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Screw dislocations are known to impede the thermal transport of homogeneous nanowires by reducing the
phonon relaxation time without affecting the phonon group velocity. By using molecular dynamics simulations
in this study, we show that the impact of screw dislocation on the thermal conductivity of the SiGe superlattice
nanowires depends on the period length. The analysis of phonon transmission spectra and phonon mean free
paths indicate that strong phonon-screw dislocation scatterings occur for phonons in the frequency range of
3-8 THz. The screw dislocations change the phonon scattering mechanisms, which is the main cause of the
thermal conductivity reduction. Contrary to the case of homogeneous nanowires, a sizable decrease in the phonon
group velocity is found in superlattices with screw dislocations. This phenomenon is attributed to the larger
number of Si-Ge bonds in the vicinity of the interface due to the slipping of the atomic planes. In contrast to
the decreased thermal conductivity, the phonon propagation in the interface region of the nanowires is enhanced
by screw dislocations. Our findings provide critical insights into the understanding of dislocation-heat transfer
relationship in materials, especially in heterostructures where interfaces are vital for thermal transport.

DOI: 10.1103/PhysRevB.100.075432

I. INTRODUCTION

Dislocations are known to influence the formation and
migration of point defects in crystalline materials, which has a
profound impact on the physics of substances [1,2], including
thermal properties [3]. Understanding and characterizing the
screw dislocation (SD) effects on the thermal properties of
bulk and nanomaterials has long been a challenge. Klemens
first treated the static phonon-dislocation scattering using
perturbation theory [4,5], which was recently found to be
insufficient in describing the dislocation impacts on the ther-
mal properties, from both theoretical [6] and experimental
perspectives [1].

In recent years, Dumitricd et al. investigated the relation-
ship between screw dislocation and the electrical and thermal
properties of a series of materials, including ZnO and Si
nanowires and nanotubes, SiC, PbSe, and SiGe nanowires
[6-11]. The observed narrower bandgaps and lower thermal
conductivity in nanowires induced by screw dislocations bring
new perspectives to the nanoscale design of electronic and
thermoelectric materials. For thermal transport, SD was iden-
tified to be a source of anharmonic phonon-phonon scatter-
ing and reduces the relaxation time of longitudinal acoustic
phonons [6]. Termentzidis et al. [12] studied the impact of
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SDs on the thermal conductivity of individual nanowires and
bulk GaN, and found that the interaction between phonons
and the core of dislocations and their strain field leads to the
decrease of the thermal conductivity. Very recently, Sun et al.
[1] measured anisotropic heat transport in single-crystal in-
dium nitride films, which is induced by the oriented edge-type
and screw-type dislocations. These studies have significantly
advanced the knowledge about SDs and how they impact
thermal transport in crystals and nanostructures.

However, the phonon-dislocation interactions observed
in homogeneous materials may behave differently in het-
erostructures, where phonon-interface scattering plays an im-
portant role in heat transfer. Therefore, it remains an open
question whether screw dislocations can result in a major
suppression of thermal conductivity not only in homoge-
neous materials, but also in heterostructures with multiple
interfaces such as superlattices (SLs). The screw dislocations
were previously observed experimentally not only in homoge-
neous materials [13—17] but also in nanocrystals superlattices
[18,19]. In this regard, it is imperative to achieve a direct and
accurate understanding of the effect of SDs on the thermal
transport of superlattices.

Due to their important applications in microelectronics
and thermoelectrics, SiGe SLs and SL nanowires (NWs)
have been studied extensively in terms of thermal transport
[20-31]. It also serves as an ideal model to introduce screw
dislocations due to the small lattice mismatch between Si
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FIG. 1. Pristine (left), 15 (center), and 2b (right) screw dislocated
Si/Ge SL NWs. The cross-sectional area is 4.3 x 3.8 nm?. The
length of the nanowires is 96.0 nm.

Period
length %

&

N

and Ge. In this study, by using molecular dynamics (MD)
simulations, we investigate the Burgers vector and period-
length-dependent thermal transport in SiGe SL NWs. We
aim to not only uncover the impact of SDs on the thermal
conductivity, but also reveal how SDs affect the interfacial
thermal resistance in SLs. Phonon analyses including the
calculations of transmission spectra, dispersion relation, and
group velocity were performed to better understand the phys-
ical mechanisms of the obtained results.

The organization of this paper is as follows. In Sec. II,
we describe the atomic models of SiGe SL NWs in the
calculations, and the methods used for the thermal transport
calculations and phonon analyses. In Sec. III, we show the
results of the period-length- and screw-dislocation-dependent
thermal conductivity, together with the related phonon analy-
ses. In Sec. IV, we show the impact of SDs on the interface
thermal resistance of SiGe SL NWs. Finally, the main findings
of this work are summarized in Sec. V.

II. METHOD
A. Models

We start with 4.3 x 3.8 x 96.0 nm? pristine SiGe SL NWs
with period lengths (PLs) ranging from 0.75 to 48 nm. Normal
to the Si/Ge interface is the [110] crystal direction, which
was reported to be stable in disorder and surface atom re-
construction [32]. The lattice constant of Ge is assumed to
be the same as that of Si (@ =5.43 A) in our simulations
due to their relatively small lattice mismatch, as was done in
Ref. [26]. We put the periodic boundary condition only in the z
direction, which was along the nanowires. Screw dislocations
were introduced to the pristine SL structures with the axis
(along the z direction) located at the center, see Fig. 1. We
considered a minimal Burgers vector of magnitude 15 and 2b,
where b = 3.84 A.
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Models shown in Fig. 2 were used in the nonequilibrium
MD (NEMD) simulations for the phonon transmission spectra
calculations. Because of the multiple interfaces in the SLs, it is
difficult to obtain the thermal conductivity («) from the direct
method in NEMD. We thus resort to equilibrium MD (EMD)
simulations and the Green-Kubo method.

B. Thermal conductivity calculation of SiGe SL NWs with
screw dislocation

The calculations were performed with the equilibrium
molecular dynamics (EMD) simulation by using the Lammps
package [33]. Tersoff potential was used to describe the
atomic interactions [34,35], which has widely been used to
study the thermal conductivities and interface thermal resis-
tance of SiGe systems [25,26,30] The initial structures were
relaxed by using the conjugate gradient energy minimization
algorithm. The NW structures were then evolved for 200 ps
in the canonical ensemble (NVT) in order to impose a tem-
perature of 300 K, and next in the microcanonical ensemble
(NVE) for another 200 ps to achieve thermal equilibrium. The
MD time step was set to 0.2 fs to avoid the impact of energy
drift on the calculated results. Finally, MD runs with lengths
equal to 200 ps were carried out to calculate the thermal
conductivity along the z axis (k). x, was computed based on
the instantaneous z component of the microscopic heat flux
J-(t) and the Green-Kubo formula [36]

VvV +0o0

Ky = mfo (J:(6)j:(0)) dt. ey
In these expressions, kp is the Boltzmann constant, T is
the temperature, and V is the system volume. The angular
brackets denote the ensemble average, performed here over
the microstates of 20 MD measurement runs. To ensure the
obtained results and the main conclusions are independent
of the modeling parameters, we also calculated the thermal
conductivity from the Stillinger-Weber interatomic potential,
and the results are given in the Supplemental Material [37].
Also shown in the Supplemental Material is the running ther-
mal conductivity for SiGe SL NW as a function of correlation
time.

C. Phonon transmission, mean free path, and
group velocity calculations

To identify the mechanism underling the SD effect on
the phonon transport of SL NWs, we calculated the phonon
transmission spectra 7 (w) of the SiGe SL NWs from nonequi-
librium molecular dynamics (NEMD). T (w) was calculated
based on the method developed by Siiskilahti ez al. [38,39].
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FIG. 2. Model used in the phonon transmission calculations. The black dashed lines indicate the three different locations along the wire

for the phonon transmissioncalculations.
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The frequency resolved heat flux between atom i and j can be
expressed as

2

Z Im{v} (w) * Kio;-ﬂjv\f(w)), @)
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where gy, is the simulation time and w is the frequency.
¥ (w) and ’J’f(w) are the Fourier transformed atomic veloc-
ities of atom i in the « direction and atom j in the 8 direction.
For calculating the flux spectra, the force constant matrix is
calculated with the finite displacement method by LAMMPS;
i.e., after relaxing the structures to the potential minimum,
atom 7 is moved in the directions +x, £y, and + z with a small
value (A = 0.01 A). After each displacement, the forces F of
each atom are calculated. As a result, the element of the force

constant matrix can be evaluated as

.
o

K= ®
Here Fj’s ~ and Fj’s * denote the force on atom j in 8 direction
when atom i is displace to —« and +a« directions, respectively.
The heat current across any interface separating adjacent
atom sets L and R can be obtained by summing over atoms in

each set:
q@) =" gisj), “)

ieL jeR

then the phonon transmission function can be defined accord-
ing to the spectral heat current as

q(w)
kg AT’

where AT is the temperature difference of the two thermal
baths in NEMD simulations. Figure 2 illustrates the model
used in the phonon transmission calculations. The atoms at
the two ends of the structures shown in Fig. 2 are fixed.
The atoms located within the distance Ly, = 20 nm from
left and right adjoined to fixed areas are coupled to hot and
cold Langevin heat baths at temperatures 7 + AT /2 and T —
AT /2, respectively. The section between the thermal baths
is 12.2 nm long. The MD time step was set to 0.5 fs, and the
coupling time constant of the Langevin thermostat was chosen
as Time = 1 ps. The mean thermal bath temperature was fixed
as T = 300 K, and AT was set as 60 K. We investigated
the phonon transmission at three different locations along the
wire, respectively, in Si, Ge, and at the interface, as indicated
by the dashed lines in Fig. 2.

From the phonon transmission spectra, we evaluated the
frequency resolved phonon mean free paths (MFPs) from the
following equation [40,41]:

®

Trans(w) =

M(w)
i ©)

Trans(w) =
i@

where the M(w) is the number of phonon modes at a given
frequency w, L is the system length between the thermal baths
as demonstrated in Fig. 2, and A(w) is the effective phonon
MFP at frequency w. The phonon dispersion relations and
the group velocity of SiGe SL NWs were obtained based on
harmonic lattice dynamics [42,43].
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FIG. 3. (a) Thermal conductivity of the pristine SiGe SL NWs
(0b) and the screw-dislocated ones (15 and 2b) with different period
lengths. (b) Thermal conductivity of the screw-dislocated SiGe SL
NWs normalized by that of the pristine structures.

III. RESULTS AND DISCUSSION
A. Thermal conductivity of SiGe SL NWs with screw dislocation

Figure 3(a) shows the calculated thermal conductivity of
SiGe SL NWs at 300 K for both pristine and screw-dislocated
structures and different period lengths. A minimum thermal
conductivity is obtained for all the structures at short periods,
indicating the existence of coherent phonons in both pris-
tine and screw-dislocated SLs. It is a result of the interplay
between the decrease in group velocity and the increase in
phonon lifetimes with increasing SL period [44] (in the next
section we will show that the group velocity first decreases
with period length (from PL = 0.75 nm to PL = 1.5 nm)
and then remain unchanged). At the smallest period length
(0.75 nm), there is a distinct reduction in « of the structures
with SDs, and k decreases with the Burgers vector b. For the
pristine S NWs, the lower-frequency phonons that contribute
to the thermal conductivity were mostly coherent during their
transport through the SL structures until they were scattered at
the NW boundaries. As the coherent length is limited, when
SDs are involved, the dislocation line, which exists throughout
the entire wire, provides additional scattering sites for the co-
herent phonons. This led to a reduction in their heat-carrying
ability and caused an overall decrease in «. For the samples
with period lengths of 1.5 and 3.1 nm, the discrepancy in
k between the pristine structures and the dislocated ones
vanished, as the data are within the error bars. In this period
length region, the phonon coherent length is comparable with
period length, and the coherent phonons are scattered by the
interfaces. In this case, the decrease in « is a combined effect
of interface scattering and phonon-dislocation line scattering,
and their competition weakens the SD effect in x suppression.
As the period length further increases, the interface density
along the NW gets smaller, and the phonon-SD scattering
becomes predominant. Sizable reduction in « can thus be seen
in the structures with SDs, compared with the thermal conduc-
tivity of the pristine structures. The SD effect on the thermal
conductivity is also found for NWs with larger cross-sectional
area [37]. To better demonstrate the « reduction, Fig. 3(b)
shows the thermal conductivity of the screw-dislocated SiGe
SL NWs normalized by that of the pristine structures.
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FIG. 4. Phonon transmission spectra of SiGe SL NWs in the pure
Si, the interface, and the pure Ge sections. The averaged spectrum for
the three locations is also shown.

B. Phonon analysis of SiGe SL NWs with screw dislocation
1. Phonon transmission and mean free paths

Figure 4 depicts the Burgers-vector-dependent phonon
transmission spectra at 300 K. Trans (w) averaged from the
three different locations is also shown. In general, Trans (w)
for the three different locations exhibits similar behaviors. The
transmission of the low-frequency phonons (below 3 THz)
is not sensitive to the screw dislocations due to their long-
wavelength nature. However, the spectra decreases with b
typically in the frequency range 3-8 THz, indicating the
strong phonon-SD scattering. Screw dislocation represents a
significant source of anharmonic phonon-phonon scattering,
and the resulting lower phonon transmission is in accordance
with the b-dependent thermal conductivity shown in Fig. 3.

By using Eq. (5), we calculated the frequency resolved
phonon MFP evaluated at Si, Ge, and the interface, as shown
in Fig. 5. As revealed in the figure, SD decreases the phonon
MFP at the frequency range 3-8 THz. The decrease in MFP
stems from the shorter phonon relaxation time with increasing
Burgers vector, as reported for SiC NWs in our previous
work [6].

To further identify the phonon scattering mechanisms, we
fitted the MFP as a function of the phonon frequency w, and
the results are demonstrated in Fig. 6. For the phonons in the
frequency range of 2.5-6 THz, screw dislocation does not
show obvious impact on the fitting behaviors. The MFP in
Ge sections is proportional to w2, a consequence of phonon-
phonon scattering. For the phonons with the frequency
between 1 and 2 THz, the fitting behavior is significantly
affected by SDs. The MFPs of the phonons in this frequency
range in the pristine Si and Ge sections are proportional to
w~ %% and w31, respectively. With the appearance of SDs, the
scattering obeys the Rayleigh law, and the MFPs in both sec-
tions changed to be proportional to w~*, which corresponds to
the phonon-dislocation scatterings [45]. The above analysis of

FIG. 5. Frequency resolved phonon mean free path in the pure
Si, the interface, and the pure Ge sections. The averaged spectrum
for the three locations is also shown.

A(w) fitting behaviors indicates that SDs change the phonon
scattering mechanisms, which is the cause of the « reduction.

2. Phonon group velocity in SiGe SL NWs

Figure 7 depicts the phonon group velocity V, of the
pristine SiGe SL NWs and the screw-dislocated ones (2b)
with different period lengths. The lattice distortion by SDs
shortens the phonon relaxation time, but rarely changes V, due
to the unaltered force constants, as reported in the previous
study for SiC NW [6]. Unexpectedly, a sizable decrease in
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FIG. 6. Phonon mean free paths of the SiGe systems. The dashed
lines indicate the fitting with the phonon frequency w.
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FIG. 7. Frequency resolved phonon group velocity V, of the pristine SiGe SL NWs (0b) and the screw dislocated ones (2b) with different
period lengths. The insert shows the V, of a pure Si NW with the same cross-sectional area and length.

V, is found for the dislocated SLs with PL = 1.5, 3, and
12 nm, compared with the pristine structures. To elucidate
this observation, account has to be taken of the fact that the
number of Si-Ge bonds (Ns;_ge) in the vicinity of the interface
is increased due to the slipping of the atomic planes in the
screw dislocated structures. Table I summarizes the Nsj_ge in
the vicinity of the interface for 0b, 1b, and 2b structures,
with a cross-sectional area of 4.3 x 3.8 nm?. An increase
can be found in Ngi.g. in the dislocated structures, except
for the one with the smallest period length (PL = 0.75 nm).
A larger Nsige indicates more phonon backscattering due to

TABLE I. Number of Si-Ge bonds in the vicinity of the interface
for Ob, 1b, and 2b structures, with a cross-sectional area of 4.3 x
3.8 nm?.

Period length (nm) 0b 1b 2b
0.75 68 68 67
1.5 68 76 75
3.0 68 76 81
6.0 68 76 81
12.0 68 76 81

the acoustic impedance mismatch, which is presumably the
cause of the V, decrease in the dislocated structures. For the
model with PL = 0.75 nm, Ns; g is not significantly changed
since the Burgers vector is comparable with the thickness of Si
(Ge) layers, and accordingly, there is no obvious change in V,
against the Burgers vector. To further confirm our conjectures,
we calculated V, of pure Si NW, and the results are shown
in the insert of Fig. 7. In the pure Si NW where there
is only homoelemental (Si-Si) bonds, V, is not sensitive to
SD, indicating that the decrease of V, is due to the acoustic
impedance mismatch rather than the anharmonicity caused by
SDs.

C. Impact of SDs on the interface thermal resistance of
SiGe SL NWs

Different from the homogeneous materials, superlattice is
a periodic structure of layers of different materials, which
involves multiple interfaces. The slip of the atomic planes due
to SDs changes the interface structure, which may affect the
interface thermal resistance (Ri,). Unfortunately, it is unclear
how SDs affect Ry, in superlattices. To make progress, we
studied the Burgers-vector-dependent thermal resistance in

075432-5
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TABLE II. Effective thermal resistance (10~° m?>K/W) for the
interface region of the SiGe SL NWs for pristine (0b) and screw
dislocated structures.

Period length (nm) 0b 1b 2b
48 1.50 1.49 1.34
56 1.58 1.46 1.22

the vicinity of the interface in the SiGe SL NWs from NEMD
simulations.

Since the interface is not neat for the systems with SDs, we
define R s as the effective thermal resistance for the interface

region, which was treated as a series resistance that connects
Si and Ge:

Riot = Isi/ksi + Regr + lge/KGe, @)

where «s; (kge) and ls; (Ige) are the thermal conductivity and
length of the corresponding Si (Ge) segment in the structure,
respectively. Note that kg; and kge are model dependent. [g;
(Ige) 1s taken as (Ly-d)/2 where Ly, is the system length
between the thermal baths, and d is the length of a short sec-
tion that covers the interface region, chosen here as 0.94 nm
(see the section between the red dashed lines of Fig. 2). The
total resistance Ry is calculated by applying Fourier’s law
to the whole structure. The linear part of the temperature
gradient was used to calculate the thermal conductivities
of the Si and Ge sections. We studied the Ry of pristine
SiGe NW SL as well as the ones with Burgers vectors
equal to 1b and 2b. We studied two period lengths which
equal 36 and 46 nm. The obtained results are summarized in
Table II.

In contrast to the SD effect on the thermal conductivity,
the phonon propagation in the interface region of the SiGe
SL NWs is enhanced with SD. According to Table II, R is
smaller in the models with SDs compared with that in the
pristine ones, especially for 2b. However, the thermal con-
duction is not supposed to be enhanced since the SD-induced
anharmonicity is adverse to the heat transport. To explain this
unexpected phenomenon, one needs to look into the discrep-
ancies that SDs bring to the interface structure. As shown
in Fig. 1, SD leads to the slipping of atomic planes, which
increases the area of Si-Ge contact by introducing additional
interface parallel to the dislocation line. Based on the classical
acoustic mismatch model (AMM), Merabia and Termentzidis
[46] predicted that for phonons having a wavelength A smaller
than the interfacial roughness parameter, the interfacial ther-
mal conductance increases with the true interfacial area. In
our case, SD causes an interface roughness /, which equals
the magnitude of Burgers vector b. When /4 is small, the
wavelengths of the phonons are in general larger than & and
they see the interface as a planar one: the transmitted heat flux
is then controlled by the projected area. On the other hand,
when the interface becomes rough due to SDs, most of the
phonons have a wavelength smaller than the magnitude of

the Burgers vector, in which case the phonons no longer feel
the interface as planar, phonon scattering becomes completely
incoherent, and the transmitted heat flux is controlled by the
true surface area.

The increase of the phonon propagation in the vicinity
of the interface may also be due to the inelastic phonon
scatterings in the core region of SD. The lattice distortion in
the core region creates additional phonon frequencies beyond
the cutoff frequency [6], allowing for the phonon transmission
above the phonon cutoff frequency of Ge. This assumption
is corroborated by Fig. 4, where the interface transmission
is found between 10-15 THz for screw dislocated structures,
which is beyond the cutoff frequency of Ge (=10 THz).
The interface conductance is believed to govern the thermal
conductivity of SLs [28]; however, it is interesting to note that
this phenomenon is no longer valid in SLs with SDs.

IV. CONCLUSIONS

In conclusion, we investigated the thermal transport-screw
dislocation relationship in SiGe SL NWs by molecular dy-
namics simulations. The coherent phonons are scattered by
the SDs at small period lengths while they ignore the inter-
faces. As the period length becomes longer, the decrease in
k is a combined effect of interface scattering and phonon-
dislocation line scattering, and their competition weakens
the SD effect in x suppression. As the period length further
increases, the phonon-SD scattering becomes predominant.
The calculated phonon transmission spectra and phonon mean
free paths show that strong phonon-SD scattering happens
for phonons in the frequency range 3-8 THz, and SDs
change the phonon scattering mechanisms. Contrary to that
in homogeneous nanowires, a sizable decrease in the phonon
group velocity is found in superlattices with screw disloca-
tions. This phenomenon is attributed to the larger number
of Si-Ge bonds in the vicinity of the interface due to the
slipping of the atomic planes. In contrast to the SD effect
on the thermal conductivity, the phonon propagation in the
interface region of the SiGe SL NWs is enhanced with SD.
This unexpected phenomenon is explained by the increased
interface area caused by the slipping of atomic planes in
screw dislocated structures. The obtained results reveal that
screw dislocations can result in a major suppression of thermal
conductivity not only in homogeneous materials, but also in
heterostructures with multiple interfaces. In combination with
various other phonon suppressing methods [47-49], SD can
reduce lattice thermal conductivity and boost thermoelectric
performance.
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