend themselves toward several applications.1,3 Particular stoi-
chiometries, namely, Ge2Sb2Te5 and Ge8Sb2Te11, for example, have
long been used in phase change memory applications such as
re-writable disks, which benefit from high speeds of crystallization,
long cycling lifetime, and favorable stability.3

The same properties that make Ge2Sb2Te5 attractive as a phase
change material suggest its applicability for non-volatile computer
memory as well.4 However, for practical use in phase-change
random access memory (PRAM), a number of improvements are
necessary, including the need for reduced set/reset (crystallization/

amorphization) currents and increased thermal stability of the amor-
phous phase.5 Increased phase stability, in turn, is associated with an
increase in the temperature of crystallization that, if realized, could
facilitate data retention at higher temperatures and thus the develop-
ment of Ge2Sb2Te5 PRAM for extreme environments.5

To this end, several quaternary Ge2Sb2Te5 solutions have been
pursued via the addition of Se, N, O, Al, Cu, Sn, and C.1,6–13 From
these studies, solid solutions composed of Ge2Sb2Te5 and C [i.e.,
(Ge2Sb2Te5)1�xCx] have shown particular promise.7–9,13–15 Ab
initio calculations suggest that carbon, unlike most other elemental
species, is capable of altering the tetrahedral bonding configura-
tions of the amorphous Ge2Sb2Te5. This change in configuration
functionally necessitates greater energy to crystallize, thereby
increasing the crystallization temperature.5

The increased crystallization temperatures of (Ge2Sb2Te5)1�xCx

should seemingly come with a reduction in thermal conductivity.
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All else being equal, a quaternary alloy has greater disorder than its
three-component complement. Adding carbon should then increase
the scattering of both charge and vibrational energy, thereby decreas-
ing electrical and thermal conductivity. However, from a more fun-
damental perspective, carbon may have only a mild influence on
thermal transport in crystalline phases owing to the high-level of
anharmonicity exhibited by the cubic forms of Ge2Sb2Te5.

16 With a
high-level of anharmonicity, phonons will scatter with one another
more readily than other sources such as alloying. Carbon alloying
could, therefore, have a comparatively small impact on the thermal
transport. Despite these competing perspectives, reports on
(Ge2Sb2Te5)1�xCx have predominately focused on only electrical
resistivity even though thermal transport is a key design parameter
for Ge2Sb2Te5 memory devices.16

In response, we examine the thermal conductivity and
volumetric heat capacity of (Ge2Sb2Te5)1�xCx as a function of both
carbon concentration and annealing temperature. Results are then
interpreted by leveraging electrical resistivity measurements
accompanied by structural characterization realized with Raman
spectroscopy and x-ray diffraction (XRD). Beyond providing
experimentally obtained thermophysical property values for
(Ge2Sb2Te5)1�xCx , the results underscore that the addition of
carbon is effectively benign to thermal transport when the material
has a comparable level of structural order to its three-component
complement. More simply, carbon is of far more consequence to
the phase stability than the thermal conductivity of Ge2Sb2Te5
alloys in the amorphous phase as well as the cubic crystalline phase
where anharmonicity of the lattice relegates alloy scattering to a
secondary transport effect.

II. EXPERIMENTAL

Films of (Ge2Sb2Te5)1�xCx (0 � x � 0:12 ) were synthesized
via direct current magnetron sputter deposition within a Unifilm
Co. PVD-300 system using targets supplied by Process Materials
Inc. The chamber was evacuated to a base pressure of ,5� 10�7

Torr to establish a pristine deposition environment. The chamber
was then back-filled with ultrahigh purity Ar (99:995%) used as the
sputtering gas controlled at 10 mTorr during operation. Fused silica
coupons, 1� 1 cm2 in area, were utilized as the substrates. Select
films were also deposited upon silicon (100) with a 400 nm thermal
oxide, which were utilized for Raman spectroscopy and hot-stage
XRD. Oxidized silicon and bulk fused silica provided favorable con-
ditions for chalcogenide deposition and subsequent annealing.
Deposition at low temperatures (T , 60 �C) onto amorphous sub-
strates helped ensure an amorphous starting phase in the film and
discouraged interdiffusion between film and substrate. With respect
to the latter, cross-sectional transmission electron microscopy
(TEM)/energy dispersive x-ray spectroscopy (EDS) showed no evi-
dence for chemical reactions/inter-diffusion between film and sub-
strate constituents even after films were annealed to temperatures
�300 �C. All TEM measurements took place using a FEI Titan G2
80–200 electron microscope operating at 200 kV that was equipped
with a spherical aberration corrector on the probe-forming optics
and four SuperXTM silicon-drift detectors.

Films exhibited a nominal thickness of 500 nm and varied in
their fractional carbon concentrations of x ¼ 0 to 0.12. Carbon

concentrations were confirmed with wavelength-dispersive spectro-
scopy (WDS) using a JEOL JXA-8530F Field Emission Electron
Probe Microanalyzer to a level within +0:5 at:% (x to within
+0:005). For select concentrations, films were annealed in ambient
atmosphere for 60 min with a hot plate at temperatures ranging
from 50 to 350 �C. EDS was used to verify that the composition
was spatially uniform before and after heating with no evidence
of oxidation. Following the anneals, samples grown on fused
silica were covered with a 120 nm layer of Au [adhered to the
(Ge2Sb2Te5)1�xCx film with a 5 nm layer of Ti] to serve as an opto-
thermal transducer for frequency-domain thermoreflectance
(FDTR) measurements. Performing the Au/Ti deposition post-
anneal avoids the potential for Ti diffusion and TiTe binary forma-
tion.17 A corner of each sample was masked during chalcogenide
deposition facilitating direct contact between the transducer and
underlying silica substrate. This “witness” region allowed for direct
measurement of the substrate thermal properties while providing a
reference to deduce (Ge2Sb2Te5)1�xCx thickness from white light
interferometry (see Fig. S1 of supplementary material).

Thermal conductivity was measured with FDTR, an optical
pump–probe technique in which a modulated pump beam induces
a periodic heating event at a sample surface. The resultant
frequency-dependent temperature response is monitored with a
concentrically focused probe laser through a proportional change
in reflectivity. Most commonly in FDTR (and for this study), the
phase difference between the pump and reflected probe signal is
measured as a function of pump modulation frequency. The phase
signal can then be analyzed with a multilayer heat diffusion model
for which parameters of interest are determined through a nonlin-
ear least squares regression. Further details of the technique and
thermal model are detailed extensively in prior publications.18–20

Gold is used as the transducer as it is reflective at 532 nm and
absorptive at 488 nm wavelengths, which correspond to the central
wavelengths of the probe and pump beams, respectively. The emitted
pump and probe powers were 6 and 8mW, respectively. Knife-edge
measurements of the focused spot sizes provided 1=e2 radii of
6:6+ 0:1 μm (pump) and 5:8+ 0:1 μm (probe). Measurements
were recorded over a frequency range of 500Hz�40MHz.

The thermal model used to interpret the FDTR signal considered
three layers consisting of an a-SiO2 substrate, the (Ge2Sb2Te5)1�xCx

film, and a capping layer of Au (with a 5 nm Ti adhesion layer). As
the thickness of the Ti is very thin, it is considered as part of the
Au/(Ge2Sb2Te5)1�xCx interface rather than a distinct layer. The
(Ge2Sb2Te5)1�xCx thermal conductivity and volumetric heat capacity
were treated as fitting parameters as was the thermal boundary con-
ductance of the Au/(Ge2Sb2Te5)1�xCx interface. While the thermal
boundary conductance between the Au/Ti and (Ge2Sb2Te5)1�xCx

interface is left as an open parameter, we note that the thermal model
has negligible sensitivity to the interface conductance, and it has little
effect on the fitted values for the volumetric heat capacity and thermal
conductivity (further details provided in the supplementary material).
Furthermore, when thermal conductivity was in excess of
1Wm�1 K�1, FDTR was insufficiently sensitive to the volumetric
heat capacity and a constant value of 1:3MJm�3 K�1 was used
within the model.

Thermal measurements were supplemented with characteriza-
tion of both the electronic transport and structure of the
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(Ge2Sb2Te5)1�xCx films. Electrical conductivity was obtained
using four-point probe measurements performed with a Jandel
Engineering Limited Multiheight Probe on an additional set of
films. To be clear, all measurements of electrical properties were
completed at room temperature, including the heat-treated
samples. The structural characteristics (i.e., phase, order, etc.) of
the (Ge2Sb2Te5)1�xCx films, meanwhile, were examined as a func-
tion of carbon concentration and anneal temperature via a combi-
nation of Raman spectroscopy and XRD.

Raman measurements were performed leveraging a WiTec
alpha300R system employing 532 nm light focused near its diffrac-
tion limit with a 50�/0.55 NA objective. Power was chosen to
ensure that there was no laser induced changes in the material
(P , 120 μW). Collected light was dispersed onto a 2400 l/mm
grating, resulting in a spectral accuracy of ,0:2 cm�1. The Rayleigh
filter precludes the collection of data at energies below 90 cm�1. A
representative spectrum from each film was acquired by averaging
�25 separate spectral acquisitions spaced over 1 mm. Spectral data
were normalized to the measured intensity near 100 cm�1 to facili-
tate comparative analysis.

Finer examination of the temperature-dependent phase transi-
tions was realized via XRD measurements acquired in situ with
heating. A Bruker D8 x-ray diffractometer configured with an
incident-beam mirror optic coupled with a 500 μm pinhole colli-
mator directed “light” toward an integrated XYZ stage to facilitate
2D XRD scans that were collected with a Vantec 2000 area-
detector. Samples were heated in 5 �C steps from room temperature
to 350 �C using a heating rate of �10 �C=min that was controlled by
a Materials Research Instruments (MRI) cryo-furnace equipped with
a large beryllium dome window to maintain the �1� 10�4 Torr
vacuum of the experiment. A step-and-hold data collection process
was used to first heat the sample to a set temperature step where it
was held while the XRD pattern was collected. XRD patterns were
collected using fixed 2θ and ω-angles of 34 and 17�, respectively.
This resulted in a 2θ range of 20��55� for the XRD scans. The 2D
nature of the data collection enabled analysis over a relatively large
solid angle of the Debye ring that provided a +14� χ-integration
when 2D frames were converted to 1D XRD patterns. Data collection
times were typically 10–30 s per frame.

III. RESULTS AND DISCUSSION

The addition of carbon impacts the transport of both charge
and heat. The acuteness of carbon’s impact, in turn, is dependent
on the temperature at which the film was annealed. At lower
annealing temperatures (T , 140 �C), for example, the thermal
conductivity is nearly identical among the films, regardless of the
carbon content as shown in Fig. 1(a). Resistivity is increased
slightly, with carbon addition in this regime being within an order
of magnitude for all films [Fig. 1(c)]. Substantial differences
emerge based on the carbon content, however, as the annealing
temperature increases. Thermal conductivity ranges by as much
as a factor of five. Resistivity, meanwhile, varies by up to six
orders of magnitude. These trends are primarily a consequence
of the variable phase stability that comes with the addition of
carbon rather than the increased scattering it may impart. For
example, not only does thermal conductivity of amorphous films

remain relatively constant over the measured range of added
carbon but so too do films annealed to the metastable face-
centered cubic phase [see Fig. 1(b)]. To further support this
claim, the following examines how phase stability impacts
thermal transport in (Ge2Sb2Te5)1�xCx via the examination of
the thermal results in tandem with structural characterization.

Ge2Sb2Te5 transitions from an amorphous to a metastable
face-centered cubic (fcc) crystalline structure at around 140 �C and
then to a trigonal phase at temperatures exceeding 250 �C.21–25

With order, comes more efficient transport. Thermal conductivity
increases; resistivity decreases. This is apparent upon the examina-
tion of the carbon-free sample where “jumps” in thermal conduc-
tivity are observed at 140 and 250 �C accompanied by associated
drops in resistivity. Quantitatively, the variations in thermal con-
ductivity with annealing temperature for the carbon-free
Ge2Sb2Te5 are similar to previous reports by Lyeo et al.21 The mea-
sured volumetric heat capacity, meanwhile, remains near a constant
of 1:3MJm�3 K�1 [Fig. 1(d)], which is similar to prior measure-
ments from Lee et al.22 The value also compares quite favorably to
the 1:28MJm�3 K�1 predicted by the Dulong–Petit limit,
ρcp � 3nkB, where kB is the Boltzmann constant and n is the
atomic number density assumed to be 3:09� 1022 cm�3, and the
relation is applicable owing to the low Debye temperature (�100K)
of Ge2Sb2Te5.

21,22

Taken together, these correlations not only lend veracity to the
thermal analysis but also provide insight into the carbon-dependent
changes in thermal conductivity. For example, volumetric heat
capacity remains constant with annealing temperature and is inde-
pendent of the carbon content. Thermal conductivity, in contrast,
is highly dependent on both when viewed across the full range of
experimental test parameters [Fig. 1(a)]. A constant heat capacity
implies that the chemical environment of the film does not change
appreciably with the addition of carbon. More simply,
(Ge2Sb2Te5)1�xCx behaves as an alloy as opposed to a composite.
Consequently, variations in thermal conductivity with carbon can
be attributed to variations in the scattering of the vibrational and
charge carriers moving energy within the films. Scattering, in turn,
will be affected by variations in order within the film as dictated by
its phase, grain size, and other defects.

To assess order and phase, a combination of Raman spectro-
scopy and XRD was employed. At a high level, XRD probes the rel-
ative arrangement of atomic nuclei and, therefore, provides a deft
means of deducing the phase. Raman is also capable of phase
determination owing to symmetry of the normal modes of vibra-
tion, but in probing zone-center phonons is also sensitive to the
scattering sources themselves (e.g., grains, impurities, etc).26 The
combination of methods, therefore, provides a means of assessing
how the phase and scattering evolves with the annealing of
(Ge2Sb2Te5)1�xCx .

To examine phase evolution, principal component analysis
(PCA) was used to analyze the temperature-dependent XRD data.
Texture bias was minimized by integrating the 2D-XRD signal over
a large χ-angle range and basing all PCA scores on several separate
cubic diffraction peaks as highlighted in Figs. 2(a) and 2(b).
Figure 2(c) provides the resulting fcc crystal volume fraction as a
function of anneal temperature in which a value of one signifies
nominally single phase fcc. However, due to some uncertainty
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within the factor score determination attributed to the aforemen-
tioned texture bias, values between 0.95 and 1 are effectively indis-
tinguishable. For each of the films (having x , 0:06), an abrupt
transition is observed in the range of 140 to 150 �C indicative of
the transition from amorphous to crystalline. The onset of this
phase transition moves to higher temperature with the addition of
carbon owing to the greater phase stability that comes with the
presence of carbon.7–9,13–15 Enhanced crystalline phase stability is
also seen in Fig. 2(c) as the range of temperature associated with
single phase fcc broadens with added carbon.The reduction in fcc
volume fraction that occurs at higher temperatures for films of
lower carbon concentration is attributed to the emergence of the
trigonal phase.

Comparison of the nominal phase fraction derived from XRD
Fig. 2(c) and the transport data of Fig. 1 suggest that phase stability
is not the sole cause for the carbon-dependent differences observed
in thermal conductivity and electrical resistivity. For annealing tem-
perature between 175 and 225 �C, for example, thermal conductiv-
ity and electrical resistivity vary appreciably even as films for which
x ¼ 0�0:06 are effectively completely transformed to their fcc
form (and not yet trigonal). The influence of carbon must be

affecting the scattering of the energy carriers in some way beyond
just that induced by phase change.

This is apparent upon examination of the (Ge2Sb2Te5)1�xCx

Raman spectra where appreciable differences are observed for films
having similar XRD-derived phases but differing conductivities.
Like that seen in the transport and XRD data, the Raman spectra
[see Fig. 3(a)] are nearly identical across carbon concentrations at
low annealing temperatures. Below 150 �C, the spectra are charac-
teristic of an amorphous Ge2Sb2Te5 owing to the broad feature at
155 cm�1 that stems from defective Sb–Te octahedra accompanied
by a shoulder at 125 cm�1 originating from Ge–Te vibrations.27

Higher annealing temperatures result in larger variations in the
Raman spectra similar to the transport data. With annealing to
200 �C, Fig. 3(b), the highest carbon concentration (x ¼ 0:12) per-
sists in a Raman response characteristic of the amorphous phase.
Lower carbon concentrations, in contrast, manifest broad features
near 100 and 160 cm�1 associated with Sb–Te vibrations of the fcc
phase accompanied by variable spectral weight in the 150 cm�1

region that could arise from residual amorphous regions. The
carbon-free sample, meanwhile, exhibits an additional Raman
mode at 175 cm�1 that only appears with annealing to higher

FIG. 1. (a) Thermal conductivity of (Ge2Sb2Te5)1�xCx films as a function of anneal temperature for x ¼ 0, 0.06, and 0.12. For comparison, thermal conductivity measure-
ments from Lyeo et al.21 of Ge2Sb2Te5 are displayed as white circles. The thermal conductivity as a function of carbon concentration is shown in (b) for films annealed
into the fcc phase (films of x � 0:06 were annealed at 200 �C, and 350 �C for x ¼ 0:12). (c) and (d) display the electrical resistivity and volumetric heat capacity as a
function of anneal temperature. In (c), the dashed lines serve as a guide for the eye. The dashed line in (d) displays the expected volumetric heat capacity
(1:28MJm�3 K�1) in the Debye limit for a-Ge2Sb2Te5, as calculated from the Dulong–Petit law. Thermal conductivity data in (a) are reprinted with permission from Lyeo
et al., Appl. Phys. Lett. 89, 151904 (2006). Copyright 2006 AIP Publishing LLC.
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temperatures for carbon containing films [see Fig. 3(c)]. This
higher energy mode is attributed to trigonal Sb–Te bonds that are
characteristic, but not necessarily indicative, of the second phase
transition.

To quantify the observed differences in the Raman spectra, we
define two ratios. First, the phase ratio was quantified by taking the
quotient of the maximum intensity stemming from the strong fcc
Sb–Te vibration near 100 cm�1 to the maximum response between
135 and 165 cm�1 corresponding to defective octahedra within the
amorphous phase. Second, an order ratio is deduced by taking the
proportion between the maximum Raman intensity between 165
and 195 cm�1—a region containing both fcc and trigonal features
—to the same “amorphous band” used in the phase ratio. We note
that the order ratio is calculated for all concentrations except for
x ¼ 0:12, in which case, there is no peak formation corresponding
to fcc and trigonal features. Functionally, each ratio is related to the
relative strength of crystalline to amorphous spectral features. They
are both empirical values whose magnitude is not indicative of any
physical quantity but rather provides a means for comparison
between films. They have each been named ex post facto owing to
correlation with measurements of the phase and transport.

The phase ratio, for instance, shown in Fig. 3(d) exhibits a
temperature dependence that closely correlates with the nominal

phase fraction deduced from the XRD results of Fig. 2. The correla-
tion is noteworthy on two fronts. First, it shows that the rudimen-
tary nature of this “phase ratio” is capable of tracking the phase in
Ge2Sb2Te5 films. Second, it suggests that the order ratio is indica-
tive of something beyond just the phase of the film.

Qualitatively, the order ratio assesses relative intensities of two
closely spaced broad bands whose respective magnitudes will vary
with linewidth. The linewidth is a direct measurement of a vibra-
tion’s lifetime—and hence order—but is difficult to quantify with
confidence for overlapping modes.28 Thus, the intensity derived
order ratio provides an indirect measurement of scattering apart
from quantifying mode shape. Figure 3(e) plots the evolution of the
order ratio with annealing temperature. Before the phase transition
near 140 �C, the order ratio is practically equivalent between all
films. However, with the phase change, the order ratio increases at
different rates depending on carbon content. Specifically, the order
ratio increases more rapidly for lower carbon content. However,
unlike the phase transformation, variation in the order parameter
is comparatively slow—compare the sudden “blips” in the
XRD-derived fcc volume fraction and the Raman phase ratio with
the meandering slope of the order ratio. This slower, carbon-
dependent response, in turn, is similar to that seen in the transport
data of Fig. 1. Taken together, the continued evolution of the order

FIG. 2. (a) and (b) display representative x-ray diffractograms acquired during in situ heating of (Ge2Sb2Te5)1�xCx films. To minimize the impact of texturing on the deduc-
tion of the phase, several reflections were utilized in subsequent analysis. “GST” and “trig” are used as abbreviations for (Ge2Sb2Te5)1�xCx and trigonal, respectively. (c)
Principal component analysis (PCA) was used to deduce the nominal fcc phase fraction as a function of temperature. Reductions at temperatures in excess of 200 �C indi-
cate the onset of the trigonal phase transition.
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ratio and the increasing thermal (electrical) conductivity with
annealing even after the phase change suggests a continued
“ripening” of the films that reduces scattering at a rate dependent
on the carbon content.

Intuitively, carbon is an additional alloying element, and
therefore, higher concentrations of added carbon will contribute to
increased alloy scattering. Inspection of Figs. 1(a) and 1(b) suggests
that more is at play, however. For example, at a given anneal
temperature above 140 �C, there are observable differences in
thermal conductivity between films of different carbon composition
[Fig. 1(a)]; specifically, films with a lower concentration of added
carbon have a higher thermal conductivity. However, little differ-
ence in thermal conductivity is observed between the films with
added carbon once they are annealed to their fcc phase [Fig. 1(b)]
as determined by PCA [Fig. 2(c)]. This suggests that the carbon
content is not affecting the thermal (electrical) conductivity pri-
marily through alloy scattering. Instead, carbon impacts the phase
stability. The phase stability, in turn, dictates the order achieved
with a given annealing temperature. More simply put, films having
carbon are more disordered after annealing to a given temperature
and thus have lower conductivity. By extension, if the same degree

of order is achieved, conductivity will be nearly equivalent as alloy
scattering from the carbon is playing a secondary role.

To support this conclusion, thermal conductivity is analyzed
in its component parts—phonon and electron—under a similar
paradigm to previous reports21,29 and then compared to the order
ratio. The electronic contribution to thermal conductivity can be
calculated from the resistivity measurements through the
Wiedemann–Franz law, in that

κe ¼ LTρ�1, (1)

where L is the Lorenz number, T is the temperature of the material,
and ρ is the resistivity of the film. To account for potential varia-
tion in the Lorenz number, we bound our calculations by consider-
ing Lorenz numbers spanning from 1.5 to 2:44� 10�8 WΩK�2,
which provides a range representative of semiconductor materials.30

The Sommerfeld value of the Lorenz number serves as an upper
bound and is routinely applied for Ge2Sb2Te5,

31–34 including
films in the amorphous phase,24,35 as well as for compositions
of Ge2Sb2Te5 with a quaternary addition.35 A lower bound
of 1:5� 10�8 WΩK�2 is considered a converged limit for

FIG. 3. Raman response of (Ge2Sb2Te5)1�xCx films annealed at (a) 100 �C (b) 200 �C, and (c) 250 �C. (d) Phase and (e) order ratio deduced from the Raman response
as a function of anneal temperature.
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non-degenerate semiconductors,36 and has also been applied in
several prior papers considering the electronic contribution to
thermal conductivity in Ge2Sb2Te5.

30,37 Following application of the
Wiedemann–Franz law, the phonon contribution to thermal

conductivity is then determined by taking the difference of the total
measured thermal conductivity and that deduced from the electronic
component, κmeasured ¼ κe þ κ ph.

Figure 4 presents the deduced components of the thermal
conductivity as a function of anneal temperature for x = 0, 0.06,
and 0.12. When the film is in its amorphous state (low anneal tem-
perature), transport is dictated by the vibrational component. In
this regime, the thermal conductivity can be approximated by the
Cahill–Swartz–Pohl minimum thermal conductivity limit in which
the magnitude is defined by atomic density, and the speed of sound
as given by

κ ph,min ¼ 1
2

π

6

� �1
3
kBn

2
3
a(vl þ 2vt), (2)

where kB is the Boltzmann constant, na is the atomic density, and
vl and vt are the longitudinal and transverse sound speeds within
the film.21,24 Details on the implementation of this calculation and
the parameters used are provided in the supplementary material.
With crystallization, this description of the vibrational component
to thermal conductivity loses its validity. It does not account for
the observed increase in thermal conductivity with anneal tempera-
ture that occurs at a rate dependent on carbon content. Rather, the
increase indicates a reduction in scattering affecting both charge
and vibration, implying increased order.

Ordering within (Ge2Sb2Te5)1�xCx , in turn, is affected by the
phase stability of the compound. Phase stability changes with the
carbon content. More energy is required to get to the same level of
order within the film when carbon is present. With the same level
of order, however, transport effectively does not see the carbon.
Figure 5 demonstrates this fact: the vibrational and electrical com-
ponents to the thermal conductivity are each comparable irrespec-
tive of carbon content presuming that the same level of order has
been achieved in the films. We again note that while the thermal
conductivity is reduced for a given anneal temperature, this is

FIG. 4. Electron and phonon contributions to the film thermal conductivity as
determined from FDTR and resistivity measurements. The range in values for
κ ph and κe account for variation in the Lorenz number. For comparison, the
minimum limit to thermal conductivity is also displayed, as calculated according
to Eq. (2).

FIG. 5. (a) Phonon and (b) electrical contribution to thermal conductivity vs Raman derived order ratio. The error bars for κ ph and κe account for variation in the Lorenz
number. The dashed lines are provided as a guide to the eye.
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attributable to a reduction in the order of the film. Once films of a
higher carbon content are annealed to a level of similar order, com-
parable thermal conductivity is observed. Simply put, carbon does
not impact the transport to an appreciable degree (for the specified
range of x ) as long as sufficient ordering of the films has occurred.
In the language of transport, the presence of carbon is not the
primary source of scattering. Rather, owing to the large anharmo-
nicity of the Ge2Sb2Te5 crystal lattice, phonon–phonon scattering
likely occurs at such a high-rate that the alloy scattering caused by
carbon is effectively inconsequential.16

IV. CONCLUSION

The thermal conductivity of (Ge2Sb2Te5)1�xCx films has been
reported as a function of carbon concentration and anneal temper-
ature using frequency-domain thermoreflectance. Trends in the
thermal conductivity are closely correlated with modifications to
structural evolution of the films as observed through Raman spec-
troscopy and XRD. Carbon does not act as a primary source of
scattering to reduce thermal transport. Instead, it enhances the
phase stability which necessitates increased annealing temperatures
to achieve the same level of order. With similar levels of order,
thermal conductivity of (Ge2Sb2Te5)1�xCx is comparable to the
modest carbon concentrations examined here.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional details on the
white light interferometry measurements, measurement sensitivity
analyses, and calculations of the electron and phonon contributions
to thermal conductivity (and associated tabulated values).
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