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ABSTRACT: In this work, we fabricate multidimensional silicongraphene hybrid nanostructures composed of three-dimensional
(3D) out-of-plane graphene ﬂakes on a silicon nanowire core. By
changing the synthesis temperature (700 and 1100 °C) and time
(5, 10, and 20 min), we obtain two diﬀerent types of 3D graphene
ﬂakes with tunable dimensions and structure parameters. We
characterize the thermal transport behavior of this hybrid
multidimensional material in a broad temperature range of 20−
460 K. With diﬀerent morphologies and structures, the eﬀective
thermal conductivity of the silicon-graphene hybrid nanostructures
varies from 1 to 7 W/(m·K) at room temperature. We also apply
molecular dynamics simulation and density functional theory to elucidate the thermal transport mechanisms in the silicon-graphene
hybrid nanostructures.
KEYWORDS: multidimensional silicon-graphene hybrid nanowires, 3D graphene ﬂakes, thermal conductivity
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INTRODUCTION
Since Novoselov et al. successfully obtained graphene using
mechanical exfoliation in 2004,1 research on graphene has
tremendously increased. As the most famous two-dimensional
(2D) material, graphene has been widely studied on its
fabrication, characterization, and application.2−6 The thermal
conductivity of the large-size, defect-free, single-layer graphene
can reach as high as 3000−5000 W/(m·K),7,8 which is the
highest among all existing materials. Yet, most of the research
on graphene is mainly based on its 2D morphology. Recently,
we successfully synthesized fuzzy graphene, a complex out-ofplane three-dimensional (3D) graphene ﬂake structure grown
on the surface of silicon nanowire templates9 using a plasmaenhanced chemical vapor deposition (PECVD) method. The
measured electrical properties contributed by the fuzzy
graphene structures are distinct from 2D graphene and bulk
graphite or amorphous carbon,10 indicating the unique
properties of this new complex multidimensional structure
built by 3D graphene ﬂakes. However, the thermal transport
properties of the new hybrid structures remain unknown. In
this work, we measure the thermal transport properties of
multidimensional silicon-graphene hybrid nanostructures
composed of 3D fuzzy graphene ﬂakes on a silicon nanowire
core (3DFG-Si NW) in a wide temperature range of 20−460
K. By modulating the synthesis conditions, we manipulate the
resulting 3D structures of the graphene ﬂakes and tune the
thermal transport performance. We employ simulation
methods based on density functional theory (DFT) and
molecular dynamics (MD) to elucidate the nanoscale thermal
© 2021 American Chemical Society

transport mechanisms in 3DFG-Si NWs. Combining the
measurement and simulation results, we also establish a
connection between the structure and the thermal transport
properties.
The hybrid, multidimensional 3DFG-Si NWs are obtained
via a two-step synthesis process (see the Materials and
Methods section).9,10 The intrinsic silicon nanowires (iSiNWs) as the core are synthesized following a Au nanoparticle (AuNP) catalyzed vapor−liquid−solid (VLS) process.11 Out-of-plane graphene ﬂakes are grown directly on the
SiNW template following PECVD.9 We have previously
reported that altering the synthesis conditions, i.e., temperature, partial pressure of the CH4 precursor, and synthesis
duration, enables tight control over the overall geometry and
arrangement of 3DFG-Si NWs.9,10,12 Speciﬁcally, in this work,
we tune the density and size of the free-standing graphene
ﬂakes by varying the synthesis temperature and time13 and
focus on their inﬂuence on the thermal transport properties of
3DFG-Si NWs.
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RESULTS AND DISCUSSION
To synthesize 3DFG-Si NWs with diﬀerent densities and sizes
of free-standing graphene ﬂakes, we vary the synthesis
temperature between 700 and 1100 °C and the synthesis
duration from 5 to 20 min. An increase in the diameter of
3DFG-Si NWs from 212 ± 14 to 644 ± 42 nm is observed as
the synthesis temperature is increased from 700 to 1100 °C
both for 20 min, respectively (Figure 1a,d). Regulating the

Figure 2. HRTEM characterization of 3DFG-Si NWs. (a)
Representative HRTEM image, (b) zoomed-in HRTEM image, and
(c) selected area electron diﬀraction (SAED) of 3DFG-Si NWs
synthesized at 700 °C for 20 min. (d) Representative HRTEM image,
(e) zoomed-in HRTEM image, and (f) SAED of 3DFG-Si NWs
synthesized at 1100 °C for 10 min. Black and yellow arrows denote
single- and multilayer free-standing graphene ﬂakes, respectively.
Marked white lines denote the graphitic shell around the i-SiNW core.

We investigate the structure of the free-standing graphene
ﬂakes by performing electron energy loss spectroscopy (EELS)
across a number of points along the thickness of individual
3DFG-Si NWs synthesized under diﬀerent synthesis conditions
(Figure 3a,c,e,g). From the EELS data of the carbon K-edge
regions acquired for all 3DFG-Si NWs, we observe a sharp
peak at 285.5 eV and a broad peak between 290 and 310 eV,
which are due to the transition from 1s to π* states and the
transition from 1s to σ* states (Figure 3b,d,f,h),10,14,15
respectively. These transitions conﬁrm the sp2 structure of
the graphene lattice in 3DFG-Si NWs.16 Multiple scattering
events lead to oscillations that can be identiﬁed by the
emergence of interference peaks at ∼320 eV.10,17 The intensity
of these interference peaks can be used to distinguish between
graphitic and graphene-like structures in 3DFG-Si NWs. We
do not observe the presence of strong interference peaks in the
spectra acquired from the edge regions of all 3DFG-Si NWs
(Figure 3b,d,f,h). In the case of 3DFG-Si NWs synthesized at
700 °C for 20 min, we observe an increase in the intensity of
the interference peaks at positions closer to the SiNW core
(Figure 3a). This suggests that 3DFG-Si NWs synthesized at
700 °C for 20 min primarily consist of free-standing singlelayer graphene with a thin graphitic shell closer to the SiNW
core.15,18,19 This is corroborated by the presence of a thin shell
surrounding the SiNW core as observed in the corresponding
STEM and TEM images (Figures 1a, 2a−c, and 3a). Increasing
the synthesis temperature to 1100 °C increases the thickness of
the graphitic shell, as observed by the increasing intensity of
the interference peaks closer to the radial edge of the 3DFG-Si
NW (Figure 3c−h). Increased scattering events due to the high
density of graphene ﬂakes in the case of the 3DFG-Si NW
synthesized at 1100 °C for 20 min can be attributed to the
increased intensity of the interference peaks.
To understand the fundamental thermal transport in 3DFGSi NWs, we measure the thermal transport properties of
3DFG-Si NWs using a micro thermal device with two
suspended islands (Figure 4a).20 To measure the thermal
conductivity and thermal conductance of 3DFG-Si NWs, we
use a DC current to heat up the heating island and apply an

Figure 1. Structure of 3DFG-Si NWs. Representative scanning
electron microscopy (SEM) images of 3DFG-Si NWs synthesized at
(a) 700 °C for 20 min, (b) 1100 °C for 5 min, (c) 1100 °C for 10
min, and (d) 1100 °C for 20 min. Insets are representative scanning
transmission electron microscopy (STEM) images of 3DFG-Si NWs
synthesized at the respective conditions.

synthesis time from 5 to 10 and 20 min at a constant synthesis
temperature of 1100 °C results in 3DFG-Si NWs increasing
from 134 ± 7 to 231 ± 15 and 644 ± 42 nm, respectively
(Figure 1b−d). We also observe a density increase in the freestanding graphene ﬂakes as the synthesis temperature is
increased. As a comparison, increasing the temperature from
700 to 1100 °C while decreasing the duration from 20 to 10
min allows us to attain 3DFG-Si NWs with higher graphene
ﬂake density but similar 3DFG-Si NW diameters (Figure 1a,c).
At 1100 °C, increasing the synthesis time leads to the density
increase in free-standing graphene ﬂakes (Figure 1b−d).
The high-resolution transmission electron microscopy
(HRTEM) characterization results demonstrate that the 700
°C 3DFG-Si NW has a drastically diﬀerent structure as
compared to the 1100 °C 3DFG-Si NW. Individually freestanding graphene ﬂakes are easily identiﬁed for the 3DFG-Si
NW synthesized at 700 °C, while the density of graphene
ﬂakes increases for the 3DFG-Si NW synthesized at 1100 °C
(Figure 2a,d). The increased density of graphene ﬂakes leads
to an increase in inter-ﬂake contacts and junctions for the
3DFG-Si NW synthesized at 1100 °C. A graphitic shell is
identiﬁed to conformally coat the 3DFG-Si NW synthesized at
700 °C (marked white lines; Figure 2a,b). Due to the high
density of free-standing graphene ﬂakes, the presence of such a
graphitic shell around the SiNW core is not clearly identiﬁed
through HRTEM imaging for the 3DFG-Si NW synthesized at
1100 °C (Figure 2e). It should be noted that 3DFG-Si NWs
have a polycrystalline network of single-to-few layer graphene
(Figure 2c,f and see Supporting Information for details on
Raman spectroscopy).
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Figure 3. EELS characterization of isolated 3DFG-Si NWs. (a) STEM image and (b) EELS line scan from points along the marked line in panel (a)
of 3DFG-Si NWs synthesized at 700 °C for 20 min. (c) STEM image and (d) EELS line scan from points along the marked line in panel (c) of
3DFG-Si NWs synthesized at 1100 °C for 5 min. (e) STEM image and (f) EELS line scan from points along the marked line in panel (e) of 3DFGSi NWs synthesized at 1100 °C for 10 min. (g) STEM image and (h) EELS line scan from points along the marked line in panel (g) of 3DFG-Si
NWs synthesized at 1100 °C for 20 min.

collected after thermal equilibrium is reached for the whole
device. Electron or ion beam-assisted Pt/C contacts are
conventionally deposited at the nanowire-device contact pads
to reduce the contact resistance. However, in the case of
3DFG-Si NWs, the deposition of Pt contacts by focused ion
beam causes unwanted structural changes in the graphene
ﬂakes (see the Supporting Information, Figure S2). Instead, we
directly bridge the two islands using a 3DFG-Si NW and
mechanically make contacts between the 3DFG-Si NW and the
micro device. The thermal contact resistance is calibrated by
measuring the thermal conductance of samples with diﬀerent
lengths. The results show that the thermal contact resistance
counts about 5% of the total resistance and thus can be
neglected (see the Supporting Information).
As a reference, we ﬁrst measure the thermal conductivity of a
SiNW from 20 to 460 K, which agrees well with previous
results in the literature21 (see the Supporting Information).
The eﬀective thermal conductivity measurement results for
3DFG-Si NWs are shown in Figure 4b, where the thermal
conductivity k is calculated based on the measured thermal
conductance of 3DFG-Si NWs using the micro thermal devices
and the geometries measured by TEM. At room temperature,
the 1100 °C/5 min sample has the highest thermal
conductivity of up to ∼6 W/(m·K). We observe that, as the
synthesis times of 3DFG-Si NWs increase to 10 and 20 min at
1100 °C, the thermal conductivities decrease to ∼2 and ∼1 W/
(m·K), respectively. Compared with the 3DFG-Si NWs
synthesized at 1100 °C, the 3DFG-Si NW synthesized at 700
°C for 20 min exhibits the lowest thermal conductivity of ∼0.8
W/(m·K) at room temperature because the graphene ﬂakes are
distributed sparsely along the radial direction with few ﬂake−
ﬂake junctions. The uncertainty in the thermal conductivity
measurements is determined for individual devices (see the
Supporting Information), which are representative of the entire

Figure 4. Thermal property characterization of 3DFG-Si NWs. (a)
SEM image of one 3DFG-Si NW on the micro thermal device. Scale
bar: 50 μm. Inset: Zoomed-in image. Scale bar: 10 μm. (b) Thermal
conductivity k of 3DFG-Si NWs as a function of temperature, in
which each dataset has the number of independent replicates (n = 2),
and the error bar of each measurement point is calculated based on
>50 data points.

AC current to both the islands of the micro thermal device. In
all the measurements, we increase the DC current from 0 to 20
μA with a step of ∼0.2 μA, in which the experimental data are
50208
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population of 3DFG-Si NWs synthesized under a particular
condition. Each dataset in Figure 4b is for one individual
3DFG-Si NW sample, where the error bar of each measurement point is calculated based on >50 data points acquired by
varying the applied DC current on the micro thermal device.
For each dataset, the value and trend are representative and
repeatable for at least two samples under the same synthesis
conditions.
Based on the measured thermal conductivity of the SiNW
core, we also extract the thermal conductivity of the 3D
graphene layers kGL of 3DFG-Si NWs. To extract kGL from the
measured thermal conductivity, we use the parallel thermal
resistance model assuming that the SiNW core has the same
thermal conductivity for all samples. The parallel resistance
model is suitable for our 3DFG-Si NWs considering the weak
van der Waals interaction between the core and the graphene
ﬂakes. The model has also been used for core−shell nanowires
and nanocomposites where the interactions between the core
and shell/matrix are similarly weak.22−24 In Figure 5a, we

many of them cannot form eﬀective junctions, seriously
preventing the heat ﬂow. While the graphene foams show
thermal conductivity increasing at low temperature and
decreasing above a certain temperature, the kGL of 3DFG-Si
NWs synthesized at 1100 °C exhibits the plateau of thermal
conductivity above a certain threshold temperature, which is a
typical behavior of highly disordered materials. As the synthesis
time increases, the threshold temperature increases from 130 K
(5 min) to about 300 K (10 and 20 min) at 1100 °C. This
behavior indicates enhanced phonon scattering in the graphene
shells with the increased synthesis time.
We analyze how the synthesis time aﬀects the thermal
transport and its mechanisms using the temperature dependence of thermal conductivity. The kGL below 100 K is ﬁtted to
Tα in Figure 5a. We ﬁnd that the value of α decreases as the
synthesis time increases. The value of α decreases from 2.01
for a synthesis duration of 5 min to 1.65 for a synthesis
duration of 20 min. To understand the temperature dependence of kGL and the threshold temperature in the graphene
shells grown with diﬀerent synthesis times, we consider two
thermal transport mechanisms: the thermal conductance of
graphene ﬂakes without internal phonon scattering and the
thermal conductance across junctions between them. Considering the size (20 ± 12 nm) of the graphene ﬂakes that is much
smaller than the mean free path of pristine graphene, it is
reasonable to assume very weak internal phonon scattering and
ballistic thermal transport within each graphene ﬂake. Using
atomistic simulations, we evaluate the temperature dependence
of the two diﬀerent mechanisms of thermal transport. The
ballistic thermal conductance within each graphene ﬂake is
directly calculated with the phonon dispersion from the DFT
calculation. The thermal conductance across junctions is
studied using the non-equilibrium MD simulation of graphene
ﬂakes that have overlaps (see details in the Supporting
Information). As shown in Figure 5a, the ballistic thermal
conductivity of pristine ﬁve-layer graphene has a much
stronger temperature dependence (α = 2.37) than the
measured results (for example, α = 2.01 for the 5 min
sample). In contrast, the junctions exhibit much weaker
temperature dependence of thermal conductance. As shown in
Figure 5b, its α value is ∼1.7 and insensitive to the layer
number, junction overlap length, and length of graphene
(Figure S8 in the Supporting Information). Therefore, as the
thermal transport across junctions becomes more important
for thermal resistance, the overall thermal conductivity has less
temperature dependence. These calculations explain the
diﬀerent temperature dependences of thermal conductivity of
samples synthesized for varying time. The sample synthesized
for 5 min in Figure 5a has a temperature dependence (α =
2.01), which is between those of ballistic conductance and
junctions. This can indicate that both ﬂakes and junctions play
important roles in thermal resistance. However, for the samples
that are synthesized with longer time, the dependences of
thermal conductivity on temperature are reduced to 1.93 for 10
min and 1.65 for 20 min, which are close to the behavior of
junctions. This shows that the contribution of junctions to
thermal resistance becomes larger as the synthesis time
increases. The decreasing trend of the value of α is consistent
with the experimental observation that the density of graphene
ﬂakes increases, and more junctions form with the synthesis
time.

Figure 5. Temperature dependence of thermal conductivity values
from the experiments and simulations. (a) Thermal conductivity of
3DFG-Si NWs synthesized under diﬀerent conditions in comparison
with graphene foams (GF3 and GF4 in ref 25) and the ﬁve-layer
pristine graphene from DFT under the ballistic limit. The pristine
graphene is assumed to have a sample size of 20 nm. The solid lines
are ﬁtting with Tα with the values of α. (b) Temperature dependence
of the thermal conductance of graphene−graphene junctions for
diﬀerent numbers of graphene layers from MD simulations. The
graphene ﬂakes are assumed to have a length of 40 nm and overlap
length of 10 nm with each other. The solid lines represent the Tα ﬁt
below 100 K, with the magnitude of α labeled.

compare the kGL of 3DFG-Si NWs synthesized at 700 and
1100 °C as well as the previously reported graphene foam.25
The kGL of the 700 °C 3DFG-Si NWs includes the
contribution of both the densely wrapped multiple layers of
graphene and the dilute graphene ﬂakes. Compared with the
1100 °C samples, the 700 °C 3DFG-Si NWs have a much
lower kGL. This can be attributed to the substantially low
density of graphene ﬂakes in the 700 °C sample. Because of the
sparse distribution of graphene ﬂakes along the radial direction,
50209
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CONCLUSIONS
In this work, we fabricate multidimensional hybrid 3DFG-Si
NWs by varying synthesis temperature and time. By changing
the synthesis temperature from 700 to 1100 °C, we observe
signiﬁcant structure changes of 3DFG-Si NWs. The structure
of the 700 °C 3DFG-Si NWs can be classiﬁed to a silicon core,
a dense graphitic layer, and a sparse radially distributed
graphene ﬂake layer, while the structure of 1100 °C 3DFG-Si
NWs can be viewed as a combination of the silicon core and
the mesh-like porous graphene ﬂake layer. We measure the
thermal conductivity of 3DFG-Si NWs in a broad temperature
range from 20 to 460 K and compare with the predictions
based on the MD and DFT simulations. We identify the
inﬂuence of both graphene ﬂake density and ﬂake−ﬂake
junction density on the thermal transport in 3DFG-Si NWs.
Overall, the eﬀective thermal conductivity of the graphene
ﬂakes in 3DFG-Si NWs can be as high as 1 W/(m·K), which is
comparable with that of amorphous carbon and much larger
than those of existing aerogel-like materials (typically in the
range of 0.01−0.05 W/(m·K)26), thus showing great potential
for thermal management of micro- and nanoelectronics.

calculated by solving the linearized Peierls−Boltzmann transport
equation iteratively. The second-order and third-order interatomic
force constants (IFCs) were extracted from DFT calculations using
the projector-augmented wave method27 in the Vienna ab initio
simulation package (VASP).28 The local density approximation
(LDA) was used for the exchange-correlation functional.29 The selfconsistent calculation was conducted with a 500 eV cutoﬀ energy for
Si and 600 eV for graphene and a force convergence criterion of 10−6
eV/Å for both materials. Supercells of 4 × 4 × 4 and 5 × 5 × 1 were
used for Si and graphene, respectively. For Si, the phonon relaxation
time was calculated by including phonon−phonon, phonon−isotope,
and phonon−boundary scattering terms based on the Matthiessen
rule. The phonon−phonon scattering rates were determined using
third-order IFCs from DFT with a 4 × 4 × 4 supercell. The isotopes
are assumed to be a naturally occurring case. The linearized Peierls−
Boltzmann transport equation was solved to obtain the lattice thermal
conductivity with a 28 × 28 × 28 sampling grid for phonon states
using an iterative manner as implemented in Boltzmann transport
equation (BTE).30 More technical details can be found in previous
publications.30−34 For graphene, the lattice thermal conductivity was
calculated under the ballistic limit, assuming a mean free path of 20
nm. The sampling grid for phonon states is 41 × 41 × 1.
Thermal Conductance of Graphene−Graphene Junctions
Based on MD Simulations. We calculated the thermal conductance
of graphene−graphene junctions (monolayer−monolayer, bilayer−
bilayer, and trilayer−trilayer) using non-equilibrium molecular
dynamics (NEMD) simulations implemented in LAMMPS.35 The
simulation was performed using the AIREBO-Morse potential,36 with
a time step of 1 fs. Boundary conditions were ﬁxed along the heat ﬂow
direction and periodic along both perpendicular directions, with a
vaccum of 15 Å along the cross-plane direction applied to avoid
interactions between two adjacent images. The system was ﬁrst
equilibrated within the NVT (constant number of particles N, volume
V, and temperature T) ensemble with a Nose−Hoover thermostat for
300 ps and then in the NVE (constant energy E) ensemble for 100 ps.
After that, a heat current was enabled by contacting the two ends
(with a thickness of 21 Å) of the simulation domain with the hot and
cold reservoirs using the Langevin thermostats. The temperatures of
the hot and cold reservoirs were set as TH = T0 + 0.2T0 and TC = T0 −
0.2T0, respectively, where T0 is the mean temperature of the system.
We used 2 ns to stablize the temperature gradient and the next 2 ns to
average the temperature proﬁle, which was then used to calculate the
junction conductance. Since the considered temperatures are lower
than the Debye temperature, we applied quantum corrections to the
temperature using the semiclassical deﬁnition:37,38

■

■

MATERIALS AND METHODS

SiNW Synthesis. SiNWs were synthesized using the AuNPcatalyzed VLS process, as described in our previous works.9,10,12 A 2.0
cm × 2.0 cm (100) Si substrate with a 600 nm thermal oxide (p-type,
≤0.005 Ω cm) was washed with acetone and isopropyl alcohol (IPA)
in an ultrasonic bath for 5 min each, blow-dried with N2, and further
cleaned in a UV ozone system at 150 °C for 10 min. The substrates
were functionalized ﬁrst with 500 μL of 4:1 deionized (DI)
water:poly-L-lysine (PLL) (0.1% w/v, Sigma-Aldrich) and then by
500 μL of 9:1 DI water:30 nm AuNP solution (Ted Pella). AuNPcoated substrates were introduced into a custom-built CVD setup.
SiNW nucleation and synthesis were conducted at 450 °C under 20
sccm SiH4 (10% in H2, Matheson Gas) and 80 sccm H2 (Matheson
Gas) at 40 Torr. The sample was ﬁnally cooled to room temperature
at base pressure.
3DFG-Si NW Synthesis. 3DFG was synthesized through the
PECVD process following our previously described protocol.9,10,12
After the SiNW synthesis, the sample was immediately introduced to
a custom-built PECVD setup. The synthesis was carried out at varying
synthesis temperatures (700 and 1100 °C) and at a total pressure of
0.5 Torr. The temperature of the furnace was increased to the
synthesis temperature at a rate of 55 °C per min under 100 sccm Ar
(Matheson Gas). After inductively coupled plasma (ICP) was
generated using a 13.56 MHz RF power supply with a constant
plasma power of 50 W, the synthesis was conducted under a 50 sccm
CH4 precursor (5% CH4 in Ar, Airgas) for varying synthesis times.
Finally, the plasma was turned oﬀ and the sample was cooled to room
temperature in 30 min under 100 sccm Ar ﬂow.
Raman Spectroscopy. NT-MDT NTEGRA spectra with 532 and
633 nm excitations through a 100× objective were used for singleand dual-laser Raman analysis, respectively. A Si/600 nm SiO2 chip
was gently rubbed over a 3DFG-Si NW sample, and optical images of
the Si/600 nm SiO2 chip were acquired to identify individual
nanowires. The Raman spectra from individual 3DFG-Si NW
nanowires were then acquired with a 0.5 ND ﬁlter and an acquisition
time of 15 s.
Disp(G) =

Pos(G)633 nm − Pos(G)532 nm
λ633 nm − λ532 nm

Research Article

ÄÅ
ÉÑ
ÅÅ 1
ÑÑ
1
Å
ÑÑ
Å
3(N − 1)kBTMD = ∑ ℏωλÅÅ +
Ñ
ÅÅÇ 2
exp(ℏωλ /kBTreal) − 1 ÑÑÑÖ
λ

(2)

where kB is the Boltzmann constant, ℏ is Planck’s constant, ωλ is the
frequency of the phonon mode λ, and Treal and TMD represent the real
temperature and the correponding temperature in MD simulation,
respectively.
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