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The thermal conductivities of GeTe/Bi,Tes superlattice-like materials are calculated based on density
functional perturbation theory (DFPT) and measured using a 3w method. The calculated results show
that the lattice thermal conductivity or thermal diffusivity of GeTe/Bi,Tes superlattice-like materials
significantly decrease due to the effects of interfaces and Bi atoms in Bi;Tes. Our measured results are in
line with the theoretical calculations, and reach an extremely low thermal conductivity at 0.162 W mK™!
compared with published work on Ge—-Sb(Bi)-Te, indicating the effectiveness of modulating the thermal
properties of phase change materials by using Bi-based GeTe/Bi,Tes superlattice-like materials. Our
findings give a calculation method to modify the thermal characteristics of superlattice-like materials and
confirm Bi-based GeTe/Bi,Tes superlattice-like materials as promising candidates for phase change

rsc.li/rsc-advances

Introduction

Phase change memory' (PCM) is a promising candidate for next-
generation nonvolatile memory due to its low power
consumption, high endurance, and high speed. Apart from
accelerating the phase transition speed and lowering the power
consumption,” phase-change materials with a low thermal
conductivity are of crucial importance to reduce programming
current* and suppress the thermal crosstalk between adjacent
storage units,* which are key issues for PCM in high-density
integration and scaling technology.>® Considering the impor-
tant influence of thermal conductivity, we investigate the
possibility of whether there is any efficient way of decreasing in
thermal conductivity of phase-change materials to improve
PCM technology. Ge,Sb,Tes has been extensively studied and
widely used in phase change memories for its excellent perfor-
mance,” and it can be considered as the combination of GeTe
and Sb,Te;. The property enhancement has been achieved in
Ge,Sb,Tes two-component phase-change superlattice struc-
tures,® and the thermal conductivity of superlattice-like mate-
rials is considerably lower than that of the constituent bulk
materials.® Since the component materials and the interfaces
between two components being main factors of the thermal
conductivity in superlattice materials, one of the ways to control
two-component phase-change superlattice materials properties
is to choose the appropriate chalcogenide materials like Bi,Te;
for weakening the cohesion and enhancing the crystallization
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materials with lower thermal conductivity.

by bismuth.” However, the accurate thermal conductivity of
GeTe/Bi,Te; superlattice materials has not been reported
anywhere and how the Bi atoms of GeTe/Bi,Te; superlattice
structures influence on interfaces and modulate the thermal
conductivity are totally unknown. In this letter, we implement
the theoretical calculations to investigate the lattice thermal
conductivity of GeTe/Bi,Te; superlattice-like materials, and
show a calculation method to modify thermal characteristics of
superlattice-like materials for better performance.

Model structures and simulation methodology

The molecular dynamics (MD) simulations are performed using
the Vienna ab initio simulation package'® (VASP) in this letter.
Superlattice structure models were first relaxed using density
functional theory (DFT) within generalized gradient approxi-
mations of Perdew-Burke-Ernzerhof (PBE) in conjunction with
projector augmented wave (PAW) potentials. The relaxation
convergences for ions and electrons were 1 x 1077 and 1 x
10~® eV, respectively. The automatically generated k-points
mesh of 7 x 7 x 2 with Gamma symmetry was used. The energy
cut-off is 400 eV.

Bi,Te; has rhombohedral crystal structure belonging to the
space group R3m with five atoms in one unit cell, the lattice
parameters of the five-layer hexagonal unit cell built up by three
formula units are a = b = 4.384 A, ¢ = 30.497 A, and a = 8 = 90°,
v = 120°."" For GeTe, a distorted rocksalt structure with a = b =
¢ =599 A and a = § = y = 90°, belonging to space group
R3m." The crystal structures of the GTBT (GeTe/Bi,Te3) super-
lattices were constructed from the <001> direction of trigonal
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Bi,Te; and the <111> direction of cubic GeTe, thus superlattices
exhibit high quality interfaces due to the good lattice parameter
match. We consider that the interfacial state and the strength of
the Bi atoms' influence on interfaces may have effect on the
thermal conductivity. In order to support the conjecture, we
choose four common superlattice structures with different
number of interfaces or different distance between Bi atoms
and interfaces. Table 1 lists the lattice constants of the four
GTBT superlattice structures with the Petrov,* inverted Petrov,"*
Kooi, and Ferro-GeTe' phase using PBE. Additionally, the
features of superlattice structures, including the number of the
long distance Te-Te interfaces (N;) and the number of Bi atoms
near to the interfaces (N,), are also shown. Meanwhile, GTST
(GeTe/Sb,Te;) as common superlattice materials are also listed
to providing comprehensive analysis of the thermal property
change trend with GTBT superlattices in same structures, and
the lattice parameters of the five-layer hexagonal unit cell in
Sb,Te; are a = b = 4.264 A, ¢ = 30.458 A, and « = 8 = 90°, y =
120°. For both GTBT and GTST superlattice structures, the
lattice parameter a = b, and a = 90°, 8 = 90°, v = 120°.

The crystal structures of GTBT superlattice are illustrated in
Fig. 1, and the corresponding phonon dispersion curves along
the out-of-plane direction (I"-Z direction) are shown in the right
column. The PHONOPY code' was performed to calculate the
phonon frequencies through a supercell method. In calculating
the force constants in real space we use density functional
perturbation theory (DFPT) together with 72 atoms 2 x 2 x 2
supercells, the phonon band structure and density of states are
generated from the force constants.

Role of interfaces and Bi atoms in thermal conductivity

The superlattice materials in Fig. 1 show very flat phonon
dispersion curves, whose flatness are obviously higher than the
mono-composition materials GeTe,"” Bi,Te;.'® Since the group
velocity V, = dw/dg, GTBT superlattices have a sharply decrease
in phonon group velocity compared to single layer material.
This significantly low group velocity arises from the interface
phonon scattering and phonon confinement effects.>* There-
fore, the impact of interfaces impact could explain the flat
phonon curves and the low thermal conductivity of the

Table 1 Lattice constants for GTBT and GTST superlattice structures
with the Petrov, inverted Petrov, Kooi, and Ferro-GeTe phase by PAW-
PBE calculations

Inverted Petrov Petrov

a(d)@) (@) N Ny a(®)(A) c(A) Ni Ny
GTST 4.205 19.405 2 2 4.266 17.982 1 0
GTBT 4.269 19.445 4.327 18.143

Ferro-GeTe Kooi

a (b) (Z\) c (A) Ni N, a(b) (A) c (A) Ny N,
GTST 4.283 17.677 1 1 4.293 17.632 —_ —
GTBT 4.341 17.893 4.353 17.934
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Fig. 1 The structures of phase-change superlattice with the inverted
Petrov (a), Petrov (b), Ferro-GeTe (c) and Kooi (d) phase. Next to each
structure, the corresponding phonon dispersion curves along the out-
of-plane direction (I'- to Z-direction) are shown, for GTST and GTBT,
respectively.

superlattice materials across the interface. We worked out that
the order of group velocity of GTBT is as follows: inverted Petrov
< Ferro-GeTe < Petrov < Kooi phase. What is more, the structure
features of the superlattices, N; and Ny, are also decreasing in
the same order, which have been listed in Table 1. This result
indicates that: as the number the long distance Te-Te interfaces
or the number of Bi atoms near to the interfaces decreases, the
strength of interfaces’ effect becomes weaker and leads to
decreased flatness of phonon dispersion curves in sequence,
which results in decreasing trend of group velocity. Meanwhile,
we noticed that GTBT superlattices have more flat phonon
dispersion curves along the out-of-plane direction (I'-Z direc-
tion) comparing to GTST superlattices, resulting in a smaller
phonon group velocity. This phenomenon verifies strong
interface scattering in GTBT superlattices because of the Bi
atoms' impact on interface.

For further studying the source of the significant small group
velocity in GTBT superlattice structures, we calculated the
phonon dispersion curves and the PhDOS of superlattice
structures. The result of superlattice structures with inverted
Petrov phase were chosen as an example to discussed. As shown
in Fig. 2, we plot the calculated phonon dispersion curves along
the I'-A-K-I'-M-K direction for GTBT superlattices with
inverted Petrov phase. Next to each phonon dispersion curves,
the corresponding total PhDOS, partial PhDOS due to interface
(containing two Ge atoms, four Te atoms), and their partial
PhDOS along the <001 > direction are shown. Fig. 2 shows that
compared with the total PhDOS, the contribution rate of GTBT
superlattice structure's partial PhDOS due to interface is
significantly small in lower frequencies range, the same
phenomenon can be found along the <001 > direction, these
obviously indicate Bi atoms' impact on interface and the strong
interface scattering of GTBT, which would result in small
phonon group velocity and finally bring decrease in lattice
thermal conductivity. Meanwhile, the result shows the I'-A

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Phonon dispersion curves for (a) GTBT, (b) GTST with inverted
Petrov phase along the I'-A-K-I'-M-K direction, next to each
phonon dispersion curve, the corresponding total PhDOS, partial
PhDOS due to interface (containing two Ge atoms, four Te atoms), and
their partial PhDOS along the <001 > direction are shown.

direction, owing ultra-flattened phonon dispersion curves,
differs significantly from the other directions, this indicates the
anisotropic phonon group velocity of superlattice materials,
and ultimately results in anisotropic lattice thermal conduc-
tivity. Additionally, we can find the PhDOS of GTBT superlattice
is divided in two ranges: 0-2.49 THz and 2.49-5.40 THz, which
frequencies are lower than the PhDOS of GTST with two ranges
0-2.64 THz and 2.64-5.59 THz. This phenomenon leads to
a little bigger heat capacity for GTBT superlattice according to
the eqn (3) given below, and it have an adverse slightly impact
on the decrease of the lattice thermal conductivity. The results
of superlattice structures with the other three phases display the
same phenomenon as the inverted Petrov phase.

In order to study how the changes of phonon group velocity
and heat capacity effect on the thermal conductivity. We ob-
tained the thermal conductivity from the calculated phonon
spectrum and PhDOS. The theory we employed here is classical
theories of thermal conductivity, lattice thermal conductivity is
expressed as,”

(1) = j Cy()g(w)dow )

where 1 is a set of quantum numbers specifying a phonon state,
7, is the phonon relaxation time in a given temperature, v is the
phonon group velocity, and C(T) is the lattice thermal capacity,
who can be acquired as:

Cy(w)g(w)dw (@)

where C,(w) is the thermal capacity for a certain wave vector g
and frequency w, and g(w) is frequency distribution.
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(hw)®  exp(ho/ksT)
ksT? [exp(fw/ksT) — 1)’

Cy(w) = (3)

Relaxation time's inverse can be given by contributions from
various scattering mechanisms:*

1_ % 2 exp( = Mm
o= D + Z BTw,, exp( o T)' (4)

The first term stands for boundary scattering, and the second
term is an empirical formula of U process. Here, D stands for size
of ideal crystal, wy, stands for the highest frequency in a phonon
dispersion relation and B is a fitting parameter.

The lattice thermal conductivities of GTBT superlattice
materials are calculated based on the above calculations, as can
be seen in Fig. 3. We found the lattice thermal conductivity is
strongly temperature dependent, being attributed to significant
contribution from U process, which is related to the phonon
dispersion curves.”

Fig. 3 also obviously show the order of lattice thermal
conductivities is Kooi > Petrov > Ferro-GeTe > inverted Petrov
phase for GTBT superlattice materials, which is in line with the
order of group velocity discussed in Fig. 1. This proves that
while the strength of interfaces' effect becomes strong, the
lattice thermal conductivities of superlattice materials will
decrease. And the results of calculations demonstrate the lattice
thermal conductivities of GTBT superlattice materials are
smaller than GTST superlattice materials, for Kooi, Ferro-GeTe,
and inverted Petrov phase, respectively. This phenomenon
confirms Bi atoms in superlattices have a positive impact on
reducing the lattice thermal conductivity. Meanwhile, we found
the lattice thermal conductivity of GTBT superlattice with Petrov
phase is a little bigger than the corresponding GTST super-
lattice structure. For GTBT superlattice with Petrov phase, both
two Bi atoms are away from the interface, which would weaken
Bi atoms' impact on the interface, and result that group velocity
of GTBT with Petrov phase is only a slightly smaller than GTST
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Fig. 3 Lattice thermal conductivity of GTBT and GTST superlattice
structures as a function of lattice temperature calculated.
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with Petrov phase. Since GTBT's bigger heat capacity, Petrov
phase present different change trend from other phases
because of group velocity's and heat capacity's effect in combi-
nation, as shown in eqn (1). Despite this, the thermal diffusivity
of GTBT superlattice with Petrov phase will still decrease,
because the thermal diffusivity « = k/(pC), and this is helpful to
suppress the thermal crosstalk problem. This is in line with our
expectation, namely proposing Bi-based phase change super-
lattice materials to reduce programming current and suppress
the thermal crosstalk between adjacent storage units in PCM.

To verify the above change trend of GTBT superlattice
materials’ lattice thermal conductivity, we measured the
thermal conductivity of GeTe/Bi,Te; superlattice-like film
materials by 3w method. The 3w method is a well-established
method for measuring the thermal conductivity of a thin
film.>* The GeTe/Bi,Te; superlattice-like film materials are
formed by alternately depositing GeTe and Bi,Te;, and inter-
faces are formed between two different chalcogenide material
layers. The total thicknesses of all films are kept 150 nm and the
thickness ratio of GeTe to Bi,Te; is kept at 2 : 1, the number of
interfaces N is controlled by varying the period length of each
cycle. Fig. 4 shows the measured thermal conductivities of
GeTe/Bi,Te; superlattice-like materials with total thicknesses
150 nm and different number of interfaces (N). It exhibits GeTe/
Bi,Te; superlattice-like materials of all numbers of interfaces
show a lower thermal conductivity than the GeTe/Sb,Te;
superlattice-like materials, and reach an extremely low thermal
conductivity at 0.162 W mK ™. This drop is in accordance with
our calculated results, and proves GeTe/Bi,Te; superlattice
materials are promising candidates to reduce the thermal
conductivity of phase-change materials. Additionally, we found
an interesting phenomenon that a minimum thermal conduc-
tivity occurs in the process of increasing N, which is probably
because the phonon exhibits wavelike behaviour when the
period length of superlattice-like materials is shorter than the
phonon mean free path, as reported by Simkin et al.*

0.40 ™ T T T T " ™ r T

I 1 ! 1 1 I | 1 !

I 1 1 1 1 1 | 1 1

- P o= 0
< L1 11 e GeTeBiTe, | |
E 035 - | 1 ] 1 1 I 1 1 1
s .1 1 | ®.GeTe/SbTe, | m
R O e
z A e
- 0.30 - I ] 1 1 1 | I [ 1
2 e T e
S b
S A A S
So2sF 1L L
[ ! I 1 1 1 1 I I 1
— I 1 1 1 1 1 1 1 1
£ A A A
So2fF o 1 Lo
= T A T
S

| 1 ‘I 1 ] | | 1 1

A S S T TR SR S S

§ 10 15 20 25 30 35 40 45 50 55
Number of interfaces

Fig. 4 The measured thermal conductivities of superlattice-like
materials with different number of interfaces (N) for GeTe/Bi,Tez and
GeTe/Sb,Tes. Both GTBT and GTST samples are covered with SiO;
layer to guarantee insulation.
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Conclusions

Modifying the component materials and the interfaces, we
proposed Bi-based GeTe/Bi,Te; superlattice-like materials to
significantly reduce the thermal conductivity of phase-change
materials. Based on DFPT method, we calculated the phonon
dispersion curves and PhDOS for GTBT superlattice structures,
and obtained the lattice thermal conductivity along the out-of-
plane direction according to classical theories. The results
revealed that the lattice thermal conductivity or thermal diffu-
sivity of GTBT superlattices would significantly decrease due to
the effects of interfaces and Bi atoms. These change trends are
advantageous for PCM and in line with our expectation. Under
the guidance of DFPT calculations results, we also fabricated
the GeTe/Bi,Te; superlattice-like materials and measured the
thermal conductivity by 3w method. The results on experiments
show an extremely low thermal conductivity at 0.162 W mK *
and in line with the theoretical calculations. Our findings prove
Bi-based GeTe/Bi,Te; superlattice-like materials being prom-
ising candidates as phase change materials with lower thermal
conductivity, which is advantageous to reduce programming
current and suppress the thermal crosstalk between adjacent
storage units in PCM.
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