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Thermal transport in silicon/germanium (Si/Ge) nanostructures has been widely studied in both the cross-plane
and in-plane conﬁgurations. It remains unknown, however, how heat transports in the intermediate conﬁgurations. Here we conduct nonequilibrium molecular dynamics simulations to study the thermal conductance of
Si/Ge nanostructures that gradually change from a cross-plane to an in-plane conﬁguration. The thermal conductances of the cross-plane and in-plane Si/Ge nanostructures are found to be (1.57 ± 0.01) × 108 and
(1.60 ± 0.02) × 108 W/m2-K respectively at 300 K, both smaller than those of the intermediate nanostructures
at the same temperature. As temperature increases, the thermal conductances of the nanostructures decrease,
with those of the intermediate nanostructures exhibiting a stronger temperature dependence. The thermal
conductances are inconsistent with the trend of the overlap of the vibrational density of states (VDOS) but agree
well with the trend of the integrated VDOS in the middle region of the nanostructures.

Silicon/germanium (Si/Ge) nanostructures are important for many
applications (e.g., electronics [1,2], photonics [3–5], sensors [6,7]),
where appropriate thermal transport properties are critical for
achieving the desired performance. Many studies have been carried out
to understand the heat transfer in Si/Ge nanostructures [8–18], especially those with the Si and Ge components arranged in either a crossplane [8,11,14,16] or an in-plane [17,18] conﬁguration. Of particular
interest are the studies on the thermal transport across interfaces, which
have elucidated the eﬀects of the roughness, interdiﬀusion, disorder,
dislocations, and bonding on the thermal boundary conductance
[13,19,20]. It has been shown that an enhanced phonon transmission
can be explained by an increased overlap of the vibrational density of
states (oVDOS) on both sides of the interface [13]. Yet, Zhang et al.
have reported that the oVDOS is not the only reason aﬀecting the
thermal transport property, as a linearly increasing oVDOS with temperature does not corroborate a linearly increasing thermal conductivity [21]. Furthermore, it has been shown that temperature has no
inﬂuence on the phonon transmission in Si/Ge superlattices [14], which
contradicts the well-known temperature-dependence of the thermal
conductivity. Despite the many previous studies, it remains unknown
how heat propagates in the Si/Ge nanostructures with conﬁgurations
intermediate between the cross-plane and in-plane ones. This information, however, is important not only for further elucidating the
eﬀects of the oVDOS and temperature on the thermal transport properties of the nanostructures but also for expanding the thermal design

space for the aforementioned applications.
In this work, we use nonequilibrium molecular dynamics (NEMD)
simulations to study the thermal conductances of Si/Ge nanostructures,
which have conﬁgurations varying gradually from cross-plane to inplane, over the temperature range from 300 to 1000 K. We ﬁnd that the
intermediate conﬁgurations show up to 18% higher thermal conductances than the cross-plane and in-plane ones at room temperature
and that the thermal conductances of all the conﬁgurations decrease
with increasing temperature. Moreover, the thermal conductance results correlate well with the integrated vibrational density of states
(intVDOS) in the middle region of the nanostructures.
Fig. 1(C1)–(C9) shows the nine thermal transport conﬁgurations
considered in this work. Fig. 1(C1) illustrates an xyz coordinate system,
the thermal reservoirs, and the Si and Ge material components. From
C1 to C9, the amounts of the Si and Ge materials are kept the same, so is
the number of interfaces, but the orientation of the interface gradually
changes from vertical to horizontal. It should be noted that the interfaces considered in this work are atomically ﬂat.
The simulations are conducted by using LAMMPS [22]. The initial
structures of the simulated systems are generated by arranging the Si
and Ge atoms in an f.c.c. lattice (in a diamond-like structure) with a
uniform lattice constant 5.550 Å. Each structure contains 74, 16, and 16
unit cells (u.c.) in the x, y, and z directions, respectively. The crystallographic directions in the three directions are all equivalent to [001].
Along the x direction, the simulation domain is divided into ﬁve
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Fig. 2. (a) Illustration of the molecular dynamics simulation setup using C5 at
300 K as an example. The simulation domain contains ﬁxed atoms, hot/cold
reservoirs, and a device region. The length of each region along the x direction
(see Fig. 1(C1)) is given in the brackets as the number of unit cells (u.c.). (b)
Typical temperature proﬁles for C1, C5, and C9 at 300 K. (c) The energy ﬂux
proﬁles corresponding to (b).
Fig. 1. Schematics of the simulation domains. (C1)–(C9) illustrate the nine
thermal transport conﬁgurations, which gradually change from cross-plane to
in-plane. In each conﬁguration, both a front view and an “A-A” cross-sectional
view are shown. The red and orange regions comprise silicon (Si) atoms; the
green and blue regions comprise germanium (Ge) atoms. The red and blue
regions represent hot (TH) and cold (TC) reservoirs, respectively. An xyz coordinate system is shown in (C1). (For interpretation of the references to color
in this ﬁgure legend, the reader is referred to the web version of this article.)

Whereas the temperature proﬁles of C1 and C9 exhibit a large temperature jump at the Si/Ge interface and at regions close to the thermal
reservoirs, respectively, the temperature proﬁle of C5 is smooth over
the entire simulation domain. This suggests that C5 could be a better
scheme for thermal transport. Fig. 2 (c) presents the thermal energy
ﬂuxes at the hot and cold reservoirs corresponding to the temperature
proﬁles in Fig. 2(b). The linear, symmetric energy ﬂux proﬁles conﬁrm
the stability of the simulations. It is clear that under the same temperature bias (i.e., ΔT = 60 K) the heat transfer rate decreases in the
order: C5 > C1 > C9. This again suggests that C5 is a better scheme
for thermal transport than C1 and C9.
To better assess the thermal transport properties of the diﬀerent
conﬁgurations, we calculate their thermal conductances as

regions: a layer of ﬁxed atoms on the left (1 u.c.), a hot reservoir
(4 u.c.), a device region (64 u.c.), a cold reservoir (4 u.c.), and a layer of
ﬁxed atoms on the right (1 u.c.), as shown in Fig. 2(a). We apply free
boundary conditions in the x and y directions and periodic boundary
conditions in the z direction. The temperatures of the hot and cold reservoirs are maintained at T + 30 K and T − 30 K, respectively, with T
being the nominal temperature of the simulation [23]. The Si-Si, Ge-Ge,
and Si-Ge interatomic interactions are characterized by the Tersoﬀ
potential [24]. The time step is 1 fs for all simulations, which is suﬃcient to capture the highest vibrational frequencies in the considered
nanostructures (∼16 THz) [25]. Each simulation is conducted by ﬁrst
equilibrating the material system in NPT for 0.2 ns. Then the atoms at
the two ends are ﬁxed, and Berendsen thermostats [26] are used to
maintain the temperatures of the hot and cold reservoirs at the desired
values. After that, the simulation is conducted in NVE for 9 ns for data
production. We note that upon equilibrium at 300 K the lattice constants of Si and Ge are 5.504 and 5.575 Å, respectively, in good
agreement with the experimental values [27]. For each condition, three
independent simulations are performed and the average results and
their standard deviations are reported. It has been shown that NEMD
simulations have much smaller uncertainties than EMD simulations
[28].
Fig. 2(b) shows typical temperature proﬁles from the simulations.

G″ =

1
dQ
,
Ac ΔT dt

(1)

where Ac is the cross-sectional (normal to the x-axis) area of the nanostructure, and ΔT is the temperature diﬀerence between the hot and
cold reservoirs (i.e., 60 K), Q is the amount of energy added to the hot
(or extracted from the cold) thermal reservoir, and t is time. In fact,
|dQ/dt|/Ac represents the magnitude of the heat ﬂux (i.e., the slope of
the data in Fig. 2(c)). Because Si and Ge have diﬀerent, temperaturedependent coeﬃcients of thermal expansion [27,29], Ac varies slightly
with x. In this work, we adopt the Ac at the “A-A” cross section
(Fig. 1(C1)).
Fig. 3(a) shows the thermal conductances of C1–C9 at 300 and
600 K. At 300 K, the thermal conductances of C1 and C9 are
(1.57 ± 0.01) × 108 and (1.60 ± 0.02) × 108 W/m2-K, respectively.
The slightly smaller thermal conductance of C1 than that of C9 results
from the slightly bigger Ac of C1. The intermediate conﬁgurations exhibit higher thermal conductances than the cross-plane and in-plane
2
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Fig. 3. (a) Thermal conductances of the nine Si/Ge nanostructures (see
Fig. 1(C1)–(C9)) at 300 and 600 K. (b) Variation of the thermal conductances of
C1, C5, and C9 with temperature.

conﬁgurations, achieving a maximum of (1.85 ± 0.02) × 108 W/m2-K
at C5. These results conﬁrm that C5 is indeed the best scheme among
the nine for thermal transport. Similar results are observed at 600 K,
although the diﬀerence between the thermal conductances of C1 and C5
reduces to 13%.
We further examine the temperature dependence of the thermal
conductances of C1, C5, and C9, which are three characteristic conﬁgurations. Fig. 3(b) shows their thermal conductances in the temperature range from 300 to 1000 K. The thermal conductances of C1
and C9 have a similar temperature dependence: they remain robust up
to about 600 K and then decrease with increasing temperature at a similar rate. In contrast, the thermal conductance of C5 has a plateau
only up to about 400 K and then decreases with increasing temperature
at a larger rate. In the entire temperature range, the order of the
thermal conductances (i.e., C5 > C9 > C1) remains unchanged.
To understand the thermal conductance results, we evaluate the
local VDOS at seven regions (Fig. 4(a)), which are 4 u.c.-thick slabs at
x = 1, 5, 20, 35, 50, 65, and 69 u.c., respectively. The VDOS is calculated as [30]

VDOS(f ) =

∞

<∑

N

v (t )·v (0) >

∫−∞ < ∑Ni=0 vi(0)·vi (0) > e−i2π ftdt,
i=0

Fig. 4. (a) Illustration of the seven regions used for calculating the vibrational
density of states (VDOS). (b) VDOS proﬁles in seven regions for C5 at 300 K. (c)
Overlap of VDOS for C1–C9 at 300 K. “m-n” denotes the overlap of VDOS
proﬁles from Region-m to Region-n. (d) Overlap of VDOS for C5 as a function of
temperature.

i

i

factor related to the Bose-Einstein distribution).
Fig. 4(c) shows the four overlaps in C1–C9 at 300 K. From C1 to C5,
all the four overlaps remain nearly constant. From C5 to C9, oVDOS0−1
and oVDOS5−6 decrease dramatically, especially the latter; conversely,
oVDOS1−5 increases signiﬁcantly. oVDOS0−6 follows the trend of
oVDOS1−5 from C1 to C5 and is slightly smaller than the latter, implying the dominating role of oVDOS1−5 over oVDOS0−1 and
oVDOS5−6. From C5 to C9, oVDOS0−6 deviates from the trend of
oVDOS1−5 and remains nearly constant. Although the thermal conductance data from C5 to C9 (Fig. 3(a)) could be explained by the
dominating eﬀects of oVDOS0−1 and oVDOS5−6 over that of
oVDOS1−5, the data from C1 to C5 cannot be explained by the oVDOS
results in Fig. 4(c). Furthermore, the oVDOS results for C5 in the temperature range from 300 to 1000 K (Fig. 4(d)) exhibit no correlation
with the thermal conductance data in Fig. 3(b). Therefore, considering
the oVDOS does not provide a satisfactory explanation to the thermal
conductance data in Fig. 3.
We move on to consider the integrated VDOS (intVDOS) in the
seven regions (Fig. 4(a)). For example, the intVDOS in Region 0 is
calculated as

(2)

where f is the vibration frequency, N is the number of atoms in the
considered region, “〈 ⋯ 〉” is autocorrelation, vi is the velocity vector of
atom i, and t is time. We calculate the VDOS by using the velocity data
from the last 0.05 ns of each simulation. Because the phonon population
increases with increasing temperature and the diﬀerent regions have
moderately diﬀerent temperatures, we report the intrinsic VDOS rather
than the normalized one.
As an example, the VDOS proﬁles for C5 at 300 K at the seven regions are shown in Fig. 4(b). From left to right (i.e., from Region 0 to
Region 6), the most prominent peak in the VDOS proﬁle gradually
switches from around 15 to 9 THz, which are the characteristic peaks of
Si and Ge, respectively [25].
For thermal transport across an interface, it has been shown that the
oVDOS on both sides of the interface plays an important role [13,21].
To examine whether this explanation applies to the conﬁgurations
considered in this work, we calculate the oVDOS values in Regions 0
and 1 (labeled “0–1”), 1–5 (labeled “1–5”), 5 and 6 (labeled “5–6”), and
0–6 (labeled “0–6”). For example, the oVDOS in Regions 0 and 1 is
computed as

oVDOS0 − 1 =

∫0

fmax

min[VDOS0 (f ), VDOS1 (f )] df ,

intVDOS0 =

∫0

fmax

VDOS0 (f ) df .

(4)

Physically, intVDOS0 represents the number of phonons that exist in
Regions 0 (subject to a correction factor related to the Bose-Einstein
distribution).
Fig. 5(a) shows the seven intVDOS values in C1–C9 at 300 K,
whereas Fig. 5(b) shows the seven intVDOS values for C5 in the

(3)

where fmax is the cutoﬀ frequency in the VDOS spectrum. In this work,
we choose fmax = 20 THz. Physically, oVDOS0−1 represents the number
of phonons that coexist in Regions 0 and 1 (subject to a correction
3
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Fig. 6. Distribution of the local heat ﬂux in C1, C5, and C9 along the y direction. The schematics on the right illustrate the corresponding distributions. The
16 subregions are shown in the schematic for C1 by dashed lines.

distribution of the heat ﬂux component in the main transport direction,
i.e., Jx,local/Jx,total.
Fig. 6 shows the heat ﬂux distributions in C1, C5, and C9 along with
their schematics. Whereas the heat ﬂux in C1 is distributed uniformly
except for the slightly lower heat ﬂuxes near the bottom and top surfaces, which are attributable to phonon localization [12,31], the distributions in C5 and C9 are apparently non-uniform, which can be explained by the tilted Si/Ge interface and/or the higher thermal
conductivity of Si than Ge. Our results clearly demonstrate that the
interface orientation has a signiﬁcant eﬀect on the cross-sectional heat
ﬂux distribution in heterogeneous structures. For applications having a
stringent requirement on the heat ﬂux uniformity, C1 is the best among
the nine conﬁgurations.
Lastly, we discuss the eﬀects of the device and thermostat lengths on
the thermal conductances of C1–C9. The bell-shaped trend seen in
Fig. 3(a) results from an interplay among the thermal resistances of the
reservoir/device interfaces, the Si/Ge interface, and the Si and Ge
materials. In this work, we focus on a ﬁxed device length (LD) of around
35.5 nm, which is much smaller than the characteristic phonon mean
free paths in crystalline Si and Ge (i.e., around 300 and 100 nm, respectively [32,33]). As a result, the total thermal resistances are
dominated by the resistances of the reservoir/device and Si/Ge interfaces. As long as this condition is satisﬁed (e.g., for LD < ∼100 nm),
the thermal conductances in this work are expected to remain valid (at
least qualitatively). In the limit of LD ≫ 300 nm, where the thermal
conductivities of Si and Ge have their bulk values and the thermal resistances of the reservoir/device and Si/Ge interfaces become negligible
compared to those of the Si and Ge materials, the thermal conductances
of C1–C9 are expected to increase monotonically from
G′ ′C1 = 2kSi kGe/[LD (kSi + kGe)] to G′ ′C9 = (kSi + kGe)/(2LD), which are
the eﬀective thermal conductances of the serial and parallel thermal
resistance networks, respectively. Substituting with kSi = 156 W/m-K
and kGe = 60 W/m-K [34], we obtain G′ ′C1 = 86.7/LD and G′ ′C9 = 108/
LD. Therefore, G′ ′C9 could be 25% higher than G′ ′C1 in the long LD limit.
Additional studies are needed to investigate how the thermal conductances of C1–C9 change gradually from a bell-shaped trend to a
monotonically increasing one as LD increases. On the other hand, the
length of the thermal reservoirs has an insigniﬁcant eﬀect on the calculated thermal transport properties, provided that the target temperatures can be maintained within a small range by choosing appropriate thermostat parameters [35].
In conclusion, we have conducted NEMD simulations to investigate
the thermal transport in nine Si/Ge nanostructures with the interface

Fig. 5. (a) Integrated VDOS in seven regions for C1–C9 at 300 K (see (b) for the
ﬁgure legend). (b) Integrated VDOS in seven regions for C5 as a function of
temperature. (c) Integrated VDOS in Region 3 for C1–C9 at 300 K. (d)
Integrated VDOS in Region 3 for C5 as a function of temperature.

temperature range from 300 to 1000 K. In both subﬁgures the intVDOS
proﬁles in the seven regions exhibit distinct trends. Surprisingly, the
proﬁles of the intVDOS3 data in Fig. 5(a) and (b) closely resemble those
of the thermal conductance data in Fig. 3(a) and (b), respectively,
which are more clearly seen in Fig. 5(c) and (d). This suggests that
intVDOS3 could be used as a qualitative criterion for characterizing the
thermal conductance of the nanostructures considered in this work. The
special role of intVDOS3 is not unexpected because Region 3 lies in the
middle of the simulation domain so that the inﬂuences of the thermal
reservoirs on the VDOS proﬁle are minimized or cancelled out in this
region. In fact, the intermediate temperature in Region 3 (Fig. 2(b)) is
an evident conﬁrmation of the minimization or cancellation eﬀect.
Because the Si/Ge interfaces have diﬀerent orientations in C1–C9, it
is worth analyzing the cross-sectional heat ﬂux distributions in C1–C9
to understand how the interface orientation aﬀects the heat ﬂow. The
→
heat ﬂux vector J is computed as [12,31]

1
1
→
→
J = V {∑ vi ei + 2
i

∑
i, j , i ≠ j

→
→
rij (Fij·→
vj ) +

→

rij [Fj (ijk)·→
vj ]},
∑→
i, j , k

(5)

where V is the total volume of the considered atoms, →
vi and ei are the
→
velocity and energy (potential and kinetic) of atom i, rij is the distance
→
→
between atoms i and j, and Fij and Fijk are the two/ three-body forces
between/among diﬀerent atoms (i, j, or k). To minimize the eﬀect of the
thermal reservoirs, we consider the atoms in the middle 44 u.c. region
(i.e., at least 10 u.c. away from the thermal reservoirs) in the summations in Eq. (5). Because periodic boundary conditions are applied in
the z direction, it suﬃces to consider the heat ﬂux distribution in the y
direction. We obtain the distribution by dividing the cross section into
16 uniform subregions along the y direction (see the schematic for C1 in
→
Fig. 6) and calculating the J in each of them. A constant heat rate of
5.0 eV/ps is simultaneously added to the hot reservoir and extracted
from the cold reservoir by directly rescaling the velocities of the atoms
in the thermal reservoirs, which allows establishing a temperature
diﬀerence around 60 K across the device region under steady state.
Similar to previous studies [12,31], we focus on the cross-sectional
4
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orientation varying gradually from vertical to horizontal. The intermediate conﬁgurations show up to 18% higher thermal conductances
than those of the cross-plane and in-plane conﬁgurations in the temperature range from 300 to 1000 K. For all nanostructures, the thermal
conductance decreases with increasing temperature, but the intermediate conﬁgurations show a larger rate of decrease. The thermal
conductances are inconsistent with the oVDOS data but correlate well
with the intVDOS in the middle region of the nanostructures. This work
demonstrates that under the constraints of the same amount of materials and the same number of interfaces the intermediate conﬁgurations
could be used to enhance the thermal transport across Si/Ge nanostructures. It also shows that controlling the interface orientation is an
eﬀective way to regulate the heat ﬂow in heterogeneous structures. The
nanostructures considered in this work could be experimentally prepared by mating Si and Ge components grown or cut along speciﬁc
crystalline planes.
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