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Phonon ballistic transport and Anderson localization in Si1−xGex alloyed nanowires
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Heat transport plays a crucial role in various applications such as waste energy harvesting, thermal bar-
rier coatings, and heat dissipation in microelectronics. In this paper, the frequency-dependent heat transport
characteristics in mass disordered Si1−xGex nanowires (NWs) are investigated based on the nonequilibrium
Green’s function method. The results demonstrate the coexistence of phonons with ballistic transport, diffusive
transport, and Anderson localization in SiGe alloyed NWs. Ballistic phonons are observed at low frequencies,
with a NW length of up to 2 μm and Ge concentrations ranging from 1 to 50%. As the Ge concentration
increases, the upper frequency limit for ballistic transport shifts to lower frequencies. However, the thermal
conductivity contributed by these ballistic phonons increases due to enhanced scattering and localization of
mid- and high-frequency phonons. Moreover, for ultralong samples, phonon localization occurs across a wide
frequency range. The localization length decreases with increasing frequency, indicating that high-frequency
phonons are more prone to localization in SiGe-alloyed NWs. Additionally, the localization length decreases
with increasing Ge concentration, revealing a stronger localization effect in highly mass-disordered systems.
Our results contribute to the understanding of heat transport in low-dimensional disordered systems and could
be beneficial to guiding the design of thermoelectric materials and thermal barrier coatings.
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I. INTRODUCTION

The manipulation of thermal conductivity (TC) in nanos-
tructures, whether to reduce or increase it, has been a
challenging and intriguing area of research. In recent years,
various nanostructures, such as nanowires (NWs) [1–3], thin
films [4–6], superlattices [7–10], periodic porous nanos-
tructures [11–13], nanocomposites [14,15], and amorphous
structures [16], have been explored for tuning heat conduction
through mechanisms like phonon scattering and band folding.
Unlike in an atomically periodic medium, waves encounter
numerous scatterings and cannot propagate freely in disor-
dered media [17]. Transport theory suggests that waves in
disordered media exhibit different transport regimes due to in-
terference effects: ballistic, diffusive, and localization regimes
[18]. Normally, in atomically ordered systems, phonon trans-
port behavior can be described by two observable lengths:
the wavelength and the phonon mean free path [19]. When
the system size is much larger than the phonon mean free
path, the system displays macroscopic diffusive transport and
can be described using the thermal diffusion equation. Conse-
quently, TC is solely determined by the material properties
and remains independent of system size. However, if the

*syxiong@gdut.edu.cn
†yihongliang@hit.edu.cn

characteristic size is shorter or comparable with the mean
free path, the classical size effect comes into play, where
phonon transport becomes quasiballistic or ballistic. In the
ballistic regime, TC is linearly proportional to the charac-
teristic size of the system [19,20]. Usually, the ballistic and
diffusive transports can coexist within a system, as they de-
pend on the modes involved. Low-frequency acoustic phonons
with long wavelengths experience fewer scattering and thus
possess large mean free paths, making them more prone to
ballistic transport. In contrast, high-frequency phonons tend to
reach the diffusive transport limit due to their relatively short
mean free paths. In additional to the ballistic and diffusive
transport, multiple coherent elastic scatterings in disordered
systems can result in phonon Anderson localizations, which
is a phenomenon described by the wave effect of phonons
and commonly observed in amorphous materials [21,22] and
alloys [23,24].

Mass disordered systems serve as an excellent platform
for studying phonon localization due to the dominant role
of elastic scattering in heat transport within such systems
[25,26]. The coherent backscattering effect, which leads to
localization, is fully effective only when all scatterers are
elastic [17]. According to the Rayleigh scattering theory, the
phonon scattering strength by atomic-scale defects is propor-
tional to the fourth power of phonon frequencies. As the lattice
imperfections in mass-disordered systems are at the atomic
scales, they efficiently scatter high-frequency phonons with
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short wavelengths, while they have less impact on the low-
frequency phonons (acoustic modes) with long wavelengths
[26]. As a result, the high-frequency phonons tend to lo-
calize more easily, whereas the low-frequency phonons may
exhibit ballistic transport. Phonon localization in random
disordered systems exhibit two main features: exponential
reduction in phonon transmission with increasing system
length [27,28] and attainment of maximum TC with increas-
ing length [29,30]. The phonon localization effect in carbon
nanotubes with isotopic disorder has been investigated by
Savić et al. [27] and Yamamoto et al. [28]. However, these two
studies have arrived at contrasting conclusions. Savić et al.
[27] found that the thermal transport in isotopically doped
carbon nanotubes does not exhibit localization effects [27],
whereas Yamamoto et al. [28] discovered that the phonon
transmission histogram shows a logarithmic distribution in
certain frequency ranges [28], which is a character of the
localization effect. Localization effects have been directly ob-
served in experiments, where a maximum TC was identified
at a particular length in nanodots embedded within periodic
superlattices [29,30]. In a composition-graded Si/Ge superlat-
tice, TC demonstrates a minimum with varying system length
when there is sufficient long-range disorder [31]. In addi-
tion, broadband Andresen localization results in a sharp 98%
decrease in TC at room temperature, where the mode-level
localization length was directly extracted from the exponential
decay of transmission functions with length [32,33]. Despite
the various perspectives employed in these studies to ana-
lyze localization, the characteristics and frequency range of
phonon localization in low-dimensional materials with ran-
dom disordered structures remain unclear.

In contrast to bulk materials, the TC of low-dimensional
materials exhibits a size dependence due to their limited
nanoscale dimensions [34]. It has been observed that the TC in
one-dimensional or quasi-one-dimensional nanomaterials di-
verges following a power-law relationship [35]. For example,
Chang et al. [36] experimentally found that the TC of carbon
nanotubes and boron nitride nanotubes diverges with length
as L0.6 and L0.5, respectively [20,37,38]. A similar power-law
divergence of TC was also observed in Si NWs with lengths
up to 1.1 μm [39]. In comparison with pure Si NWs, SiGe-
alloyed NWs exhibit a stronger length dependence of TC due
to the severe inhibition of high-frequency phonon transport by
point defects [40]. Experimentally, Hsiao et al. [41] reported
an increase in TC with lengths for SiGe-alloyed NWs up to
8.3 um, beyond which the TC reaches a plateau. However,
a recent study by Smith et al. [42] demonstrated that the
TC of SiGe NWs remains constant between sample lengths
of 2 and 10 μm. Currently, the boundary between ballistic
and diffusive transport of phonons in Si1−xGex NWs with
micrometer lengths remains ambiguous.

In this paper, we investigate the phonon transport behav-
iors in Si1−xGex NWs with lengths ranging from 0.5 nm to
2 μm based on the nonequilibrium Green’s function (NEGF)
method [43–46]. Our findings reveal that the low-frequency
modes exhibit ballistic transport over long distances, demon-
strating a long phonon mean free path. Despite a reduction in
the frequency range of ballistic transport with increasing Ge
concentration, there are still low-frequency phonons capable
of traveling up to 2 μm without scattering. Moreover, we
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FIG. 1. Schematic illustration of the nanowire (NW) structure
for the nonequilibrium Green’s function (NEGF) calculation. The
structure consists of the left and right leads and the central scattering
region. The left and right leads are pure silicon with two conventional
lattices in length, and the central scattering region is formed by
SiGe-alloyed NWs with a length of L. The blue and yellow spheres
represent Si and Ge atoms, respectively.

uncover the occurrence of Anderson localization in the mid-
and high-frequency ranges, leading to a significant reduction
in TC and the emergence of a TC maximum at a spe-
cific length. The strong localization effect observed in NWs
with high Ge concentration causes a considerable increase
of TC contributed by the low-frequency ballistic phonons.
Our results provide a better understanding of heat transport
mechanisms in disordered quasi-one-dimensional materials
and provide insight into controlling heat flow through the
Anderson localization of phonons.

II. METHOD

Figure 1 provides a schematic representation of the NW
structures in the NEGF calculations. The cross-section size
of the NW has dimensions of 6a × 6a, where a = 0.543 nm
represents the lattice constant of Si. The structure consists
of the left and right leads, along with a central scattering
region. The left and right leads are composed of pure silicon
and have a length of 2a, while the central scattering region
comprises SiGe alloy NWs with lengths ranging from 0.5
to 2000 nm. To simplify the calculations, we only consider
the mass differences (Si: 28.08 amu; Ge: 72.64 amu) in SiGe
alloys and utilize the lattice constant and the force constants
of Si for both atom types. Such simplifications are justified
by the similarity of lattice parameters and interatomic poten-
tial parameters between Si and Ge in the Tersoff potential
adopted throughout this paper. Similar simplifications have
also been considered in previous studies [33,46–50]. Notably,
it has been observed that small lattice mismatches have a
minimal impact on phonon transmission [51]. While these
simplifications may introduce minor changes to the phonon
transmission spectra and TC, they do not affect the over-
all trends observed with variations in sample length and Ge
concentration. This is due to the significant mass mismatch
between Si and Ge, which results in mass scattering play-
ing a dominant role in the overall scattering process. As
the distribution of Ge atoms is random, we generated three
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configurations of SiGe alloys, and the results are averaged
across these configurations.

The NEGF method was originally developed to study
electron transport [52], and it was extended to investigate
phonon transport by Mingo et al. [43] and Zhang et al. [45].
In Si1−xGex NWs, mass disorder is considered the primary
scattering mechanism [25]. As a result, we neglected anhar-
monicity and focused mainly on discussing heat transport
resulting from elastic scattering. In the NEGF approach, the
atomic motion within the system is completely determined
by the mass-normalized force constant matrix K. The force
constant matrix K̄ is calculated based on the second derivative
of the potential energy U:

Ki j = K̄√
MiMj

= 1√
MiMj

∂2U

∂ui∂u j
, (1)

where the subscripts i and j represent degrees of freedom, and
M is the atomic mass.

The total retarded Green’s function of the central scattering
region is defined as [44,45]

Gr = GCC = [
(ω + iη)2I − KC − �

r
L −�

r
R

]−1
, (2)

where I is the identity matrix, ω denotes the frequency, η

is a small positive real number, and KC denotes the force
constant matrix of the central scattering region. Here,

∑r
L and∑r

R correspond to the retarded self-energies of the left and
right leads, respectively. The self-energies are defined in terms
of the uncoupled contact Green’s functions of the respective
leads gr

L(R):

�
r
L(R) = VCL(R)gr

L(R)V
L(R)C, (3)

where VCL(R) and VL(R)C represent the coupling matrices be-
tween the left/right lead and the central region, and they are
complex conjugate each other. The uncoupled contact Green’s
function of the left and right leads is defined as

gr
L(R) = [(ω + iη)2I − KL(R)]. (4)

According to the single-particle NEGF method [53], the
transmission function of the device is expressed as

T (ω) = Tr(Gr�LGa�R). (5)

The advanced Green’s function in the central scattering
region is the complex conjugate of the retarded Green’s func-
tion, i.e., Ga = (Gr )†. Here, �α (α = L, R) is the imaginary
part of the self-energies and represents the broadening func-
tion of the left and right leads:

�α = i
(
�

r
α −�

a
α

) = −2ImVCαgr
αVαC . (6)

With the obtained transmission function, the thermal con-
ductance can be obtained according to the Landauer transport
theory [54–56]:

σ =
∫ ∞

0

h̄ω

2π
τ (ω)

∂ fBE (ω)

∂T
dω, (7)

fBE (ω) = [exp(h̄ω/kBT ) − 1]−1, (8)

where fBE (ω) is the Bose-Einstein distribution function. Then
the TC can be calculated by

κ = σS

L
. (9)

FIG. 2. Phonon transmission spectra of Si1−xGex nanowires
(NWs) with length ranging from 50 to 500 nm and different Ge
concentration x. (a) x = 0.01, (b) x = 0.05, (c) x = 0.1, and (d)
x = 0.5. Inset: Configuration averaged logarithm of transmission
(ln T) as a function of length for the frequencies indicated by arrows
in (c) and (d). Solid lines correspond to linear fits, which provide the
localization lengths.

Here, S and L are the cross-sectional area and the length of the
central scattering region, respectively.

III. RESULTS AND DISCUSSIONS

We first obtained the phonon transmission spectral of
Si1−xGex NWs with various lengths and Ge concentrations.
Figure 2 presents the phonon transmission functions of
Si1−xGex NWs with varying lengths from 50 to 500 nm
and various Ge concentrations. Since the TC of SiGe alloys
has a U-shaped distribution with Ge concentration, we se-
lected specific Ge concentrations with different characters:
1 and 5% with significant TC variation and 10 and 50%
with large disorder but small TC variation. In general, the
transmission decreases as the sample length increases due
to enhanced isotope scattering. It is evident that the scat-
tering strength intensifies with increasing Ge concentration,
resulting in a significant reduction in transmission at the
same lengths. However, for the low-frequency phonons (typ-
ically <1 THz), the transmission remains nearly constant
with increasing length, suggesting ballistic transport for those
phonons. Nevertheless, this ballistic transport weakens as the
Ge concentration rises. The frequency range supporting bal-
listic transport becomes narrower in heavily alloyed NWs,
particularly for Si0.5Ge0.5 NWs. Additionally, the inset in
Fig. 2 demonstrates that the phonon transmission of Si1−xGex

NWs at mid and high frequencies exhibits an exponential de-
cay with increasing length, indicative of phonon localization
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FIG. 3. Phonon transmission spectra <0.74 THz for Si1−xGex

nanowires (NWs) with different Ge concentrations. The spectra cor-
respond to NW lengths of 1 and 2 μm. The horizontal line at 3.2
represents the threshold between ballistic and diffusive transport,
corresponding to 80% of the fully ballistic transmission value of 4.

[31]. Notably, this phenomenon becomes more pronounced
with higher Ge concentrations.

To explore the behavior of ballistic transport at low
frequencies, we conducted calculations on the phonon trans-
mission spectra <1 THz for Si1−xGex NWs with lengths up
to 2 μm. This allows us to examine whether these phonons
can still maintain ballistic transport in Si1−xGex NWs with
micron length and with varying Ge concentrations. The corre-
sponding results are shown in Fig. 3. To quantitatively assess
the ballistic transport, we define that the phonons with <20%
decrease in transmission are considered ballistic [33]. The
threshold for ballistic transport is subjectively defined, and
altering it will not impact the key findings of our analysis.
For NWs, there are four acoustic branches; thus, pure ballistic
transmission at low frequencies corresponds to a value of four.
It can be observed in Fig. 3 that, at low Ge concentration
(1%), the transmission only exhibits slight decrease as the
sample length increases from 1 to 2 μm, indicating strong bal-
listic transport behavior. Particularly, the transmission <0.66
THz remains nearly unchanged, implying that these phonons
can travel up to 2 μm without being scattered. As the Ge
concentration increases, the transmission decreases, and the
disparity between the transmission of 1 and 2 μm samples
becomes more pronounced, which is a signature of enhanced
phonon scattering. However, when the Ge concentration is
between 5 and 10%, phonons with frequency <0.49 THz
still maintain ballistic transport in NWs with a 2 μm length.
With a Ge concentration of 50%, the transmission between
0.41 and 0.74 THz significantly diminishes compared with
other concentrations, which indicates that those modes in
Si0.5Ge0.5 NWs exhibit diffusive transport. Nonetheless, the
transmission of phonons <0.41 THz still maintain ballistic
transport even in NWs with a 2 μm length. Although the upper
frequency bound for ballistic transport shifts toward lower
frequencies as the Ge concentration increases, the contribu-
tion to the TC of the corresponding ballistic transport phonons
increases, which will be described in detail later.

FIG. 4. Normalized thermal conductivity accumulations vs fre-
quency for Si1−xGex nanowires (NWs) with lengths of (a) 500 nm,
(b) 1000 nm, and (c) 2000 nm. The insets provide enlarged diagrams
of the curves within the dotted circle of each panel.

To illustrate the contribution of phonons at different fre-
quencies to the total TC, we calculated the cumulative TC
of Si1−xGex NWs with length of 500, 1000, and 2000 nm
based on their corresponding transmission spectra. The results
are demonstrated in Fig. 4, where the cumulative TC is nor-
malized by the total TC. For NWs with a length of 500 nm,
when the Ge concentration is 1%, all phonons across the entire
frequency range make a significant contribution to the total
TC. However, as the Ge concentration increases, the contri-
bution of high-frequency modes to TC reduces significantly.
In Fig. 4, the vertical line represents ω/2π = 0.65 THz,
indicating the relative percentage of TC contributed by the
modes below this frequency. The frequency 0.65 THz was
selected for the analysis based on the observation that, below
this frequency, there are only four acoustic modes of NWs
present at each frequency. However, beyond this frequency,
folded modes appear, which are more prone to scattering. For
Si0.99Ge0.01 NWs with a length of 500 nm, the TC contributed
by the modes <0.65 THz is 12%. This value increases to
41, 58, and 66% as the Ge concentration is increased to 5,
10, and 50%, respectively. At higher Ge concentrations, the
high-frequency modes have almost no contribution to the
total TC, resulting in a flat cumulative TC curve beyond
10 THz. As the length of NWs increases, the contribution of
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FIG. 5. (a) Total thermal conductivity (TC) of Si1−xGex nanowires (NWs) as a function of length at 300 K. (b) The TC contributed by
low-frequency phonons (<0.65 THz). The insert shows the same plot with a logarithm x axis. (c) TC contributed by mid- and high-frequency
phonons (0.65–16 THz). The error bars are obtained as the standard deviation of the TC from three random configurations.

high-frequency modes to TC further reduces for the same Ge
concentration. This reduction is attributed to the localization
of these modes. For Si1−xGex NWs with a length of 2000 nm
[Fig. 4(c)], as the Ge concentration increases from 1 to 50%,
the TC contributed by phonons <0.65 THz increases from
39 to 97%. This is primarily due to mass disorder causing
scattering and localization of the mid- and high-frequency
phonons with relatively small wavelengths, thus significantly
reducing their contribution to TC. However, mass defects do
not affect low-frequency phonons because they have longer
wavelengths. Therefore, increasing the Ge concentration en-
hances the contribution of low-frequency phonons to heat
transport.

Interestingly, we observe several plateaus in the cumulative
TC curve within the mid- and high-frequency ranges, which is
a signature of the occurrence of phonon localization. Figure 4
demonstrates that, as the Ge concentration increases, the slope
of the TC accumulation function gradually decreases in the
1–15 THz range, indicating a decrease in the contribution
of mid- and high-frequency phonons to heat transport. In
Si0.5Ge0.5 NWs with a length of 500 nm, localized modes
are indicated by small plateaus at 1–5 THz. The presence
of plateaus in the cumulative TC curves suggests that an in-
crease in mass disorder promotes the localization of phonons.
Interestingly, when the length is increased to 2 μm, plateaus
appear in NWs with a low Ge concentration as 1%, as shown
in Fig. 4(c). Furthermore, these plateaus occur within a wider
frequency range of 2.8–12.5 THz, with each plateau exhibit-
ing a substantially increased width compared with those in
shorter NWs.

To further elucidate the contribution of ballistic and lo-
calized phonons to TC at different lengths, we display the
total TC, TC from modes <0.65 THz and TC from modes
beyond 0.65 THz as a function of length in Fig. 5. As shown
in Fig. 5(a), the total TC increases with length for all Ge con-
centrations. The Si0.99Ge0.01 NWs exhibit a larger slope with
length compared with those of the other three concentrations,
resulting in relatively high TC values for long samples. In
NWs with Ge concentration of 5, 10, and 50%, the TC in-
creases linearly with length up to 20 nm, after which the slope

starts to decrease. Within the length range of 50 to 200 nm,
the slope approaches zero. Beyond 200 nm, the slope of NWs
with these three concentrations increases again, leading to a
rapid TC increase with the elongation of samples.

To illustrate the slope changes in different length regions,
we decompose the total TC into contributions from the low-
frequency ballistic modes and the higher-frequency modes.
To facilitate comparisons, we use a frequency of 0.65 THz
as a threshold to separate ballistic and nonballistic modes.
Figure 5(b) depicts that the TC contributed by phonons <0.65
THz increases linearly with length, which is a characteristic
of ballistic transport. For NWs with Ge concentration of 1,
5, and 10%, the TC contributed by modes <0.65 THz re-
main nearly constant across different lengths considered. In
Si0.5Ge0.5 NW, the slope of the TC curve for those modes
slightly decreases with length, indicating some of the modes
are slightly scattered. This is consistent with the transmission
spectra shown in Fig. 3. For NWs with a length of 1000 nm,
the phonons with frequencies <0.65 THz contribute 21.84,
65.07, 77.12, and 92.92% to the total TC for Ge concentra-
tion of 1, 5, 10, and 50%, respectively. In Fig. 5(c), it can
be observed that the TC contributed by the phonons beyond
0.65 THz initially increases and then decreases after reach-
ing a maximum value at a certain length. This maximum
TC is especially pronounced in NWs with Ge concentra-
tion >5%. The presence of this peak is an indication of
phonon localization. For Si0.99Ge0.01 NWs, the peak TC oc-
curs at a length of ∼200 nm, while for all other NWs, it
takes place at ∼50 nm. Based on the above analysis, we
can conclude that there is a competition between the ballis-
tic transport of low-frequency modes and the localization of
higher-frequency phonons. In NWs <50 nm, ballistic phonon
transport dominates heat transport, while in NWs >50 nm,
the localization of the high-frequency phonons starts to play
an important role. In sample lengths between 50 and 200 nm,
the reduction of TC caused by localization is comparable
in magnitude with the enhancement of TC due to ballistic
transport.

To quantitatively characterize diffusive transport and
phonon localization, we calculated the phonon mean free
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FIG. 6. Transport length scales vs frequency in Si1−xGex nanowires (NWs) with x equals (a) 0.01, (b) 0.05, (c) 0.1, and (d) 0.5. The
horizontal dashed lines indicate the averaged localization lengths beyond 2 THz.

path (lMFP) and localization length (ζ ) at different frequencies
based on the length-dependent transmission spectra. The heat
transport behavior of phonons is essentially determined by
the relative magnitudes of the mean free path, localization
length, and system length (L). When L � lMFP, phonons trans-
port ballistically. When the system size falls between lMFP

and ζ , i.e., lMFP � L � ζ , phonons transport diffusively, with
the phonon mean free path as the characteristic length. The
relationship between transmission τ (ω), lMFP, and L can be
well described by [27,29] τ (ω) = N (ω)/(L/lMFP + 1), where
N (ω) represents the number of phonon modes in a perfect
Si NW. When ζ � L, phonon localization happens, which
is characterized by the localization length. The localization
of phonons leads to an exponential decay in transmission.
Similarly, the relationship among T(ω), L, and ζ can be de-
scribed as ln T(ω) = −L/ζ (ω). By performing linear fitting
of these two equations, we can obtain lMFP and ζ of Si1−xGex

NWs at each frequency. In addition, the localization length
is associated with the mean free path by the Thomas rela-
tion [57]: ζT ∼ NlMFP. In a quasi-one-dimensional system,
this relation can be used to verify the accuracy of the fitting
results. It is worth noting that, since the localization length is
much larger than the mean free path according to the Thomas
relation, we fit lMFP using the transmissions of short samples
and fit ζ using the transmissions of long samples. Moreover,
we only consider phonons with frequencies <10 THz, as the
transmissions beyond this range are close to zero and result in
large fitting errors.

As show in Fig. 6, the mean free path of phonons <1 THz
is two or three orders of magnitude larger than the size of

the system we studied, consistent with the characteristics of
ballistic transport. Both the mean free path and localization
length of phonons at low frequencies decreases rapidly as
the frequency increases. However, beyond 2 THz, lMFP and
ζ become almost frequency independent. For all Ge concen-
trations, lMFP and ζ can be well described by the Thomas
relation, i.e., the Thomas length closely approximates the
localization length. The mean localization lengths >2 THz
for Ge concentrations of 1, 5, 10, and 50% are 231, 140, 99,
and 96 nm, respectively. Together with the cumulative TC
analysis in Fig. 4, we find that, when the length of NWs is
5–10 times the localization length of a specific mode, plateaus
appear in the cumulative TC curve at the corresponding
frequency.

To investigate the localization effect across the entire
frequency spectrum, we illustrate the color map of the nor-
malized TC as a function of frequency and sample length
in Fig. 7. The normalization of TC is done with respect to
the corresponding maximum values at each frequency. For
Si1−xGex NWs with varying concentrations of Ge, we observe
that the TC of the modes <1 THz reaches its maximum at a
length of 2000 nm, which is consistent with ballistic transport
phenomenon. However, as the Ge concentration increases, the
number of modes reaching the maximum TC at 2000 nm
significantly decreases. In general, the length correspond-
ing to the maximum TC decreases as frequency increases.
Additionally, with higher Ge concentrations, the length of
maximum TC decreases rapidly, especially at higher fre-
quencies. This indicates an intensified localization effect.
In general, high-frequency phonons are more prone to
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FIG. 7. Colormap of normalized thermal conductivity (TC) with the variation of frequencies and sample lengths for Si1−xGex nanowires
(NWs) at a temperature of 300 K. The Ge concentration x equals (a) 0.01, (b) 0.05, (c) 0.1, and (d) 0.5. The TC at each frequency is normalized
by its respective maximum value for different sample lengths. The solid circles in the plots represent the maximum TC achieved at each
frequency. To capture the trend, a quadratic fit of the maximum TC vs frequency is represented by the corresponding black solid line.

localization. As the Ge concentration increases, more phonons
become localized, and the localization length gets shorter and
shorter.

IV. CONCLUSIONS

In summary, we elucidate the transport behaviors of
phonons in SiGe-alloyed NWs across different lengths and
Ge concentrations. We found that the Si1−xGex-alloyed NWs
exhibit ballistic transport for low-frequency phonons over
a distance of at least 2 microns. As the Ge concentration
increases, the upper frequency limit for ballistic trans-
port shifts toward lower frequencies. However, despite this
shift, the contribution of ballistic phonons to TC is in-
creased significantly. Moreover, we have comprehensively
confirmed the phenomenon of Anderson localization in SiGe-
alloyed NWs through the exponential decay of transmission,
the plateaus in accumulative TC curves, and the maxi-
mum TC observed with varying length. The localization
length in SiGe-alloyed NWs decreases with an increase
in both frequency and Ge concentration. Especially the
localization length is particularly sensitive to the concentra-
tion of mass disorder, with high frequencies experiencing

a fast decrease in localization length with increasing Ge
concentration.

Our findings contribute to a deeper understanding of ther-
mal transport in low-dimensional disordered materials and
have potential implications for designing materials or struc-
tures with ultrahigh or ultralow TCs. Specifically, by strategi-
cally designing the composition, it is possible to manipulate
the strength of phonon localization, which could be use-
ful in thermoelectric energy conversion and heat dissipation.
Additionally, by incorporating spatial-dependent localization
strength into the structure design, thermal functional materials
with improved performances could be achieved. In this paper,
we focused on configurations with random Ge distributions
based on harmonic force constants. In future research, it could
be worthwhile to investigate Ge distributions with spatial
correlations [58] as well as the effect of anharmonicity on
localization.
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