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High zT and Its Origin in Sb-doped GeTe Single Crystals

Ranganayakulu K. Vankayala, Tian-Wey Lan, Prakash Parajuli, Fengjiao Liu, Rahul Rao,
Shih Hsun Yu, Tsu-Lien Hung, Chih-Hao Lee, Shin-ichiro Yano, Cheng-Rong Hsing,
Duc-Long Nguyen, Cheng-Lung Chen,* Sriparna Bhattacharya,* Kuei-Hsien Chen,
Min-Nan Ou, Oliver Rancu, Apparao M. Rao, and Yang-Yuan Chen*

A record high zT of 2.2 at 740 K is reported in Ge, o,Sb, o5 Te single crystals,
with an optimal hole carrier concentration ~4 x 102 cm~—3 that
simultaneously maximizes the power factor (PF) ~56 yW cm~' K=2 and
minimizes the thermal conductivity ~1.9 Wm~" K~. In addition to the
presence of herringbone domains and stacking faults, the Ge, 4,Sb, o3 Te
exhibits significant modification to phonon dispersion with an extra phonon
excitation around ~5-6 meV at I point of the Brillouin zone as confirmed
through inelastic neutron scattering (INS) measurements. Density functional
theory (DFT) confirmed this phonon excitation, and predicted another higher
energy phonon excitation ~12-13 meV at W point. These phonon excitations
collectively increase the number of phonon decay channels leading to
softening of phonon frequencies such that a three-phonon process is
dominant in Ge, 5,Sb, 45 Te, in contrast to a dominant four-phonon process in
pristine GeTe, highlighting the importance of phonon engineering approaches
to improving thermoelectric (TE) performance.

nanoscale crystals,®] iii) Rashba spin split-
ting for spintronics applications,*l and iv)
a renewed interest in thermoelectric (TE)
conversion of “waste heat” to electricity.>!
With respect to iv), the implementation of
TE energy conversion devices on a com-
mercial scale has been challenging due to
the strong coupling between TE material
properties.®l The coupled Seebeck coeffi-
cient S, electrical conductivity ¢ and ther-
mal conductivity x give rise to a TE con-
version efficiency denoted by a dimension-
less figure-of-merit, orzT = SoT Here k (=
K, + ki) is the sum of the electronic (x.)
and lattice (k) thermal conductivities. Sev-
eral strategies to enhance zT include i) en-
hancing the TE power factor PF ( = S?/p)
via energy filtering of charge carriers,[*1% or
introduction of resonance levels in the va-
lence or conduction band to improve S,/
and/or reduce p (= 1/o) through band-

1. Introduction

Bulk GeTe, a IV-VI chalcogenide, exhibits a wide range of intrigu-
ing fundamental properties of technological importance that in-
clude: i) phase-change properties for optical data storage appli-
cations as in (GeTe),,(Sb,Te;),,, [ ii) ferroelectricity in bulk and

structure engineering!>!3] and modulation doping,!'*l and
ii) reducing k), through phonon engineering. This can be
achieved by the incorporation of point defects,[*®! stacking
faults,[1%7 dislocations,!718] vacancies,!'! nanostructuring,!?%2!]
nanocomposites,??] secondary phase precipitates,!?}] and phase
separation techniques,?* all resulting in enhanced phonon
scattering. Low intrinsic xj, is also attributed to phonon
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Figure 1. Characterization of Sb-doped GeTe single crystals (GST). a) Image of an as-prepared GeTe single crystal. b) Laue diffraction and X-ray diffraction
(XRD) patterns of pristine GeTe and Geg ¢,Sbg o3 Te crystals with suggested plane indices in red. The red circle near the center of the diffraction pattern
represents the <00/> planes. The tilt-angles of c-axes to crystal growth direction are identified as ~34° and ~28° for the pristine GeTe and Geg 9,Sbg o3 Te
crystals, respectively. c¢) Schematic of the crystal structures at room temperature and above the phase transition temperature. d) Room temperature
powder XRD patterns of Ge; ,Sb,Te (x =0, 0.07, 0.08, 0.09, 0.10). Electron microscope images of Geg4,Sbg ggTe: €) low magnification TEM image; f)
HRTEM image of domain structures; g) HRTEM image in a defect free region with corresponding SAED pattern shown in the inset; h) Arrows highlight
the nanoscale planar defect layers in the yellow box shown in (f); i) Vacancy layer from the blue boxed region in (f); j) Stacking faults images from the

red boxed region in (f).

anharmonicity in single-crystalline SnSe, and is responsible for
its promising TE properties.[25:2¢]

GeTe belongs to the same family of chalcogenides such as PbTe
and SnSe, which has been of interest since 1960s with a recent
report of zT ~ 1.85 at 725 K with Sb-doping in Ge,_,Sb,Te crys-
talline ingots.[?”] Pristine GeTe exhibits a high hole carrier density
~ 10*! cm™* due to its intrinsic Ge vacancies, consistent with its
low S~ 30V K™, high6 ~8500 S cm~' and ahighxk ¥ 8 Wm™!
K~! comprising of a large k, contribution. When doped with Sb,
GeTe simultaneously exhibits: i) a suppressed high p-type carrier
concentration that enhances S, and ii) an enhanced point defect
phonon scattering to reduce «, leading to a zT ~ 1.8 at 725 K in
Ge,_,Sb,Te (x = 0.10) and Ge,_,_ Bi Sb Te (x = 0.05, y = 0.10)
crystalline ingots and composites, respectively.?”-28] Recently, we
also reported a high zT ~ 1.9 in Bi-doped GeTe single crystals,
which was brought by lowering the thermal conductivity.*! In
addition to single crystals, studies have reported zT values rang-
ing from 2.2-2.4 polycrystalline GeTe doped with Bi, In, Zn, Pb,
and Sb.[30-32

While high zT values have been reported in both single- and
poly-crystalline GeTe, its microscopic origin has not been ex-
plored systematically. By engineering defects into crystalline ma-
terials through controlled doping, «, can be lowered through
increased point scattering and anharmonicity-driven Umklapp
scattering.®*] Here, in order to probe dopant-influenced phonon
scattering and its effect on lowering «,,,, we conducted systematic
transport, inelastic neutron scattering (INS), and spectroscopic
studies on high quality single-crystalline GeTe doped with vary-
ing amounts of Sb. Our single-crystal Ge, , Sb, Te samples (hence-
forth referred as GST) exhibited the highest 2T (~2.2 at 740 K for
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Gey o, Sby 4 Te) reported to date in GST single crystals. In addition
to a high PF, whose origins have been discussed previously,?’!
our GST samples exhibited record low thermal conductivities
(ke ~ 0.46 Wm™! K1 at 740 K). Notably, the single-crystalline na-
ture of our GST allowed us to unravel the fundamental processes
that underpin thermal conductivity, which cannot be elicited
from polycrystalline GST. The INS measurements on GST crys-
tals revealed a Sb-induced modified phonon dispersion with an
extra phonon excitation at a transfer energy E ~ 5-6 meV near the
I" point. Density functional theory (DFT) confirmed this phonon
excitation, and predicted another higher energy phonon excita-
tion ~12-13 meV at the W point which was not verified by INS.
The Sb-dopant added extra states in the phonon density of states,
increasing the phonon scattering rates and lowering the ther-
mal conductivity in GST, which was confirmed by modeling both
our measured thermal conductivity data and the temperature-
dependent polarized Raman spectra.>* The decrease in «,, was
found to be predominantly caused by a three-phonon decay pro-
cess in GST unlike the four-phonon decay process that is domi-
nant in pristine GeTe.

2. Results and Discussion

2.1. Crystal Structure and Phase Purity

Figure 1a shows an optical image of single crystalline GeTe
(=20 g) grown by the Bridgman method. The Laue diffraction
patterns in Figure 1b show the diffraction peaks from various
planes in single crystals of GeTe and Ge, o, Sb, o3 Te. The c-axis of
the crystal is tilted by 34° and 28° for GeTe and GST with respect

© 2020 The Authors. Published by Wiley-VCH GmbH
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to the growth direction, respectively (Figure S1, Supporting Infor-
mation). In contrast to sharp diffraction spots exhibited by GeTe,
a slight astigmatism of the diffraction spots of Ge, g, Sby, s Te in-
dicates the presence of short-range ordering defects in the GST
crystal created by Sb dopants. Nevertheless, the sharp diffrac-
tion peaks in Figure 1b indicate the high quality of the single
crystals without any impurities. The corresponding crystal struc-
tures of GeTe at room temperature and the high temperature
phases are shown schematically in Figure 1c. Bulk GeTe under-
goes a second-order phase transition from a ferroelectric thom-
bohedral a-GeTe (space group R3m) to a high temperature cu-
bic paraelectric f-GeTe (space group Fm3m) at a critical temper-
ature, T, ~ 650 + 100 K. While the f-GeTe phase exhibits the
lattice parameters a = 6.020 A, a-GeTe exhibits the lattice pa-
rameters a = b = 4.1719 A and ¢ = 10.710 A arising from a dis-
torted NaCl type structure with an angular distortion ~1.65° in
the unit cell along the [111] direction.[*>3¢] The room temper-
ature powder x-ray diffraction (XRD) patterns of GST (x = 0,
0.07, 0.08, 0.09, 0.10) crystals are shown in Figure 1d, and all the
observed diffraction peaks can be indexed to the rhombohedral
structure (space group, R3m) with no detectable impurity or for-
eign phases. The doublet present between the angles 20 ~ 41°-
45° in pristine GeTe corresponds to the (024) and (220) diffraction
peaks of the thombohedral phase, and tends to merge into a sin-
gle peak with increasing Sb (09%-10%) doping indicating that the
Sb dopant drives the shift towards to the cubic phase (Fm3m).
Overall, the shift of the (202) peak (Figure 1b) towards lower an-
gles (20 ~ 29.88°) with increasing Sb content could be attributed
to the relative size differences between the Ge and Sb atoms. A
linear increase in the lattice constants a and b is observed with in-
creasing Sb dopant concentration in GST (Figure S2, Supporting
Information); this is in contrast to the behavior of the c-axis lattice
constant, which decreases linearly indicating homogeneous solid
solubility of Sb doping in GeTe. In addition, Sb-doping in GeTe
also tends to shift the T, to lower temperatures as observed from
the shift in the characteristic heat capacity C, peak towards lower
temperatures compared to that of the pristine GeTe. (Figure S3,
Supporting Information)

Scanning electron microscopy (SEM) analysis of well pol-
ished surfaces of pristine GeTe and Ge, 4, Sb,, s Te crystals (Figure
S4a,b, Supporting Information) clearly indicated the absence of
precipitates or other impurities. Representative microscale im-
ages of energy-dispersive x-ray analysis (EDAX; Figures S4c—e,
Supporting Information) also revealed the homogeneity of con-
stituent elements, confirming the absence of impurities and clus-
ters. Figure 1le shows a selected bright field transmission electron
microscope (TEM) image of a Bridgman-grown Geq,Sb sTe
crystal taken along the [110] direction. A typical herringbone-like
structure with alternating dark and bright contrasts is observed
in the image and can be attributed to dopant-induced symme-
try breaking in the GST crystal lattice.’”8] Figure 1f displays the
high-resolution TEM (HRTEM) image of domains that exhibit
many distributed streaks within the grains. A high magnifica-
tion view of a defect-free region is shown in Figure 1g, and its
corresponding selected area electron diffraction (SAED) pattern
along the zone axis of [110] is shown as an inset in Figure 1g,
which could be indexed to the rhombohedral phase (R3m). Addi-
tionally, nanoscale Ge vacancies and stacking faults are evident
in Figure 1h—j. The stacking faults may result from the unique
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stacking arrangement of atoms in the alloyed compound. It must
be emphasized that these kinds of planar defects located within
the grains are distinct from the normal grain boundary defects
(which separate two crystals orientations) and the dislocations
(that are considered as linear defects). Such diverse microstruc-
tures are expected to enhance multiple scattering of phonons,
which in turn reduces the thermal conductivity of these samples,
as discussed further below.

2.2. TE Properties of Pristine and Doped GeTe

The temperature-dependent electrical conductivity ¢ of GST
(Ge,_,Sb, Te, x = 0-0.10) crystals in the range 300-800 K is shown
in Figure 2a. With increasing temperature the o for GST crys-
tals decreased for x = 0-0.08, which is indicative of the electri-
cal conductivity behavior of a degenerate semiconductor. Specif-
ically, with increasing Sb-doping at the Ge sites (x > 0.08), a sub-
stantial reduction in o, and a weak dependence on temperature
are observed. As evident in Figure 2a, pristine GeTe exhibits a
room temperature ¢ of ~8.8 X 10° S cm™!, which decreases by
an order of magnitude t0 0.9 X 10* S cm™! when x = 0.10 in GST.
This significant reduction has been attributed to the Sb** ions ei-
ther substituting the Ge* sites, or occupying the vacancy sites.[?’]
The ny, gradually decreased from 8.04 x 10%° cm™ to 1.98 x 10%°
cm~3 at 300 K as the concentration of Sb reached 10%. The reduc-
tion of carrier concentration n,; with increasing Sb content was
verified by the Hall measurement data (the inset in Figure 2a).
Figure 2b displays the temperature dependence of the Seebeck
coefficient (S) of the GST crystals. All samples used in this study
exhibited a p-type characteristic that increased with temperature
and Sb concentration from 30 g VK™ for x = 0 to 117 uVK~! for
x = 0.1 at 300 K (Figure 2b). In addition to the reduction in n,
a high density of states (DOS) effective mass (m*), which is fa-
vorable for the observed enhanced S, is shown in the Pisarenko
plot’®*l of n,; versus S for our GST crystals (Figure 2c). Further-
more, the m* values were calculated within the single parabolic
band model (represented by smooth traces in Figure 2c) that was
used to fit the room temperature experimental carrier concentra-
tion n,; data (indicated by the data points in Figure 2c). The m*
at room temperature increased from 1.3 m, for pristine GeTe to
2.3 m, for x = 0.10 GST (the inset in Figure 2c). This gradual in-
crease in m* and enhancement of S with increasing Sb-doping
has been attributed to a symmetry related band geneneracy aris-
ing from the tendency of Sb dopant to shift the crystal symmetry
towards the cubic phase.[?74]

Figure 2d shows the PF of our GST crystals as a function of
temperature. Compared to pristine GeTe, the PF for x = 0.08 was
greatly enhanced over the whole temperature range and reached
a maximum value of 56 yWem™' K2 at %760 K. We thus con-
clude x = 0.08 as the optimal dopant concentration which bal-
ances the trade-off between ¢ and S due to Sb doping. Figure 2e
shows the temperature dependence of the total thermal conduc-
tivity & of GST (x = 0 to 0.10) in the temperature range 300-800
K. The « of pristine GeTe was ~9 W m~! K-! at 300 K, which
decreased with increasing temperature to a minimum value of
~3.6 W m~! K~! near the phase transition temperature ~670 K.
In addition, k was also substantially reduced with increasing Sb-
doping. For instance, GST with x = 0.08 exhibited a x ~2.1 W

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 2. Thermoelectric properties of GeTe and Sb-doped GeTe single crystals (GST). Temperature-dependent a) electrical conductivity, the insert shows
the room temperature experimental hole concentration ny as a function of Sb content (x), and b) Seebeck coefficient, c) Pisarenko plots in which the m*

values were calculated within the single parabolic band model (smooth traces) by the fit of n,; and Seebeck data, the insert shows the m* as a function

of x. d) Temperature-dependent PF, e) total thermal conductivity, and f) figure of merit.

m~! K-! at 300 K and ~1.9 W m~! K~! at 743 K, indicating a
75% and 54% reduction respectively, compared to that of pristine
GeTe. This significant reduction in k in the GST is attributed to
a reduction in both «,, and «,. The temperature-dependent «,
(Figure 5a) was calculated from ¢ using the Wiedemann-Franz
relation k, = Lo T. k, drastically reduced from ~6.2 Wm™ K! (in
x = 0) to #1.3 Wm™! K~! (in x = 0.08) at 300 K with Sb doping,
in good agreement with the reduction in carrier concentration
(Figure 2a). On the other hand, x,, (= k¥ — k,) decreased by 76%
from ~1.1 Wm~! K~! in pristine GeTe to ~0.46 Wm~! K~ in x =
0.08 GST at 740 K (Figure 5). This value is close to that of amor-
phous GeTe (~0.39 W m~! K1), and we attribute this dras-
tic reduction to mass fluctuation scattering (atomic mass, Mg,
=121.8, M, = 72.6 g mol™'), alloying effects and lattice anhar-
monicity caused by Sb doping. The «, k,,, and «, of the other Sb-
dopant concentrations are shown in the Figures S5, S6, Support-
ing Information. k,, in GeTe and GST show distinct temperature
behavior and the corresponding phonon scattering mechanisms
will be discussed in the next section. For example, the steep de-
crease in k), in GeTe compared to a gradual decrease in «, in
GST (Figures 5, Figure S5a, Supporting Information) can be at-
tributed not only to enhanced phonon scattering due to alloying,
vacancies, and stacking faults, but also to the lattice anharmonic-
ity, which will be discussed in detail in the light of Callaway’s
model.

The temperature dependence of zT for all GST crystals is
shown in Figure 2f. The zT is enhanced in all GST crystals due
to a simultaneous enhancement of PF and reduction of k via Sb
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doping with the highest zT of 2.2 at 740 K in the optimally doped
GST (x = 0.08). It is noteworthy that the 8% Sb-doped GST ex-
hibited a zT that is & 15% higher than the zT = 1.85 reported
in Ref.[?’] for GST crystalline ingots. We attribute the high zT
in our 8% Sb-doped GST crystal due to a combined effect of en-
hanced TE PF, reduced thermal conductivity due to mass fluc-
tuation scattering and alloying effects, and lattice anharmonicity
caused by Sb doping. Lastly, we confirmed the reversibility of TE
properties of the GST crystals after high temperature measure-
ments (Figure S7, Supporting Information).

2.3. Origin of High zT

In recent years, high zT has been achieved in TE materials via
nanostructuring approaches that enable prominent reduction of
K, via modification of their acoustic phonon spectrum. Although
such phonon engineering approaches are generally associated
with nanostructured materials, Kargar et al.[*?] reported a dopant-
induced modification of the phonon dispersion that could have
important implications for TE materials, as well enable develop-
ment of thermal management materials and optoelectronic de-
vices. In this regard, we focus on the implications of Sb-doping
on the phonon structure of GST in order to understand the ori-
gin of the high zT. We first discuss the phonon dispersions of
pristine and doped GST (x = 0.08) elicited from our INS mea-
surements. The scattering function S(Q ,E) is presented on the
basis of INS measurements (conducted at on a cold triple axis

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 3. Inelastic neutron scattering studies of GeTe and Sb-doped GeTe. Phonon dispersions relation from S (Q, E) with function of energy transfer £
and q along [0KO] for a) pristine GeTe and c) Geg o, Sbq o Te crystals with TA and LA branches. The solid circles in (a) were determined by the multi-peak
Gaussian function from panel (b), and the red dashed lines are guides to the eye. (b) and (d) show phonon energy spectra for energy scans along [0KO]
with a constant Q of k = 1-1.5 for GeTe and Ge g, Sbg ggTe crystals respectively. The open symbols represent the data collected from the triple-axis
spectrometer of SIKA, while the solid lines in (b) are numerical fits with a multi-peak Gaussian function, and in (d) are guides to the eye.

spectrometer, Sika, ANSTO) on GST crystals, and the results of
ab initio phonon calculations using DFT. Figure 3 shows the INS
results from GeTe and Ge, o, Sb, o3 Te, and highlights the greater
complexity of the phonon dispersion of Ge, ,Sb, ,sTe compared
to that of GeTe. Figure 3a presents the S(Q ,E) map and energy
profile for pristine GeTe at selected g vectors with steps of 0.05.
A multi-peak Gaussian function was employed to fit each experi-
mental energy profile and to extract the energies of the transverse
acoustic (TA) and longitudinal acoustic (LA) phonons at each q.
These energies are plotted as the solid circles in Figure 3a and
represent the TA and LA branches in the phonon dispersion. The
corresponding data from GST are significantly different. An un-
expected extra excitation between 5-7 meV is observed for the
Gey 9, Shy s Te crystal (Figure 3c). In addition, the energy profile
(Figure 3d) of Geq,Sb s Te exhibits a higher complexity com-
pared to that of pristine GeTe, making it challenging to extract
peak energies by fitting the profiles to multiple Gaussian peaks.
Instead, we plot dashed lines in Figure 3c as guides to the eye,
tracing the probable TA and LA phonon branches, which exhibit
lower slopes compared to pristine GeTe.

To gain further insight, we calculated the partial phonon den-
sity of states (PDOS) (Figure 4a,b), which also exhibit additional
features between ~5-7 and ~12-13 meV for GST. We attribute
these features to the presence of Sb dopants. Furthermore, we ap-
plied DFT using the virtual crystal approximation (VCA) method
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to calculate the phonon dispersion relations of pristine GeTe and
GST (x = 0.08), which are shown in Figure 4c. The presence of a
phonon around 5 meV at the I point can clearly be seen in the
dispersion of Ge, 4, Sb, o5 Te (orange traces), which is not present
in pristine GeTe (green traces). This corroborates our observation
of the extra excitation in the S(Q ,E) map of GST (Figure 3b). The
calculated phonon dispersions also reveal an overall softening of
the phonon frequencies in Ge,,Sb, ,sTe owing to the Sb dop-
ing. This softening can also be observed in GST with a lower Sb
concentration (Ge, o5Sb o, Te, blue traces), where an intermedi-
ate phonon mode is present at ~5-7 meV at the I point. In con-
trast, no phonon modes are present between ~0-10 meV at the I’
point in pristine GeTe. The additional phonons in GST could pro-
vide extra decay channels for optical phonons, thereby increasing
their scattering rate and lowering the thermal conductivity.

Returning to the lattice thermal conductivity, we note that the
K, of pristine GeTe exhibts a temperature dependence that is dis-
tinct from the expected 1/T behavior at high temperatures aris-
ing from (three-phonon) Umklapp scattering (Figure 5a). As sug-
gested by Slack and Glassbrenner,*] k, at high temperatures (0
> 0p,) can be described by a modified Callaway’s model* as

0p/T

ky (ksT\’
Klat:ﬁ(%) /Tcxzdx
0

© 2020 The Authors. Published by Wiley-VCH GmbH
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The red trace in (b) indicates the contribution from Sb. c) The VCA method based on first-principles calculations for examining of the effects of partially
doping Sb into GeTe on phonon dispersion and -PDOS. Two Sb doping levels 0.02 (blue traces) and 0.08 (orange traces) are shown for comparing to that
of pristine GeTe (green traces). The right panel shows the supercell used in the DFT calculation of GeTe. Similar DFT calculations were performed for
GST with different Sb-concentrations, and the overall phonon frequency softens due to the Sb doping. In pristine GeTe, no phonon modes are present
between ~0 and 10 meV at the I' point and 12-13 at W point.
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Figure 5. Anharmonicity in Sb-doped GeTe. a) Electronic (k) and lattice (k,;) contributions to thermal conductivity as a function of temperature
for pristine GeTe and doped GST (x = 0.08) single crystals. The dotted blue line shows the 1/T dependence. b) The dotted black line shows the 1/T
dependence that results from Umklapp scattering (three-phonon), which is inadequate to describe the temperature behavior exhibited by pristine GeTe.
The solid black line includes an additional four-phonon scattering process in pristine GeTe that can describe the temperature dependence of the measured
K|, More accurately. In addition to point defect scattering, three phonon scattering is the more prominent scattering mechanism in GST (x = 0.08) single
crystal (solid green line).
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where x = hw/k,T is the reduced phonon frequency, w the
phonon frequency, v, the velocity of sound, k; the Boltzmann
constantand 7' = Y 7 = w4 oy 4oy g 4o =

1

Aw* + (ByTe*T + B, T")w” + 2 +--+ is the combined
phonon relaxation time, assuming that the phonon scattering
effects are additive following Matthiessen’s rule. Here, A is the
point defect scattering parameter, B, and By, are the scatter-
ing parameters for the Umklapp (three-phonon) and higher
order four-phonon scattering processes, and v, /L represents the
boundary scattering (dominant at low temperatures), respec-
tively. As the name suggests, a three-phonon process involves
the lowest order anharmonic coupling resulting in the decay
of a single phonon into two phonons or the recombination of
two phonons into a new phonon, while the four-phonon process
involves four phonon interactions through either recombination
or decay. To analyze the high temperature dependence of k,, in
pristine and Sb-doped GeTe, we ignore the contributions from
boundary scattering in the temperature range (300-750 K) and
simplify Equation (1) as

0p/T

o Ko (RTY / 2
"7 2v\ k) ) A+ (BTt + B, T2 o2
h _ 0p
dx = tan™! 2
¥ v ATx, (T) [Txo (T)] @)

ByTe "p/3T 4By T2
aksT)’
tailed fitting results are given in the SI section. As shown in Fig-
ure 5b, clearly only the three-phonon Umbklapp scattering along
with point defect scattering (shown as the black dashed trace) is
inadequate to describe the temperature dependence of «,, exhib-
ited by pristine GeTe and hence, inclusion of the four-phonon
scattering process is necessary to accurately describe its temper-
ature dependence. This has been observed previously in crystals
which exhibit phonon gaps, that is, a gap in the phonon disper-
sion between the acoustic and optical phonon energies. Such a
gap limits the number of decay channels for optical phonons,
necessitating a four-phonon decay.*’] On the other hand, a three-
phonon process is sufficient to describe the temperature depen-
dence of ky, for Ge,q,Sb,Te. This temperature dependence
further supports our earlier observation (from Figure 4) of the
availability of a higher number of decay channels, resulting in
high phonon scattering rates. Moreover, Ge vacancies also act as
phonon scattering centers in Ge;_ Sb,Te (x = 0, 0.08) and the
scattering parameter for point defect scattering estimated by Kle-
mens represents a combination of vacancy!*l and mass fluctua-
tion scattering!*’! terms as given by

Az%[Nv< > +x(1—x)<%)] (3)

where V is the volume per atom, v, is the phonon velocity (or
the velocity of sound through the material), Ny, is the relative va-
cancy concentration, M is the average mass per atom, M, is the
mass of the missing atom, the term -2 accounts for the poten-
tial energy of the missing linkages, or twice the potential energy

where x,(T) = . The intermediate steps and de-
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per atom,[*! M, = 72.63 g mol™!, Mg, = 121.76 g mol~!, and
M’ is the average mass per ternary cluster Ge,_, Sb,Te. Table 1
shows the fitting parameters and the calculated theoretical val-

hy?

ues of A and B (where, B, ~ T) (48] that provides a theoreti-
D

cal validation of our fit. Surpnslngly, both fitted and calculated
values of A for pristine GeTe are comparable to that of the Sb-

doped GeTe, which is counterintuitive, since the second term in
Equation (3) due to mass fluctuation scattering by an impurity
atom is absent in pristine GeTe. Nonetheless, the phonon scat-
tering strength by vacancies is much stronger than that of mass
fluctuation scattering due to Sb** ions substituting at Ge?* sites,
since vacancy scattering is linked to both scattering of phonons
by missing mass and missing interatomic linkages.[*] Here, the
scattering strength by vacancies in Ge, 4, Sb, (s Te is further com-
pensated by mass fluctuation scattering (M, — Mg,), as many of
the vacancies are now occupied by Sb** ions in addition to sub-
stituion at the Ge?* sites, which also led to the enhancement of
S due Sb-doping (cf. Figure 2b). From Table 1, we see that the
calculated value of A (By) differ by an order (roughly two or-
ders) of magnitude from our fitted values that is attributed to
the constant v, in the Callaway’s model which assumes a single
averaged phonon velocity approximately equal to the velocity of
sound without any distinction between longitudinal and trans-
verse velocities.3342] Notably, in GST the phonon dispersion is
distinctly different from that of pristine GeTe leading to their dif-
ferent fitted By, values (Table 1). Although from Figure 5b, itis ev-
ident that the point defect and three-phonon scattering processes
are adequate to model the temperature dependent behavior of k,,
in GST, based on the presence of stacking faults and herringbone

structures in Figure le, we also considered an additional phonon
7”’!:»7 Nw ) [49
the average lattice constant, and N; is thevnumber of stacking
faults per meter and the results are shown in Table S1, Support-
ing Information.

As an additional confirmation of the data shown in Figure 5,
we analyzed the temperature-dependent polarized Raman data of
GeTe reported in Ref.**] Similar to the case for the «,,,, we found
that the phonon decay in GeTe is dominated by a four-phonon
process (cf., Figure S8, Supporting Information). As shown in the
phonon dispersions in Figure 4c, Sb-doping results in a soften-
ing of the phonon energies and the emergence of new phonon
mode around 5 meV (~40 cm™!), which could be observed in
the Raman spectrum of GST. However, considering the difficul-
ties in sample preparation for polarized Raman scattering stud-
ies, the temperature-induced broadening and low intensity of a
peak close to the laser line (at 0 cm™! shift), we believe our INS
measurements, calculated DOS and dispersions, unambiguously
highlight the differences in the phonon structure of pristine GeTe
and GST.

scattering via stacking faults (zg; = I where a,,, is

3. Conclusion

Bulk GeTe exhibits a comparatively high total thermal conductiv-
ity k but a surprisingly low lattice thermal conductivity ;,, athigh
temperatures, which is further reduced via Sb-doping through
a simultaneous reduction in «, and «,,,. Doping by Sb also re-
sults in an enhancement in the Seebeck coefficient, which is the
key to achieving a high zT of 2.2 at 740 K in Ge,, Sb, (s Te. Here

© 2020 The Authors. Published by Wiley-VCH GmbH
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Table 1. Fitting parameters used in the Callaway’s model, where A is the point defect scattering parameter, and B, and By, are three- and four-phonon
Umklapp scattering parameters, respectively.

Scattering parameters GeTe Geg.g;Sbg ogTe

Fitted (solid black, Figure 5b) Calculated Fitted (solid green, Figure 5b) Calculated
A(s®) 5.03 x 1074 4.90 x 1074 433 x107% 2.57x 1074
By (sk7) 8.97 x 1072 2.81x 10718 2.24 x 107V 2.76 x 10718
By (sK™?) 2.48 x 10720 - ~0 -

we uncovered the origin of the significantly low «,, of Sb-doped
GeTe experimentally and theoretically. Our INS measurements
revealed significant differences in the phonon dispersion, and the
presence of a new phonon band at a transfer energy E ~ 5-6 meV
in Ge, o, Sb, o3 Te. The phonon dispersion and density of states cal-
culations also revealed the presence of additional states owing to
the Sb dopant, which also softened the phonon frequencies in
GST. These effects combine to lower the k, in GST, which ap-
proaches that of amorphous GeTe at high temperatures. From the
temperature dependence of k,,, and analysis of Raman spectra of
GeTe, we infer that a three-phonon Umklapp scattering process
is the dominant scattering mechanism in GST, in contrast to pris-
tine GeTe where a four-phonon process is the dominant mecha-
nism. Our measured low « in GST is attributed to this dopant
related change in the phonon spectra, which provides a new di-
rection in phonon engineering of single crystalline TE materials
beyond nanostructuring.

4. Experimental Section

Synthesis—Starting  Materials: Ge ingot (99.999%), Sb shot
(99.999%), and Te shot (99.999%) were purchased from Alfa Aesar.
All elements were further purified several times before use.

Synthesis—Bridgman Crystal Growth: We followed a two-step strategy
for obtaining high-quality Ge,_,Sb,Te, GST (hereinafter) (x = 0-0.10) sin-
gle crystal. First, to ensure homogeneous mixing of compounds, bulk in-
gots (=20 g) of GST (x =0, 0.07, 0.08, 0.09, and 0.10) were synthesized
by weighing stoichiometric ratio of purified elements Ge, Sb, and Te into
quartz tubes. The quartz tubes were evacuated to ~107° torr, and slowly
heated to 1223 K for 6 h and soaked at this temperature for 48 h and fol-
lowed by furnace cooling to room temperature. Next, the as-synthesized
ingots were crushed into small pieces by using a mortar and pestle and
sealed in quartz tubes (=10 X 12 x 300 mm?) with pointed conical ends
under a high vacuum (=107 torr). The conical tube was then placed in-
side another bigger quartz tube (=13 x 16 x 300 mm?3) to prevent any
cracking caused by thermal expansion. The GST single crystals ~ 12 mm
in diameter and ~20 g in weight were then grown by using vertical Bridg-
man method from the pre-melt ingots, with a growth rate of 3 mm hr™!
(¢f. Figure 1a). The samples were then cut into desired diameters using a
diamond wheel saw for TE characterization.

Characterization—Structure and Crystallinity Characterization: The ori-
entation of a, b, and ¢ axes were determined by Laue diffractometer. A
schematic of crystal and lattice axes of GeTe crystal is shown in Figure
S1, Supporting Information that indicates the direction along which the
as-grown crystals were cut for electronic and thermal transport measure-
ment. The XRD patterns of GST crystals were collected by using PANalyti-
cal X'Pert PRO X-ray diffractometer with a Cu Ka X-ray source (4 = 1.5406
A). The lattice parameters of crystals were determined by using Rietveld
refinement from the Highscore Plus program. The structural analysis of
as grown single crystal samples are measured by using Panalytical X- Pert
Pro MRD X-ray diffractometer (Pw3040/60).
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Characterization—Electrical Resistivity and Seebeck Coefficient: The
longer direction coincides with the direction in which thermal conductiv-
ity is measured. Electrical resistivity and Seebeck coefficient of the GST
crystals were measured simultaneously on 2 X 2 x 8mm? parallelepiped
bar samples using a commercially available instrument (ZEM-3, ULVAC-
RIKO, Japan) from 300-800 K under He-gas atmosphere. The uncertainty
of the Seebeck coefficient and electrical conductivity measurements is
about #2%-4% and is about 10% for the PF.

Characterization—Thermal Conductivity: The thermal conductivity «
(= DpC,) of single crystalline GST (~10 mm in diameter and ~1.6 mm
in thickness) from 300-773 K were calculated by measuring their thermal
diffusivity D using the laser flash instrument (NETZSCH, LFA457, Cowan
model with pulse correction), the density p (using traditional Archimedes
method), and temperature-dependent heat capacity C,, using DSC Q-100
for 300-673 K and Quantum Design Physical Property Measurement Sys-
tem for 2-350 K (Figure S1, Supporting Information).The repeatability of
measurement undergone thermal cycling confirmed a good thermal sta-
bility of the crystals.

Characterization—Hall Measurement: The room temperature Hall co-
efficient R, of the GST crystals were measured using a commercial Quan-
tum Design Physical Property Measurement System (PPMS) via scanning
a magnetic field from —2T to +2T and an applied current of 5 mA. The
carrier concentration was estimated using ny = — 1/eRy,;, where ¢ is the
electronic charge. The uncertainty of the Hall coefficient is ~3%.

Characterization—Electron Microscopy of SEM and TEM: The surface
morphology and elemental composition analysis of the GST single crystals
were probed using the SEM (Inspect F FEI) equipped with energy disper-
sive x-ray spectroscopy (EDX). The GST sample with 70-80 nm in thick-
ness was cut from its bulk ingot using a Focused lon Beam instrument (Hi-
tachi NX2000). The TEM micrographs and SAED patterns were acquired
using a TEM (JEOL JEM-2100) at an accelerating voltage of 200 kV.

Characterization—Inelastic Neutron Scattering Measurement: The INS
technique allows us to discover the phonon dispersion relation by map-
ping of scattering function, S(Q ,E) for studying the microscopic dynam-
ics of materials. In this work, the beam line SIKA—the multiplexing cold-
neutron triple-axis spectrometer at ANSTO (Australia) is employed to per-
form the energy scan of g along [0KO] for mapping of S(Q ,E), where E is
the energy transfer and Q = I' + q the wave-vector transfer, with g a wave
vector and I a reciprocal lattice. The single crystals of mass m ~ 20-25 g
were cut from chunks that were grown by the Bridgman method. In this
work, energy scan of constant-q along [0k0] are employed to map the S(Q
,E) as a function of energy transfer E and wave-vector transfer Q =T +
q, from I' at (110) to the zone boundary in the single Brillouin zone with
final energy Er= 14.87 mV, where the scan step of E and g are 0.5 meV and
0.05, respectively.

First-Principle Calculations:  The first-principle DFT was performed us-
ing projector augmented-wave (PAW) potentialsl*®! as implemented in
the Vienna ab initio simulation package (VASP).’'3] The exchange-
correlation function was treated by the generalized gradient approxima-
tion with the Perdew—Burke—Ernzerhof form.*] The experimental lattice
constants with their atomic positions fully relaxed were used for the pris-
tine and Sb doped GeTe calculation. In order to study the Sb doping effects
of GeTe, we used both VCA within DFT scheme implemented in Quantum
ESPRESSOI3>26] and rigorous DFT calculations (using VASP) combined
with phonopy.571 VCA is a simple method to study the disordered alloys

© 2020 The Authors. Published by Wiley-VCH GmbH
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and solid solutions, in which the primitive unit cell but with spurious’ vir-
tual” atomic potential interpolating between the host and doping atoms
is applied. Even though this approach neglects the local deformations in
the vicinity of atoms and less accurate in exploring the disordered struc-
tures, it usually yields useful and reasonable results. In this work, the Sb
doping is introduced by the virtual pseudopotential of Ge,_,Sb, that com-
posed from the actual Ge and Sb pseudopotentials: Viycp = XV + (1 —
x) Vs, where V. and Vg, are pseudopotential of Ge and Sb respectively.
The norm-conserving pseudopotentials of Hartwigsen—Goedecker—Hutter
and an energy cutoff of 70 Ry were used along with a Monkhorst—Pack
k-point mesh of 12 x 12 x 12 for Brillouin Zone sampling in electronic
structure calculations. The VCA phonon dispersion was performed in the
framework of density functional perturbation theory (DFPT) using a 4 x 4
X 4 q mesh. The PDOS -was calculated using the phonopy code with force
constants obtained from rigorous VASP calculations.

Quantifying Anharmonicity through Raman Spectroscopy: We used the
temperature-dependent polarized Raman spectroscopy data with z(xx)z
and z(xy)z configurations from Ref [34] and modeled the temperature de-
pendent shifts in the frequency of both £ and A modes,[>%%3] as described
in the Sl section.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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