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The thermophysical properties of Si/Ge hetero-twinned superlattices (SLs) are investigated by
nonequilibrium molecular dynamic simulations. The results indicate that the Si/Ge hetero-twinned SLs
show low thermal conductivity, which is similar to that of conventional Si/Ge SLs. Analysis with phonon
kinetic theory shows that low thermal conductivity in the Si/Ge hetero-twinned SLs is caused by the
combined actions of reduced phonon group velocity and reduced relaxation time. Moreover, despite
similar thermal conductivity in Si/Ge hetero-twinned SLs and conventional Si/Ge SLs, the phonon group
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Introduction

Superlattices (SLs), consisting of periodically alternating nano-
layers, are of great interest due to their wide applications in
many fields, such as in developing high-performance thermo-
electric devices, thermal management in semiconductor
lasers,'™ etc. The previous simulated and experimental results
indicated that the thermal transport properties in SLs can be
adjusted by regulating the lattice period®” and the structures of
interfaces.®®

According to the structures of the interfaces, SLs can be
divided into two kinds: (1) heterostructure SLs (SLs consist of
two components'), and (2) homo-coherent twinned SLs (SLs
consist of nanotwinned layers from one component®). It has
been demonstrated that the cross-plane thermal conductivity of
crystalline heterostructure SLs is much lower than that of bulk
materials with a single component, and, sometimes even lower
than those of their corresponding alloys."*** The significant
reduction of thermal conductivity in heterostructure SLs is
caused by numerous strong scatterings at the heterogeneous
interfaces.™ As for the homo-coherent twinned SLs, the results
are rather different that their thermal conductivity is only
slightly reduced when compared with that of the corresponding
single bulk crystalline, because homo-coherent twin interfaces
show weak effect on thermal transmission.”**
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potential of a new kind of SLs with strong phonon scattering.

By combining the structure properties of heterostructure
and homo-coherent twinned SLs, a new type of SLs, hetero-
twinned SLs, with hetero-coherent twin interfaces periodically
arranged in, has been proposed and observed in experimentally,
which has been reported can be deposited via DC magnetron
sputtering at room temperature.’®"” Although the mechanisms
responsible for mechanical properties of the hetero-twinned
SLs have been studied," their thermal properties are still
puzzled. To clear this issue, Si/Ge hetero-twinned SLs are
chosen as the object of study, and their thermal properties have
been investigated. The results indicate that Si/Ge hetero-
twinned SLs show low thermal conductivity due to the
reduced average phonon group velocity and relaxation time.

Simulation section

To build Si/Ge hetero-twinned SLs, the X, Y, Z axes of Si layers
correspond to the lattice orientations of [110], [112], [111], and
[110], [112], [111] for Ge layers. The lattice constant of single crystal
Si (as;) at 0 K is 5.43 A, and that of single crystal Ge (ag.) is 5.66 A;
thus, the lattice misfit between Si and Ge single crystal is 4%. To
build Si/Ge hetero-twinned superlattice samples, an average lattice
constant of Si and Ge, [111], is used to arrange atoms. Fig. 1 shows
a typical model of Si/Ge hetero-twinned SLs, which is created by
periodically stacking Si/Ge thin slices on upon the other along the
[111] direction. The unit cell (the periodic thickness D is 1.93 nm)
for the periodic slice of Si/Ge hetero-twinned SLs has been placed
in Fig. 1(a), as well as that of conventional Si/Ge SLs in Fig. 1(b),
SipsGeg s alloys in Fig. 1(c), single crystal Si in Fig. 1(d), and
twinned Si in Fig. 1(e). In simulation, the periodic thickness D of
Si/Ge hetero-twinned SLs, conventional Si/Ge SLs and twinned Si
varies from 1.93 to 57.83 nm. The cross sections of the five models
are all 2.05 nm x 1.97 nm, and model lengths along [111] direc-
tion range from 81 to 230 nm.
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Fig. 1 A schematic diagram for typical [111] oriented structure, and unit cells for (a) Si/Ge hetero-twinned SLs, (b) conventional Si/Ge SLs, (c)
Sig.sGeg s alloys, (d) single crystal Si, and (e) twinned Si are shown. The blue atoms are Si, and the green atoms are Ge.

In this work, molecular dynamic (MD) simulations* have
been applied to study the thermal transmission in Si/Ge hetero-
twinned SLs by using LAMMPS package.** In all MD simulations
here, the Tersoff potential® is used to describe the covalent
interactions between Si and Ge atoms. Periodic boundaries are
used in all three directions. Time step in all MD simulations are
1 fs. The atomic structures of Si/Ge hetero-twinned SLs are first
equilibrated at a constant temperature of T'= 300 K for 500 ps
using a NVT ensemble. After that, the non-equilibrium MD
simulations (refer to ESIT) are conducted on the relaxed struc-
tures for thermal conductivity calculation by using Fourier's

law.?2

Results and discussion

Thermal conductivities of Si/Ge hetero-twinned SLs with
different model lengths are calculated along [111], so as to
eliminate the effect of model length on thermal conductivity of
bulk Si/Ge hetero-twinned SLs. As suggested by Schelling et al.,*
the inverse of thermal conductivity (1/K) is linearly related to the
inverse of model length (1/L), which can be expressed by the
following relationship:

1 1 [Is

XK. (T - 1) @
where K. is the thermal conductivity of bulk Si/Ge hetero-
twinned SLs, and Ig;, is the effective phonon mean free path in
SLs. Thus, the thermal conductivity of bulk Si/Ge hetero-
twinned SLs can be obtained by extrapolating this linear rela-
tionship, as shown in Fig. S1.7 In this way, thermal conductiv-
ities of bulk Si/Ge hetero-twinned SLs with different periodic
thicknesses are calculated, and the results are plotted in Fig. 2.
Thermal conductivities of bulk single crystal Si, twinned Si,
Sip.5Gey 5 alloy, and conventional Si/Ge SLs along [111] are also
calculated by NEMD simulation (refer to ESI 11) for comparison,
and they are also shown in Fig. 2. Our simulated thermal
conductivity of bulk single crystal Si is consistent with the
previous reported results,* demonstrating that our computa-
tional method is reliable. It can be noticed that when the peri-
odic thickness Dp of Si/Ge hetero-twinned SLs varies from 1.93

29960 | RSC Adv., 2017, 7, 29959-29965

to 57.83 nm, their thermal conductivities are largely reduced
compared with that of single Si crystal and Si, 5Geg 5 alloy. In
particular, when the periodic thickness is 15.4 nm, the thermal
conductivity of bulk Si/Ge hetero-twinned SLs can amount to
only 17% of that of single Si crystal, and 36% of that of Si, 5Ge 5
alloy. Moreover, comparison between thermal conductivities of
bulk Si/Ge hetero-twinned SLs, twinned Si and conventional Si/
Ge SLs has also been made; it shows that when the periodic
thickness of these three structures is the same, the thermal
conductivities of bulk Si/Ge hetero-twinned and conventional
Si/Ge SLs are almost the same, while they are much smaller than
that of bulk twinned Si. Thus, it can be concluded that the
results show low thermal conductivity in bulk Si/Ge hetero-
twinned SLs, and that phonon scattering in bulk Si/Ge hetero-
twinned SLs is much stronger than that in bulk single Si
crystal, twinned Si, and Siy 5Ge, s alloy, while it's almost same
with that in the conventional Si/Ge SLs.

It should also be noticed in Fig. 2 that thermal conductivity
of bulk Si/Ge hetero-twinned SLs doesn't vary monotonously
with the increase of periodic thickness, which has also been
observed by many other researchers in superlattice systems.>”*
To explore the origin of this phenomenon, the total thermal
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Fig. 2 Periodic thickness dependence of thermal conductivity for Si/
Ge hetero-twinned SLs, in comparison with that of single crystal Si,
twinned Si, Si/Ge alloy and conventional Si/Ge SLs.
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resistance of SLs Rg;s has been described by the summation of
thermal resistance for individual layers as well as that for
interfaces, as shown in eqn (2)

RSLs = RSi,N + RGe,N + Rinterface (2)

where Rgin is the total thermal resistance for individual Si
layers, Rgen is the total thermal resistance for individual Ge
layers, and Rincerface 1S the total thermal resistance of interfaces.
For a SLs structure with a length of L, total length of Si and Ge
layers are both L/2, the number of Si and Ge layers are both L/D,
and the number of interfaces is 2L/D, thus, eqn (2) leads to

111 2Rg )
Ksis 2Ky 2Kge D

where Kgps is the thermal conductivity of SLs, Ksj, Kge are
thermal conductivity of Si, Ge individual layers. When the
period thickness of individual layer D is extremely larger than
the phonon mean free path, phonon scattering within an
individual layer will be diffusive,* and thermal conductivity of
individual Si and Ge layers equals to that of single crystal Si Kg;.
sing and single crystal Ge Kge.sing (independent on the periodic
thickness). As a result, eqn (3) takes the form

>+& @)

1 1( Lo,
KSLS 2 KSi-sing KGc-sing D

While when the periodic thickness is sufficiently smaller
than the phonon mean free path, phonon scattering within the
individual layer will be ballistically*® (no thermal resistance in
individual layers), thus, the total thermal resistance of the
superlattice equals to the total interface thermal resistance, and
in this situation, eqn (3) can be expressed as

1 2R
KSLS D

(5)

For periodic thickness comparable to phonon mean free
path, combination of diffusive and ballistic phonon scattering
will occur within the individual layer. By combining eqn (4) and
(5), we can obtain that

1 1 1 1 2Rk 2R
=Mx|=(— KA N 2R (6
KSLS % {2 <KSi-sing + KGe-sing) + D :l * x D ( )

where M and N are contribution of diffusive and ballistic
phonon scattering in the thermal transmission of Si/Ge hetero-
twinned SLs, and they satisfy that M + N = 1. Moreover, eqn (6)
can be used to express the thermal transmission in SLs for all
possibilities with the variation of M and N. Due to the linear
relationship between the inverse of model length 1/L and the
inverse of thermal conductivity 1/Ks;j.ging, 1/Kge-sing» 1/Ksrs in eqn
(6), it can be easily deduced that for a certain periodic thickness
D, interface thermal resistance in bulk SLs Ry, is also linearly
related to 1/L.

To obtain interface thermal resistance in bulk SLs Rk,
NEMD simulations (refer to ESI 2t) are carried out on Si/Ge
hetero-twinned SLs with different model length for different
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periodic thickness. Inset in Fig. 3 shows the model length
dependent interface thermal resistance in Si/Ge hetero-twinned
SLs with D = 7.73 nm, 19.32 nm and 57.83 nm, it can be seen
that with the increase of periodic thickness, the interface
thermal resistance is decreased, and the relationship between
Rg and 1/L is indeed linear, which can also be observed in other
periodic thickness. By using extrapolation method, interface
thermal resistance in the bulk SLs with different periodic
thickness can be obtained, and results have been plotted in
Fig. 3. It can be seen that with the periodic thickness decreases
from 57.83 nm to 1.932 nm, interface thermal resistance in the
bulk SLs Ry.;, decreases from 5.34 x 10" m*> K W' to 2.5 x
107" m?®> K W', especially when the periodic thickness
decreases from 15.47 nm to 1.932 nm, Rk, decreases rapidly
and almost linearly. When the periodic thickness ranges from
1.932 nm to 15.47 nm, coherent phonons exist. With the
decrease of periodic thickness, the action of coherent becomes
stronger. Such coherent phonon behavior will eliminate the
effect of interface phonon scattering,”® thus, leading to rapid
decrease of interface thermal resistance, and further causing
the decrease of Si/Ge hetero-twinned SLs thermal conductivity
with periodic thickness increases from 1.932 nm to 15.47 nm.
While when the periodic thickness ranges from 19.32 nm to
57.83 nm, coherent phonons almost don't exist, and as a result,
the interface thermal resistance becomes more and more close
to a fixed value, and further, the thermal conductivity of Si/Ge
hetero-twinned SLs increases with increased periodic thick-
ness. The nonmonotonic dependence of Si/Ge hetero-twinned
SLs on periodic thickness is caused by the combined action of
phonon coherent and interface phonon scattering.*® Our results
also support a hypothesis that in SLs with a short periodic
thickness, there are almost no interfaces and the whole SLs
should be considered as a giant lattice.””

To explore the strong phonon scattering in Si/Ge hetero-
twinned SLs, phonon density of states (PDOS) for Si/Ge
hetero-twinned SLs with a periodic thickness of 1.93 nm, as
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Fig. 3 Periodic thickness dependent interface thermal resistance in
bulk Si/Ge hetero-twinned SLs. Inset: linear relationship between the
inverse of model length and interface thermal resistance for Si/Ge
hetero-twinned SLs with a periodic thickness of D =7.73 nm, 19.32 nm
and 57.83 nm.
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well PDOS that for single crystal Si, twinned Si, Siy sGe, 5 alloy,
and conventional Si/Ge SLs with similar structures and the
same atom number, are calculated by using PHONOPY.?® As can
be seen from Fig. 4, the PDOS of Si/Ge hetero-twinned SLs is
similar to that of the conventional Si/Ge SLs, and the high
frequency peaks in the PDOS of the two structures are both
approximately at 8.1 THz, thus resulting in the similar thermal
conductivity for them. At the same time, when compared with
single crystal Si, twinned Si and SipsGeos alloy, there is
a distinct redshift for the PDOS in Si/Ge hetero-twinned SLs,
which indicates the possibility of increased phonon scattering
in Si/Ge hetero-twinned SLs, under the condition that the total
number of phonon modes is exactly the same for the above five
structures. Thus, it can be concluded that the redshift of the
phonons with high frequency results in the low thermal
conductivity of Si/Ge hetero-twinned SLs.* Besides, the similar
PDOS of bulk twinned Si and the single crystal Si can also be
observed, which indicates the weak phonon scattering at twin
boundaries.

Since it is well known that phonons are primary heat carriers
in semiconductors,* low thermal conductivity of bulk Si/Ge
hetero-twinned SLs has also been studied by phonon kinetic
theory, in which thermal conductivity K can be described by**

K= %vagl = %vagzr, (7)
where Cy is the specific heat capacity, v, is the average phonon
group velocity, [ is the phonon mean free path, and t is the
relaxation time.

In comparison with thermal transmission in bulk Si/Ge
hetero-twinned SLs (Dp = 1.93 nm), this characteristic has
also been analyzed for single crystal Si, twinned Si, SiysGey 5
alloy and conventional Si/Ge SLs with similar structures and the
same atom number by phonon kinetic theory. Specific heat
capacities of these structures at room temperature are calcu-
lated by using PHONOPY firstly (details can be found in ESI 37),
and results are summarized in Fig. 5(a). It can be seen that with
the increase in temperature, the specific heat capacity is
increased, and finally it reaches a constant value when the
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Fig. 4 Comparison of phonon density of states for Si/Ge hetero-
twinned SLs (the red), single crystal Si (the green), twinned Si (the pink),
Sig.sGeg 5 alloy (the black) and conventional Si/Ge SLs (the blue).
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temperature is between 800 and 1000 K. For single crystal Si and
twinned Si, the value®?is 2.1 x 10°J K~ m?, and for bulk Si/Ge
hetero-twinned SLs, Si, 5Ge, s alloy and conventional Si/Ge SLs,
the value is 1.95 x 10° J K * m>. A crossover of specific heat
capacities for the five structures occurs at 300 K, and this
distinct value®®is 1.71 x 10°J K~* m>. Thus, it can be concluded
that when compared with the other four structures, low thermal
conductivity in Si/Ge hetero-twinned SLs is not related to the
specific heat capacity at room temperature.
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Fig. 5 Comparison of (a) specific heat capacity, (b) phonon group
velocity, and (c) relaxation time for Si/Ge hetero-twinned SLs, single
crystal Si, twinned Si, Sig 5Geg 5 alloy and conventional Si/Ge SLs. For (b)
and (c), only the acoustic branches are shown, “TALl", “TA2" and "LA"
correspond to two transverse branches and one longitudinal branch.
“Si" corresponds to single Si crystal, “Twinned Si” corresponds to
twinned Si crystal, “Alloy” corresponds to SigsGeg s alloy, "Con-SLs”
corresponds to conventional Si/Ge SLs, and "Hete-TB SLs" corre-
sponds to Si/Ge hetero-twinned SLs.
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The phonon group velocity can be obtained from the
following relationship*

ve = (0w/dq), (8)

where q is the wave vector, and w is the frequencies of both the
acoustic and optical branches in phonon spectra. Fig. S37
presents phonon dispersion of acoustic branches (longitudinal
and two degenerated transverse modes), which are the primary
carriers of thermal transmission, for the five structures. It is
clearly shown that compared with bulk single crystal Si, twinned
Si and Siy 5Ge, 5 alloy, dispersion curves of Si/Ge hetero-twinned
SLs are dramatically depressed, and moreover, they are also
gentler than that of the conventional Si/Ge SLs. By applying eqn
(8), phonon group velocity v, for the five structures at different
frequencies is calculated. As shown in Fig. 5(b), vy of Si/Ge
hetero-twinned SLs at each frequency is smaller than that of
the four other structures. As a result, the average value of v, for
Si/Ge hetero-twinned SLs (3273 m s ') is lower than that of
conventional Si/Ge SLs (3619 m s~ '), Si/Ge alloy (3999 m s~ %),
single Si crystal (5078 m s~ ') and twinned Si (5615 m s~ '), as
shown in Table 1. Thus, the reduced phonon group velocity in
Si/Ge hetero-twinned SLs largely contributes to the low thermal
conductivity in Si/Ge hetero-twinned SLs according to eqn (7).
It's worth noting the lower phonon group velocity in Si/Ge
hetero-twinned SLs compared to that of the conventional Si/
Ge SLs; this indicates that despite of the similar thermal
conductivities in the two structures, they show different effects
on phonon group velocity.

In addition to the volume heat capacity and phonon group
velocity, relaxation time 7 is also a significant factor that affects
thermal transmission in Si/Ge hetero-twinned SLs. The relaxa-
tion time 7 can be obtained by applying a semi-empirical theory,
in which 7 strongly depends on the anharmonicity of the
bonding, and it can be expressed by****

_ Mygy,’
 Ukgay?e?T’

©)

()
where A is a parameter related to the intrinsic material prop-
erties, M is the average mass of the cell, v, and v}, are the group

and phase velocities respectively, kg is Boltzmann constant, a’ is
the volume per atom, w is phonon frequency, 7 is temperature,

Table 1 Calculated average values of group velocity (), phase
velocity (vp), Grlneisen parameter (), relaxation time (7), thermal
conductivity from phonon kinetic theory (Kpy) and in MD simulation
(Kmp) for Si/Ge hetero-twinned SLs (Hete-TB SLs), single crystal Si (Si),

twinned Si, Sig 5Geg s alloy (Alloy) and conventional Si/Ge SLs (Con SLs)

Hete-TB Con Twinned

SLs SLs Si Si Alloy
Vg (m Sil) 3273 3619 5615 5078 3999
¥ (ms™) 3997 4140 5948 5943 4211
Y 0.447 0.632 0.407 0.387 0.564
T (ps) 5.11 4.21 9.03 8.97 5.42
Kpyy (W mK™ 1) 31.2 31.4 162.3 131.8 49.4
Kyp (WmK™") 285 29 162 138 62

This journal is © The Royal Society of Chemistry 2017
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and v is the mode Griineisen parameter,*® which, for each mode
i and frequency w, is defined as the logarithmic derivative of the
phonon frequency w with respect to the volume V of the crystal
that vi(w) = d In w/d In V|;.

To calculate the relaxation time of Si/Ge hetero-twinned SLs,
both frequency-dependent phase velocities and Griineisen
parameters have been calculated. The same has been done for
bulk single crystal Si, twinned Si and SipsGeos alloy and
conventional Si/Ge SLs. As shown in Fig. S5,7 when compared
with single Si crystal, the existence of twin boundaries almost
has no effect on phase velocity, while the phase velocity of Si/Ge
hetero-twinned SLs is largely reduced, and it is even lower than
that of conventional Si/Ge SLs. Consequently, the average phase
velocity of Si/Ge hetero-twinned SLs is the lowest among the five
structures, as shown in Table 1. As for Griineisen parameters,
which have been plotted in Fig. S6,7 compared with the other
four structures, the existence of Si/Ge hetero-twinned bound-
aries has strong effect on it at different frequencies. The average
values of Griineisen parameters for the five structures can also
be found in Table 1. It can be seen that compared with single
crystal Si, Griineisen parameters of Si/Ge hetero-twinned SLs,
the conventional Si/Ge SLs and Si/Ge alloy are increased, while
this parameter for the twinned Si is only slightly reduced. After
calculation of phase velocity and Griineisen parameters,
according to eqn (9), A is the only parameter needed to be
determined. To this end, the average values of group velocity,
phase velocity and Griineisen parameters of single crystal Si in
Table 1 are used, and the value of A is determined as 9.1 x 10°.
Assuming that for all the five structures, value of 4 is the same,
thus eqn (9) leads to

vp.2
Mvyv,

=91x10°—2B
o) x kgay?w?T’

(10)

Fig. 5(c) shows the frequency-dependent relaxation time t for
the five structures. It can be seen that relaxation time differs
largely with the variation of phonon frequency. Especially, when
the frequency is low, the relaxation time can amount to more
than 10 ns, which is consistent with the previous results for LA
branch in single crystal Si.*” For one branch of acoustic trans-
verse modes in twinned Si, 7g;.1g, is almost the same with that of
the single Si crystal tg;, while tg;1p differs from tg; for the left
branch of acoustic transverse mode and longitudinal mode; 7g;.
s is lower than tg;, especially at the frequency between 1 to 1.3
THz. The Moreover, different relaxation times of Si/Ge hetero-
twinned tgjge-rs and conventional Si/Ge SLs 1gjge can also be
observed. For one acoustic transverse branch, tsj/ge-rp is higher
than gy at the frequency between 0 to about 0.5 THz. The
same is true for the acoustic longitudinal branch at the
frequency close to 1 THz. Considering the combined actions of
phonons in the entire frequency range, the integrated relaxation
time was calculated by inserting average values of parameters in
eqn (10). As shown in Table 1, when compared with single Si
crystal, the relaxation time of twinned Si is only slightly
reduced, indicating the weak effect of twin boundaries on
relaxation time. The relaxation time of Si/Ge hetero-twinned SLs
is largely reduced, and it makes a significant contribution to the

RSC Adv., 2017, 7, 29959-29965 | 29963
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low thermal conductivity in Si/Ge hetero-twinned SLs. More-
over, it can also be observed that the relaxation time of Si/Ge
hetero-twinned SLs is larger than that of conventional Si/Ge
SLs, which demonstrates the different effects of the two struc-
tures on relaxation time.

According to eqn (7), the thermal conductivity can be ob-
tained by a relationship connecting the heat capacity, group
velocity, and relaxation time. Calculated results for the five
structures by phonon kinetic theory have also been presented in
Table 1. It can be seen that compared with single crystal Si,
twinned Si and Siy 5Ge 5 alloy, thermal conductivity of Si/Ge
hetero-twinned SLs is much lower, while it's close to that of
conventional Si/Ge SLs, which is consistent with the results
obtained by NEMD simulations. By combining the calculated
group velocity and relaxation time in Table 1, it can be deduced
that the low thermal conductivity in Si/Ge hetero-twinned SLs is
caused by the combined actions of reduced phonon group
velocity and reduced relaxation time. Furthermore, it can also
be observed that despite of similar thermal conductivities in Si/
Ge hetero-twinned SLs and conventional Si/Ge SLs, the average
phonon group velocity in Si/Ge hetero-twinned SLs is lower,
while the relaxation time in it is larger, which makes up the
smaller group velocity.

Conclusion

In conclusion, by employing nonequilibrium molecular
dynamic simulations, thermal transport in Si/Ge hetero-
twinned SLs have been studied. The results indicate that
compared with single crystal Si, twinned Si and Si, 5Ge, 5 alloy,
Si/Ge hetero-twinned SLs show low thermal conductivity, which
is similar to that of conventional Si/Ge SLs. Phonon kinetic
theory has also been applied to analyze the low thermal
conductivity, and results show that low thermal conductivity in
Si/Ge hetero-twinned SLs is caused by the combined actions of
reduced phonon group velocity and reduced relaxation time.
Moreover, despite of similar thermal conductivities in Si/Ge
hetero-twinned SLs and conventional Si/Ge SLs, which is
caused by the combined action of umklapp phonon scattering
and interface scattering, phonon group velocity and relaxation
time in the two structures are fundamentally different that the
average phonon group velocity in Si/Ge hetero-twinned SLs is
lower, while the larger average relaxation time in Si/Ge hetero-
twinned SLs makes up the lower group velocity exactly. Our
results demonstrate a new kind of SLs with strong phonon
scattering.
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