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We first demonstrate core-shell Si1-xGex alloy nanowires that can 
suppress the phonon propagation in nanowires without reducing 
the electrical conductivity. Non-uniformly distributed structural 
defects in the outer shells of the Si1-xGex nanowires enhance 
boundary scattering during phonon transport, while a defect-
free core provides a current path for electrical carriers. 

With controlled atomic ratio of Si and Ge, the lattice dimension and 
energy band gap of Si1-xGex alloy can be continuously tuned. This 
variability of Si1-xGex alloys lead to numerous applications including 
electronics, optoelectronics, and thermoelectric.1-4 In particular, 
various nanostructured Si1-xGex alloys, such as superlattice 
Si0.84Ge0.16/Si0.76Ge0.24

5 and nanostructured bulk Si1-xGex
6, have been 

suggested to enhance the thermoelectric efficiency by enforcing 
phonon scattering by lattice disorder. Thermoelectric efficiency can 
be determined by the dimensionless figure of merit, ZT = S2σT/k, 
where S is the Seebeck coefficient, σ is electrical conductivity, and k 
is thermal conductivity. The strong correlation between these 
thermoelectric properties has made it difficult to achieve a high 
performance in thermoelectric energy harvesting. In particular, one-
dimensional nanowires have been considered to be very effective 
structures for suppressing the lattice thermal contribution due to the 
large boundary-phonon scattering without reducing electrical 
conductivity.7 Si1-xGex alloy nanowires further reduce thermal 
conductivity by scattering the short and middle range of phonons 
that are not effectively suppressed by the nanowire surfaces.8 
Moreover, in order to maximize the phonon scattering, unique one-
dimensional structures have been studied, such as rough silicon 
nanowires, Si-Ge core-shell nanowires, and silicon nanotubes. For 
instance, nanowires with a rough surface are able to reduce thermal 
conductivity by as much as two orders of magnitude relative to bulk 
crystalline silicon.9 The thermal conductivity of Si-Ge core-shell 
nanowires was decreased by 75% at room temperature because of 
depression and localization of long-wavelength phonon modes at the 
Si/Ge interface.10 In addition, silicon nanotubes can induce a 35% 

reduction in thermal conductivity due to phonon-boundary scattering 
enhancement, which results from a large surface to volume ratio.11 In 
order to obtain a high figure of merit, not only a reduction in thermal 
conductivity, but also an increase or maintenance of electrical 
conductivity is important. In this study, we present core-shell Si1-

xGex alloy nanowires with a defected shell as a useful candidate for 
efficient thermoelectric materials. In addition to binary alloying 
effects, the non-uniformly distributed stacking faults inside the 
taper-shaped nanowire shell can also serve as barriers when phonons 
propagate through nanowires. Thermal conductivity of tapered Si1-

xGex alloy nanowires with an average diameter of 347 nm is as low 
as ~1.24 W/m·K at 300 K.  
 Si1-xGex core-shell alloy nanowires with tapering shape edges 
were grown using Au-catalysed chemical vapour deposition (CVD) 
under an atmosphere of SiH4 (10% in H2), GeH4 (10% in H2), and 
PH3 (100 ppm in H2) as source gases and a doping gas, respectively 
(Figs. 1(a) and 1(b)). The Si substrate was cleaned with an organic 
solvent followed by removal of the surface oxide layer using diluted 
HF solution and 3-nm-thick Au was thermally deposited on the 
substrate. The alloy NWs were then grown by flowing 40 sccm SiH4 
(10 % in H2), 40 sccm GeH4 (10 % in H2) at 480 oC and 50 Torr. In 
order to make an ohmic contact between nanowire and metal 
electrode, we doped the Si1-xGex nanowire by adding 40 sccm PH3 
(100 ppm in H2). The nanowire cores were uniformly grown by the 
typical Au-catalysed vapour-liquid-solid (VLS) mechanism, whereas 
vapour-solid (VS) growth on the nanowire surface resulted in the 
tapered shells and rough edges. As shown in the cross-sectional line 
profiles in Fig. 1(c), Si and Ge are distributed uniformly at tip region. 
At the shell region, however, the relative amount of Ge is higher 
than that of the core. Because there is a limit to the quantitative 
analysis by line scan profile, we also analysed the quantitative 
compositions of the core (point 1) and shell (point 2) by Energy 
Dispersive X-ray Spectroscopy (EDS). In order to evaluate the 
compositions of the core and shell, we assumed that each 
composition of the cores and shells of nanowires is retained during  
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Figure  1.  (a),  (b)  SEM  images of  Si1‐xGex  alloy nanowires; all nanowires have a 

tapering shape and rough surfaces, (c) Composition of  Si1‐xGex  nanowire at the 

tip (point 1 at upper TEM  image) and shell (point 2 at  lower TEM  image) of the 

nanowire by EDS. The scale bars are 100 nm. The left graphs shows distribution 

of Si and Ge at points 1 and 2, the right graphs are the composition Si and Ge at 

points 1 and 2 

VLS and VS growth. The composition ratio of the nanowire core and 
shell were estimated as Si : Ge = 0.30 : 0.70 based on the 
composition of Si : Ge = 0.65 : 0.35 at the tip of the nanowire. The 
thermal decomposition rate of GeH4 is one order of magnitude 
higher than that of SiH4 at 400 °C,12, 13 which results in the higher 
concentration of Ge in the shell. Using Vegard’s law,14 the lattice 
constants of the core and shell were calculated as 5.510 Å and 5.589 
Å, respectively, which indicates that the lattice mismatch between 
the core and shell was ~1.4%. The lattice constant difference 
between the substrate and epitaxially deposited materials inevitably 
cause strain. In order to relax the strain, defects such as dislocations 
and stacking faults along with rough surfaces can be formed in 
nanowires, as shown in Fig. 1(b).  

Figure 2 shows structural features at three different locations 
along the nanowire axis of the tapered Si1-xGex alloy nanowires, with 
diameters of ~20, ~80, and ~800 nm (Fig. 2). At the top region, the 
nanowire has a defect-free structure without an outer shell (Figs. 2(a) 
and (b)). In contrast, as shell thickness increases and tapers, plane 
defects, such as stacking faults, are incorporated into the shell of the 
nanowire due to the accumulated strain (Figs. 2(c) and (d)). The 
shell of nanowire with high Ge concentration was under compressive 
stress while the core was under tensile stress due to lattice mismatch 
between the core and shell. In the core-shell Si1-xGex alloy nanowire, 
when shell thickness is ~20 nm, we can identify different contrasts in 
the shell region due to defect density. In the core-shell structure, 
dislocations are generated due to the lattice constant mismatch.  

 
Figure 2. TEM images of the core‐shell Si1‐xGex alloy nanowire: (a, c, e) are cross‐

sectional TEM images of Si1‐xGex alloy nanowires at the top (d = ~20 nm), middle 

(d = ~80 nm), and bottom (d = ~800 nm) regions; (b, d, f) are the  in‐plane TEM 

images of Si1‐xGex alloy nanowires. There is no shell on the core (a, b) at the top 

region,  and  when  shell  thickness  is  ~20  nm,  the  Si1‐xGex  alloy  nanowire  is 

composed of a defect‐free core and defected shell (c, d). The orange and green 

arrows  in  (d)  indicate ሾ1ഥ11ഥሿ and ሾ111ഥሿ,  respectively.  As  the  diameter  of  the 

nanowires increase, plane defects distribute all over the nanowire to release the 

strain (e, f) 

Perfect dislocation is dissociated into two partial dislocations in 
order to enhance its energetic stability. In the Fig. 2(c), the regions, 
along the [2̄2̄4̄] directions from the core, which is associated with the 
partial dislocations, is brighter than the regions along the [ 2̄ 2̄0] 
direction, which have perfect dislocations. These defects are 
generated between the {111} planes of tapered Si1-xGex alloy 
nanowires, which is perpendicular to the growth direction, as shown 
in Fig. 2(d). As shell thickness increases, strain is accumulated 
inside the core region, and finally the structural defects were 
generated all over the nanowire to release the strain, as shown in 
Figs. 2(e) and 2(f).  

To evaluate electrical property of the nanowires, we fabricated 
electrical devices of the nanowires on a SiO2/Si substrate with Ni/Au 
electrodes. (Fig. 3(a)) These nanowire devices were annealed at 
400 °C for 1 min in a N2 environment to reduce the contact 
resistance between the nanowire and electrodes. Temperature 
increasing rate was 6.3 °C/sec. The electrical resistivities of the 
taper-shaped nanowires were calculated with average diameter 
between two metal electrodes. We measured the resistivity of Si1-

xGex alloy nanowire with diameter 80 nm using 4-point 
measurement and compared the electrical resistivities from 2-point 
measurement of tapered nanowire. From the comparison, the contact 
resistance was found to be negligible (See more details in Electronic 
Supplementary Information). As shown in fitting line of Fig. 3(a),  
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Figure  3.  (a)  Resistivity  of  core‐shell  Si1‐xGex  alloy  nanowires  at  300  K  (black 

squares). Each Si1‐xGex alloy nanowire with a different diameter was measured. 

The inset shows a SEM image of the device. Diameter was the average diameter 

(dmax +  dmin)/2  between  two metal  electrodes  (yellow  dashed  rectangle  in  the 

inset). Resistivities of nanowires with diameters greater than about 500 nm tend 

to increase from a fit to the data. (dashed line) (b) The thermal conductivity of a 

core‐shell  Si1‐xGex alloy nanowire with a diameter of  ~340 nm  (black  squares), 

bulk SiGe (red up‐square), defect‐free Si0.6Ge0.4 alloy nanowire with a diameter of 

65  nm  (blue  squares),  defect‐free  Si0.4Ge0.6 nanowire  with  diameter  300  nm 

(green diamond). The  inset  is a Si1‐xGex alloy nanowire on the MEMS device  for 

thermal conductivities. 

the electrical resistivities of tapered nanowires maintained constant 
values ~30 mΩ·cm up to average diameters of ~500 nm, in spite that 
stacking faults remained in the shell region. We infer that defect-free 
nature of NW core and low defect density in the shell lead to low 
electrical resistivity. In comparison, the electrical resistivity of the 
nanowire whose diameter at the middle point is greater than ~500 
nm significantly increased because of high stacking fault density 
inside of the nanowire. 

Moreover, these nanowire defects can affect the phonon 
propagation. We measured the thermal conductivity of a tapered Si1-

xGex nanowire with an average diameter of ~340 nm (top of 245 nm 
and bottom of 449 nm) at 60−450 K using a micro-device, as shown 
in the inset of Fig. 3(b). In order to reduce thermal contact resistance, 
Pt was deposited by using focused ion beam (FIB) and the sample 
was annealed at 600 °C in a high vacuum environment (better than 
10−6 Torr) (See more details in Electronic Supplementary 
Information). The evaluated Si1-xGex nanowire was composed of a 
core (Si0.65Ge0.35) and taper-shaped shell (Si0.3Ge0.7). The measured 
thermal conductivity of the tapered Si1-xGex nanowire was as low as 
~1.24 W/m·K at 300 K, as plotted in Fig. 3(b) (black squares). This  

 
Figure  4.  Thermal  conductivity  of  a  core‐shell  Si1‐xGex  alloy  nanowire  (blue 

triangles)  and  calculated  thermal  conductivity  of  a  Si0.3Ge0.7  shell  with  planar 

defects  using  the  Boltzmann  Transport  Equation  (BTE) with  Callaway’s model. 

The  specularity  parameter  (α) was  0.2  (green  squares)  and  0.45  (red  circles), 

respectively. 

value was 84% less than that of the Si1-xGex bulk material (red up-
square in Fig. 3(b)).15 The thermal conductivity of the tapered Si1-

xGex nanowire is significantly reduced than the conductivity of the 
defect-free Si0.4Ge0.6 nanowire with a similar diameter (green 
squares in Fig. 3(b))15 and is similar to the value of defect-free 
Si0.6Ge0.4 alloy nanowire with a diameter of 65 nm16 (blue squares in 
Fig. 3(b)), in spite of its larger diameter. Potential difference in the 
doping concentration of the nanowires may induces large difference 
in their electrical conductivity, but its effect on the thermal 
conductivity is limited17. In addition, our previous work has shown 
that the thermal conductivity of Si1-xGex alloy nanowires is 
insensitive to its composition, when x (Ge mole fraction) is in the 
range of 0.2 to 0.8.16 Therefore, by comparing thermal conductivity 
between the core-shell Si1-xGex and the defect-free Si1-xGex 
nanowires, we can conclude that low thermal conductivity of the 
core-shell Si1-xGex nanowire is due to effective phonon scattering by 
the structural defects in the shell. We also note that thermal contact 
resistances between the core-shell nanowire and the membranes of 
device are not likely to significantly influence the results. The total 
thermal resistance is ~2×107 K/W, whereas the thermal contact 
resistance is estimated to be smaller than ∼106 K/W. The contact 
resistance was obtained by assuming the contact length and thermal 
conductivity are 1μm and 0.5 ~ 1 W/m·K respectively.18 

To analyze the phonon scattering by defects inside the shell 
region, we used the Boltzmann Transport Equation (BTE) with 
Callaway’s model, which separately considered longitudinal and 
transverse components and used adjusted cut-off frequency.19 A 
detailed description can be found in Morelli’s work.20 In addition to 
Normal scattering (τN,i), Umklapp scattering (τU,i), alloy scattering 
(τA,i), and the nanowire’s boundary scattering (τB,i), we considered the 
phonon relaxation time from internal plane defects (τD,i), which is 
given by: 

  1

,

1

1
i

D i

v

d




     
 

where vi is speed of sound due to longitudinal (i = L) or transverse 
(i=T) phonons (we used linear averages of vSi,i and vGe,i: vL = 0.3vSi,L + 
0.7vGe,L and vT = 0.3 vSi,T + 0.7vGe,T),

20 d is the mean free path of a 
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phonon, and α is a specularity parameter (α = 1 for specular, α = 0 
for diffusive). The mean free path, d, was assumed to be the average 
size of single crystallites among stacking faults.21 In our sample, the 
size of crystallites was distributed in the range of 2−40 nm, of 
which the average value was ~19 nm. Lastly, the specularity 
parameter, 0 < α < 1, was used to fit the experimental data in 
consideration of the different specularity of boundary scattering due 
to plane defects compared to the nanowire boundary (α ≈ 0, almost 
diffusive). The total relaxation time for longitudinal and transverse 
modes was calculated using Matthissen’s rule: (τi)

-1 = (τN,i)
-1 + (τU,i)

-1 

+(τA,i)
-1 + (τB,i)

-1 + (τD,i)
-1. Finally, the total lattice thermal conductivity 

was obtained by k = 1/3(kL + 2kT). Considering the negligible 
electronic thermal conductivity, the lattice contribution was only 
employed to fit the experimental data. Note that, because of the 
ambiguity of a defined d for τB,i that stems from its hollow 
cylindrical geometry, we converted the thermal conductivity of the 
entire nanowire (kNW) and the core of the nanowire (kc) to the 
thermal conductance of the entire nanowire (GNW) and the core of the 
nanowire (Gc), respectively. Then the thermal conductance of shell 
nanowire (Gs = GNW – Gc) was obtained, which was converted back 
to the thermal conductivity (ks = Gs·As

-1·L), where L was the length 
of the nanowire. The effect of scattering between Gs and Gc should 
be included, but was negligible in the calculation of kc because the 
boundary scattering due to internal defects was dominant over that of 
nanowire boundary. When α = 0.2, the calculation adequately fit the 
data for T < 250 K, and by slightly adjusting α= 0.45, the 
experimental data up to 450 K was well described. Considering the 
more specular nature of plane defect boundary (α = 0.2−0.45), 
compared to the nanowire boundary (α ≈ 0), we can conclude that 
the remarkably low thermal conductivity of tapered core-shell 
nanowire is attributed to the interior scattering by high-density 
stacking faults. 
 In summary, the core-shell Si1-xGex nanowire structures which 
have defects such as stacking faults in the shell have shown 
significantly reduced thermal conductivity by increasing phonon-
defect interactions while electrical conductivity is maintained. Based 
on these results, defect-engineered nanostructures can be an effective 
way to highly efficient thermoelectric materials. 
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