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A B S T R A C T   

Amorphous interfaces/contacts are ubiquitous in numerous micro/nanoelectronic devices and functional com
posite materials. Traditionally, the thermal resistance of interfaces/contacts was believed to be the primary 
impediment to heat transport. However, in this study, through measuring thermal resistance between crystalline- 
amorphous core-shell Ge nanowires, we unveil an ultrahigh thermal conductance across the point contact be
tween the amorphous shell of Ge nanowires with a room-temperature value of 892 MW/m2-K. This value sur
passes the typical values observed in point contacts between crystalline nanowires/nanoribbons by one to three 
orders of magnitude and even exceeds that of epitaxial interfaces between well-lattice-matched materials. Mo
lecular and lattice dynamic simulations further reveal that the observed ultrahigh thermal conductance is 
attributed to the broadened vibrational bandwidths within the amorphous contact, which facilitates the redis
tribution of phonon energy into a state conductive to more effective interfacial energy transmission, leading to an 
enhanced overlap of phonon modes and, consequently, a heightened thermal conductance.   

1. Introduction 

Nanoscale interfaces/contacts between amorphous semiconductors 
are ubiquitous in numerous micro/nanoelectronic and optoelectronic 
devices, including transistors [1,2], phase-change memory [3,4], 
memristors [5], and photosensors [6,7]. The substantial thermal resis
tance at these nanoscale amorphous interfaces/contacts constitutes a 
critical impediment to heat transport, especially as the characteristic 
dimensions approach the mean free path of energy carriers. This pre
sents a formidable heat dissipation challenge to modern electronics 
[8–10]. For example, thin amorphous dielectric layers, such as SiO2 
[11], HfO2 [12], Al2O3 [13], and SiNx [14], commonly function as gate 
insulators in metal-oxide-semiconductor field-effect transistors. As the 
thickness of these amorphous layers diminishes below 2 nm [15], the 
thermal resistance at the interface/contact approaches or even surpasses 
that of the constituent materials. As such, a fundamental understanding 
of thermal transport through nanoscale amorphous interface/contact is 
needed for the advancement of electronic device design. 

The incorporation of an amorphous phase into a crystalline system 
has been observed to impede thermal transport [16–18]; however, 
whether this phenomenon holds true at the interface/contact remains 
debated. For example, through examining the modal transmission and 
reflection processes across the interface using mode-resolved atomistic 
Green’s functions, Yang et al. reported that the thermal conductance was 
reduced by a factor of 75% from 1.11 GW/m2-K for crystalline Si 
interface to 0.28 GW/m2-K for amorphous interface [16]. In addition, 
introducing an amorphous phase at Si/Al and AlN/GaN interfaces 
notably reduced interfacial thermal conductance, with tunability influ
enced by the strength of interfacial bonding [17,18]. Contrary to pre
vailing observations, recent computational investigations have 
demonstrated that amorphous interfaces can exhibit substantially 
higher thermal conductance in comparison to their crystalline coun
terparts. Notably, non-equilibrium molecular dynamic (NEMD) simu
lations by Giri et al. disclosed a conductance of 1.92 GW/m2-K for the 
amorphous Si/Ge interface, approximately sixfold higher than its crys
talline counterpart [19]. A similar heightened conductance across the 
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amorphous Si/Ge interface was predicted by Goridz et al. through MD 
simulation [20]. This discrepancy in thermal conductance is explained 
by the different heat-carrying vibrations, with non-propagating modes 
(diffusons) dominating in amorphous interfaces, while propagating 
modes (propagons) predominantly contribute to thermal transport in 
crystalline counterparts [19,20]. 

On the experimental side, despite the robust experimental tech
niques for thermal transport across crystalline interfaces, the minimal 
temperature drop across amorphous interfaces, resulting from the 
inherently low thermal conductivity of amorphous materials, poses 
significant challenges in accurately quantifying interfacial thermal 
conductance. To overcome these challenges, Giri et at. fabricated 
amorphous superlattice structures and employed a thermal resistor 
model to determine the conductance across an individual interface. 
They reported an ultrahigh thermal conductance of 909 MW/m2-K 
across the amorphous SiOC:H/SiC:H interface [21]. However, the 
preparation processes for superlattice samples are quite complex. In 
addition, the thermal resistor model is based on a physical picture of 
diffusive transport; while recent experimental observations of 
size-dependent thermal conductivity suggested quasi-ballistic transport 
in amorphous solids [22,23], making the applicability of the thermal 
resistor model questionable. 

To address the aforementioned issues, this study employs crystalline- 
amorphous core-shell Ge nanowires to construct the amorphous point 
contact. The high thermal conductivity of the crystalline Ge core facil
itates a measurable temperature drop across the contact between the 
amorphous shell of the nanowires. Systematic thermal measurements of 
the contact sample and the corresponding single nanowires are con
ducted using a well-established thermal bridge method. The results 
reveal an ultrahigh thermal conductance for the amorphous point con
tact. The underlying mechanisms are further analyzed through NEMD 

simulations. 

2. Material and methods 

2.1. Materials 

Crystalline-amorphous core-shell Ge nanowires were synthesized 
using the chemical vapor deposition method, as thoroughly described in 
previous work [24]. The crystallographic structure and chemical 
composition of the obtained nanowires were characterized by 
high-resolution transmission electron microscopy (HRTEM) and HRTEM 
energy-dispersive X-ray spectroscopy (HRTEM-EDS), respectively. As 
shown in Fig. 1, the synthesized nanowires exhibit a crystalline core and 
an amorphous shell with thickness comparable to the crystalline core. 

2.2. Thermal measurement 

Thermal resistance measurements for the nanowire were conducted 
employing a well-established thermal bridge method within a high- 
vacuum cryostat system (<10− 6 mbar), covering a temperature range 
from 20 to 300 K [25,26]. The micro-device employed in this investi
gation consists of two suspended silicon nitride membranes featuring 
integrated platinum coils, acting as a heater and thermometer for ther
mal measurement. A Wheatstone bridge circuit was implemented by 
introducing a blank device on the sensing side to improve measurement 
sensitivity [26]. 

To validate the assumed constant contact thermal resistance between 
the nanowire and the two membranes as well as to measure the intrinsic 
thermal conductivity of the Ge nanowire, a single nanowire was 
measured at three different suspended lengths from 20 to 300 K. At each 
temperature point, the measured thermal resistance was fitted against 

Fig. 1. (a) TEM and (b) HRTEM images of the crystalline-amorphous core-shell Ge nanowire. The dash lines in (b) indicate the core-shell boundaries. HRTEM images 
on (c) the core and (d) the shell of Ge nanowire. The insets in (c) and (d) show the corresponding selected area electron diffraction pattern. 
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the suspended length. The linear relationship observed between the 
measured thermal resistance and the suspended length verified the 
assumption of constant contact thermal resistance, with the slope and y- 
axis intercept of the fitted line representing the thermal resistance per 
unit length and the contact thermal resistance with the two membranes, 
respectively. Combining this information with geometric details ob
tained from scanning electron microscopy (SEM) characterization 
enabled the determination of the nanowire’s intrinsic thermal 
conductivity. 

2.3. NEMD simulations 

NEMD simulations were performed utilizing the large-scale atomic/ 
molecular massively parallel simulator (LAMMPS) package [27]. The 
amorphous interface state was achieved by subjecting the material to a 
heating process from 300 to 4000 K, maintained for 1 ns, followed by 
rapid quenching to room temperature at a rate of 1.5 × 1015 K/s, with 
the remaining atoms held fixed [28]. The interaction between the atoms 
at the contact was described by the Lennard-Jones potential. The asso
ciated parameters were calculated based on the universal force field and 
interactions among the remaining atoms in the system were modeled 
using the Tersoff potential [29,30]. Lennard-Jones potentials were 
subjected to a cutoff distance of 10 Å and a timestep of 0.5 fs was chosen. 
Periodic boundary conditions were applied in the in-plane (x− y) di
rection, while free boundary conditions were imposed in the 
out-of-plane (z) direction. More details are given in the Supplementary 
Material. 

3. Results and discussion 

Fig. 1 depicts HRTEM images of the measured sample. The nanowire 
exhibits a uniform diameter with a core diameter of approximately 94 

nm and a shell thickness of about 42 nm (Fig. 1a and b). Selected area 
electron diffraction (SAED) patterns acquired at the nanowire center 
confirm the fine single-crystalline structure of the nanowire core 
(Fig. 1c). In contrast, SAED patterns obtained at the nanowire surface 
reveal diffuse rings typical for an amorphous structure (Fig. 1d). The 
HRTEM-EDS analysis indicates that the nanowire primarily comprises 
Ge with a tiny O peak (Fig. S1), potentially originating from the native 
oxide surface layer. The SAED and EDS results collectively confirm that 
the nanowires are crystalline Ge nanowires enveloped by amorphous 
GeOx shells. 

To avoid nanowire-to-nanowire variation during the extraction of 
point contact thermal conductance, a uniform crystalline-amorphous 
core-shell Ge nanowire, spanning tens of microns in length, was cut 
into two segments using a precision-controlled sharp tip mounted on an 
in-house built micromanipulator. These segments were then transferred 
to bridge the two suspended membranes, forming a cross-contact sam
ple, as shown in Fig. 2a for sample S1. The suspended length of the 
contact sample is 7.69 μm with a diameter of 178 nm. A core-shell 
structure was discernible under SEM, as depicted in the inset of 
Fig. 2a. The measured thermal resistance of the contact sample (Rtot_C) 
can be expressed as 

Rtot C =RCM + Rnw C + RC (1)  

where Rnw_C, RC, and RCM represent the thermal resistance of the 7.69 
μm-long nanowire, the contact thermal resistance between nanowires, 
and the contact thermal resistance between the nanowire and the two 
membranes, respectively. After thermal measurement on the cross- 
contact sample, one segment was removed, while the other was real
igned and adjusted to approximate the suspended length of the cross- 
contact sample (Fig. 2b), with a suspended length measured as 7.59 
μm. The thermal resistance of the single sample can be written as 

Fig. 2. SEM micrographs of (a) two crystalline-amorphous core-shell Ge nanowires with a point contact and (b) the corresponding single continuous nanowire on a 
suspended device for thermal measurement (sample S1). The suspended length is 7.69 μm and 7.59 μm for the contact and the single sample, respectively. The inset 
in (a) shows the zoom-in view of the point contact. (c) Measured thermal resistance of the point-contact sample and the single nanowire and the extracted thermal 
resistance of the point contact, RC. (d) Contact thermal conductance (GC) of the point contact between the amorphous shell of Ge nanowires. The diameter of the 
nanowire is 178 nm and the contact area between nanowires is calculated to be 74.9 nm2. 
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Rtot S =RCM + Rnw S (2)  

where Rnw_S denotes the thermal resistance of the 7.59 μm-long nano
wire. Assuming a constant RCM for both measurements and neglecting 
the difference in suspended length, RC was deduced by comparing the 
measured thermal resistance as RC = Rtot C − Rtot S. To facilitate the 
assumption of a constant RCM, the contact length between the nanowire 
and the membranes exceeds 4 μm to ensure thermal equilibrium with 
the membranes. Note that this contact length required for full ther
malization approximates 1 μm according to the fin heat transfer model 
[31]. Thus, the RCM could be regarded as a constant. Further measure
ments on the same nanowire at three different suspended lengths were 
performed to validate the assumption of constant RCM. 

Fig. 2c shows that the measured thermal resistance of the contact 
sample slightly exceeds that of the single nanowire and shares a 
consistent temperature trend. The thermal resistance experiences a 
rapid decrease initially, reaching a minimum value at approximately 90 
K, followed by a gradual increase up to 300 K. By comparing the 
measured resistances of the two samples, the contact thermal resistance 
of the point contact between nanowires (RC) is extracted and plotted by 
the blue circle in Fig. 2c. RC exhibits a distinct temperature dependence 
relative to the nanowire sample, monotonically decreasing at low tem
peratures until ~90 K, then plateauing at approximately 1.4 × 107 K/W 
at 300 K. It is noteworthy that the relative uncertainty of the measured 
thermal resistance is 4% above 100 K and less than 2% below 100 K. The 
extracted RC carries an uncertainty of less than 58% above 100 K and 
61% below 100 K, according to the standard error propagation [32]. The 
detailed uncertainty analysis is given in the Supplementary Material. 

To further understand the results of point contact resistance, we 
normalize RC with the contact area between two nanowires. Fig. S2 
shows the cross-section of Ge nanowires of different sizes, which is 
prepared through sharp probe cutting followed by SEM characteriza
tion. The core-shell Ge nanowires studied in this work exhibit a circular 
cross-section. Three widely used theoretical models− the JKR model 
[33], the DMT model [34], and the Maugis model [35]− are considered 
for determining the contact area between a sphere and a plane. The 
transition across these models is described by a dimensionless transition 
parameter, denoted as μ. Upon integrating the material properties of the 
nanowire, the value of μ is calculated to be 0.28, thereby indicating that 
the Maugis model applies. More details are given in the Supplementary 
Material. The contact area between the core-shell nanowires with a 
diameter of 178 nm is calculated to be 74.9 nm2. This value slightly 
exceeds the 57.8 nm2 observed between multi-wall carbon nanotubes 
(MWCNTs) with a diameter of 68 nm, due to the higher Young’s 
modulus of Ge compared to WMCNT [36]. 

Fig. 2d plots the contact thermal conductance per unit area (GC) as a 
function of temperature. GC follows the typical temperature trend for 
interfacial thermal conductance, escalating rapidly at low temperatures 
and reaching a plateau beyond 90 K. Measurements on a different 
sample (sample S2) following the same approach yielded consistent 
results, as shown in Fig. S3. It is noteworthy that if phonons from the 
crystalline core can ballistically propagate through the thin amorphous 
interlayer, the transmission ratio of these phonons will tend towards 
unity given the same materials on both sides of the amorphous interlayer 
[37], thus resulting in an enhanced GC. Prior wave packet simulations on 
Si/amorphous SiO2/Si sandwiched structures have suggested that 
low-frequency phonons possess the ability to ballistically penetrate 
through a 10 nm amorphous SiO2 layer [38]. Recent measurements on 
double Si nanoribbons with an amorphous SiO2 layer sandwiched 
in-between have further confirmed this phenomenon, demonstrating 
ballistic penetration through amorphous SiO2 up to 5 nm at room tem
perature [39]. Given that Ge exhibits a smaller phonon mean free path 
compared to Si due to its heavier atomic mass, it is reasonable to 
anticipate that the ballistic phonon penetration depth in amorphous 
GeOx layer would be smaller than that observed in amorphous SiO2 
(typically in the range of 5–10 nm). Considering that the thickness of 

amorphous layer in our sample is tens of nanometers, it is concluded that 
the phonons from the crystalline core are unable to ballistically pene
trate through the amorphous interlayer. 

At room temperature, the value of GC reaches 892 MW/m2-K, 
markedly surpassing most reported GC value in the literature for the 
crystalline vdW contacts, as illustrated by the open symbols in Fig. 3. 
Yang et al. measured contact thermal resistance between MWCNTs and 
reported a GC on the order of 108 W/m2-K at room temperature [36], as 
shown by blue open squares in Fig. 3. The GC of the planar contact be
tween crystalline copper phthalocyanine (CuPc) nanoribbons was re
ported to be on the order of 105 W/m2-K (purple open stars) [40], owing 
to the rather weak vdW interaction and substantially reduced real 
contact area induced by nanoscale surface roughness. A similar ultralow 
GC in the range of 105-3.5 × 106 W/m2-K between a Bi2Te3 nanoplate 
and Pt electrodes was reported by Pettes et al. (black open triangles) 
[41]. Compared to these crystalline contacts, the obtained GC for the 
point contact between amorphous nanowires is approximately one order 
of magnitude higher than that of the point contact between MWCNTs, 
and approximately three orders of magnitude higher than the planar 
contact between nanoribbons. The markedly low GC of the planar con
tact is attributed to the limited intimate contact between two rough 
nanoribbons, which primarily occurs at a restricted number of pro
truding asperities [40]. For example, Persson and Scarraggi showed that 
the real-to-nominal contact area ratio remains approximately 0.06 
under zero external load for planar surfaces with a root-mean-square 
roughness of 0.6 nm and an adhesion energy of 0.1 J/m2 (value 
typical for vdW interfaces) [42,43]. In contrast, the point contact be
tween nanowires involves two cylindrical structures with 
nanometer-scale radii of curvature coming into contact, which could 
render an enlarged effective contact area relative to the planar contact. 
Furthermore, the lower elastic modulus of the amorphous layer 
compared to its crystalline counterpart facilitates elastic deformation 
upon contact, thereby further enlarging the contact area. 

Fig. 3 further compares the measured GC for the amorphous point 
contact with those reported for crystalline/amorphous interfaces, as 
marked by half-filled symbols. Interfacial thermal transport across 
crystalline interfaces has been extensively investigated using well- 
established theoretical models and robust experimental techniques. 
Typical thermal conductance for a crystalline interface falls within the 
ranges from 20 to 300 MW/m2-K, depending on factors such as interface 
quality, bonding strength, and phonon properties of constituent mate
rials [44,45]. The upper limit for phonon-dominant interface is repre
sented by the thermal conductance of epitaxial interfaces between well 

Fig. 3. Comparison of the GC for the point contact between amorphous Ge 
nanowires with those reported for crystalline MWCNT/MWCNT point contact 
[36], crystalline CuPc/CuPc planar contact [40], crystalline Bi2Te3/Pt planar 
contact [41], crystalline TiN/MgO interface [46], crystalline Bi/diamond 
interface [45], amorphous SiOC:H/SiC:H interface [21], and amorphous 
SiO2/Al2O3 interface [47]. Open symbols are data for crystalline point contacts, 
half-filled symbols are for crystalline interfaces, and filled symbols are for 
amorphous interfaces/contacts. 
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lattice-matched materials, such as TiN/MgO interface (olive half-filled 
circles) [46]; while the interfaces between highly dissimilar materials, 
such as Bi/diamond (green half-filled triangles) [45], stand as the lower 
limit. In comparison, interfacial conductance across the amorphous in
terfaces has received much less attention. Fong et al. reported a high 
thermal conductance of 670 MW/m2-K between the amorphous SiO2 
and Al2O3 interface using steady-state Joule-heating and electrical 
thermometry (pink-filled triangle) [47]. This unusually high thermal 
conductance was explained by the broadened phonon modes between 
amorphous materials. Recently, Giri et al. demonstrated an ultrahigh 
conductance of 909 MW/m2-K at amorphous SiOC:H/SiC:H interfaces 
using a time-domain thermoreflectance technique, attributing it to 
non-propagating modes in the amorphous interface (red filled circle) 
[21]. Compared with these studies, the measured GC of the point contact 
between amorphous Ge nanowires slightly surpasses that of the crys
talline TiN/MgO interface [46], and is approximately two orders of 
magnitude higher than of the crystalline Bi/diamond interface [45], but 
closely aligns with the GC reported for the amorphous SiOC:H/SiC:H and 
SiO2/Al2O3 interfaces [21,47]. 

To elucidate the underlying mechanisms for the observed ultrahigh 
GC, NEMD simulations were performed on thermal transport through the 
amorphous and crystalline contact between Ge nanowires. The precise 
quantification of oxygen concentration within an amorphous GeOx layer 
via TEM is challenging. Here we employed two extreme scenarios, Ge 
and GeO2, to evaluate the effect of amorphous morphology on interfacial 
thermal transport. Fig. 4a illustrates the MD simulation system of two Ge 
nanowires forming a crystalline and amorphous contact, employing the 
Lennard-Jones potential to describe the vdW interaction between the 
atoms at the contact. Fig. 4b shows the temperature distributions along 
the Ge nanowires, from which the temperature drop (ΔT) across the 
contacts can be extracted. Specifically, ΔT is determined to be 32.5 K, 
30.9 K, and 30.1 K for the crystalline Ge, amorphous Ge, and amorphous 
GeO2 contacts, respectively, under identical heat source and heat sink 
temperatures. Consequently, the calculated GC is 28.5 MW/m2-K, 33.1 
MW/m2-K, and 39.6 MW/m2-K for the crystalline Ge, amorphous Ge, 
and amorphous GeO2 contacts, respectively. Although direct compari
son of GC between the NEMD simulations and experimental results is 
challenging, it suggests that the thermal conductance across the amor
phous interface is indeed greater than that across the crystalline inter
face. To further investigate this observation, we turn to material-specific 

lattice dynamics calculations. Fig. 4c compares the phonon density 
states (PDOS) of crystalline Ge, amorphous Ge, and amorphous GeO2, 
derived from recorded atomic velocity during NEMD simulations and 
using an autocorrelation technique [48]. In crystalline Ge, phonon en
ergy concentrates within a narrow frequency range from 3 to 12 THz, 
with distinct peaks around 5 and 10 THz. In comparison, PDOS spectra 
for amorphous Ge are smoother, with dramatically lowered peaks that 
slightly shift toward lower frequencies, broadening the available 
phonon modes for heat transport. Importantly, the cutoff frequency for 
vibrational spectra increases to 15 THz. For amorphous GeO2, PDOS 
spectra exhibit further smoother and broader profiles, with the cutoff 
frequency extending up to 25 THz. This broadened PDOS facilitates 
enhanced overlapping of phonon modes between amorphous contacts 
compared to crystalline counterparts, leading to effective thermal 
coupling and high thermal conductance [47,49]. 

Furthermore, recent studies on amorphous Si/Ge interfaces have 
suggested that the heat carriers across the interface differ significantly 
between the amorphous and crystalline interfaces [9,19–21]. For 
amorphous interfaces, dominant heat-carrying vibrations are 
non-propagating modes (diffusons), contrasting with the propagating 
modes (progagons) dominant in crystalline counterparts. The highly 
interacting vibration modes in the frequency region of 12–13 THz, 
which play an important role in perturbing the natural vibrations and 
affecting the thermal conductance of the crystalline Si/Ge interface, 
were observed to shift to a broader frequency region around 10–14 THz 
and contribute largely to thermal transport across the amorphous 
interface [20]. Transport between diffusions and locons may be 
enhanced by heat bath perturbation, while it is suppressed for the 
propagating modes existing in crystalline materials, thereby contrib
uting to thermal transport at the amorphous interface. More rigorous 
theoretical calculations would be needed to further understand the 
unique vibrational modes at the amorphous interface. 

To validate the assumed constant RCM among different measure
ments as well as to determine intrinsic thermal conductivity, the same 
nanowire was measured at three different suspended lengths, as shown 
in Fig. 5a–c. Fig. 5d plots the measured thermal resistances for the three 
samples, with all three nanowires displaying a consistent temperature 
trend and higher thermal resistance values for larger suspended length 
samples. At each temperature point, the thermal resistance of the core- 
shell nanowire per unit length is derived through linear fitting of the 

Fig. 4. (a) Schematics of the crystalline and amorphous contact between Ge nanowires in the NEMD simulations. (b) Temperature distributions along the nanowires 
for the crystalline Ge (olive open triangles), amorphous Ge (orange open circles), and amorphous GeO2 (royal open stars) contacts. (c) Phonon density of states for the 
crystalline Ge (olive line), amorphous Ge (orange dot), and amorphous GeO2 (royal dash). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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measured thermal resistance against the suspended length, as shown in 
the inset of Fig. 5d for 300 K. To account for the contribution of the 
amorphous shell, the thermal conductivity of amorphous Ge is estimated 
using a theoretical model [50]. More details are given in the Supple
mentary Material. The thermal resistance of the crystalline core is 
extracted based on the shell thickness using the parallel resistor model. 
Subsequently, the intrinsic thermal conductivity of crystalline Ge is 
determined with the core diameter. The relative uncertainty in thermal 
conductivity is less than 20% within the measured temperature range. 

Fig. 5e compares the extracted intrinsic thermal conductivity of the 
crystalline Ge nanowire with literature reports [51,52]. For bulk Ge, 
thermal conductivity rapidly escalates at low temperatures, reaches a 
peak value of 1368.3 W/m-K at approximately 15 K, then decreases 
following the T− 1 trend above 200 K, and saturates with a 
room-temperature value of 52.7 W/m-K. In comparison, the thermal 
conductivity of the Ge nanowire reaches a peak value of approximately 
21.3 W/m-K at ~90 K, subsequently following a T− 0.6 trend above 200 
K. The room-temperature thermal conductivity is 12.1 W/m-K, lower 
than the corresponding bulk value by a factor of ~4.4. Compared to the 
Ge nanowire with a smaller diameter of 62 nm, the measured thermal 
conductivity for the 94 nm nanowire exhibits a slightly larger value and 
a less flat temperature trend above 200 K [52]. 

To elucidate the reduction in thermal conductivity and the flatten 
temperature dependence, we employed the modified Callaway model to 
fit the thermal conductivity of bulk Ge and Ge nanowire [53]. 

κ = κL + 2κT (3)  

where 

κi = κi1 + κi2 (4) 

The partial conductivities κi1 and κi2 (i = T or L represents transverse 
or longitudinal acoustic phonons) are defined as: 

κi1 =
kB

2π2vB

(
kBT
ℏ

)3 ∫ θi/T

0
τi

C
x4ex

(ex − 1)2 dx (5)  

κi2 =
kB

2π2vB

(
kBT

ℏ

)3

[
∫ θi/T

0
τi
C

τi
N

x4ex

(ex − 1)2
dx

]2

∫ θi/T
0

τi
C

τi
Nτi

R

x4ex

(ex − 1)2
dx

(6)  

where x = ℏω/kBT, ω is the phonon frequency, kB is the Boltzmann 
constant, and ћ is the reduced Planck constant. vB is the average phonon 
group velocity and taken as 3500 m/s [51] θi (i=T, L) is the Debye 
temperature and taken as 118 K and 333 K for the transverse and lon
gitudinal branch, respectively [51]. τi

C, τi
R and τi

N (i=T, L) are the com
bined phonon relaxation time, the relaxation time for resistive 
processes, and the relaxation time for normal processes, respectively, 
which can be calculated by 
(
τi

C
)− 1

=
(
τi

R
)− 1

+
(
τi

N
)− 1 (7)  

(
τi

R
)− 1

=
vB

D
+Aω4 + BiUω2Te− Ci/T (8)  

(
τT

N
)− 1

=BTωT4 (9)  

(
τL

N
)− 1

=BLω2T3 (10)  

where D is the characteristic size. A, Bi, and BiU (i=T, L) are fitting pa
rameters. The three terms on the right side of Eq. (8) represent the 
phonon boundary scattering, point-defect scattering, and phonon- 
phonon Umklapp scattering, respectively. The parameters A, Bi and 
BiU (i=T, L) were determined by fitting the measured thermal conduc
tivity of bulk Ge reported in the literature [51], as shown by the solid 
line in Fig. 5e. The fitting parameters are list in Table 1. For Ge nano
wire, all parameters were maintained at the same values as those for 
bulk Ge, with the exception that D was represented by the nanowire 
diameter, i.e., 94 nm. This value is over five orders of magnitudes lower 
than the corresponding value for bulk Ge, indicating a significantly 
enhanced phonon boundary scattering in the nanowire sample. As 

Fig. 5. Intrinsic thermal conductivity of Ge nanowire. SEM images showing the same Ge nanowire sample with a suspended length of (a) 2.02 μm, (b) 5.09 μm, and 
(c) 8.49 μm. (d) Corresponding measured thermal resistance as a function of temperature. The inset in (d) shows the linear fitting of thermal resistance against 
suspended length at 300 K. (e) Extracted intrinsic thermal conductivity of the crystalline Ge nanowire. Literature reports on bulk Ge [51] and Ge nanowire [52] are 
also plotted for comparison. The solid lines in (e) show the results of the modified Callaway model. 
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depicted in Fig. 5e, the thermal conductivity value and its temperature 
trend for the Ge nanowire can be fitted quite well using the parameter in 
Table 1. Therefore, the observed reduction in thermal conductivity and 
the flattened temperature dependence compared to bulk Ge can be 
attributed to the enhanced phonon boundary scattering at the nanowire 
surface. 

4. Conclusions 

In summary, this study reports an ultrahigh thermal conductance of 
the amorphous point contact by measuring the contact thermal resis
tance between core-shell crystalline-amorphous Ge nanowires. NEMD 
analysis indicates that the broadened PDOS for amorphous contact 
renders superior overlap of phonon modes compared to their crystalline 
counterparts, leading to effective thermal coupling and high thermal 
conductance. Additionally, further measurements on the same nanowire 
at three different suspended lengths reveal suppressed thermal con
ductivity and a flattened temperature dependence compared to bulk Ge, 
due to enhanced phonon boundary scattering at the nanowire sample. 
These results provide important experimental evidence for the ultrahigh 
thermal conductance through the amorphous contact, offering valuable 
insights into thermal design for micro/nanoelectronic devices involving 
amorphous dielectric materials. 
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