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ABSTRACT The phonon transport in the lateral direction for gap-controlled Si nanopillar (NP) /SiGe inter-
layer composite materials was investigated to eliminate heat generation in the channel area for advanced MOS
transistors. The gap-controlled Si NP/SiGe composite layer showed 1/250 times lower thermal conductivity
than Si bulk. Then, the phonon transport behavior in lateral direction could be predicted by the combination
between the 3-omega measurement method for thermal conductivity and the Landauer approach for phonon
transport in Si NP/Si0.7Ge0.3 interlayer composite structure. We found that the NP structure could regulate
the phonon transport in the lateral direction by changing the NP gaps by preventing the phonon transportation
from the drain region and the potential heat generation. As such, this structure achieves the first step toward
phonon transport management in the same electron transportation direction of planar-type MOSFETs and
represents a promising solution to heat generation for advanced CMOS devices.

INDEX TERMS Phonon transport control, Si nanopillar, neutral beam etching, simulation.

I. INTRODUCTION
IN recent years, the development of a smart society due to ad-
vances with Artificial Intelligence (AI) and Internet of Things
(IoT) data communication has led to a greater demand for
semiconductor devices [1]–[5]. The thermal budget involved
in semiconductor operations such as device driving is increas-
ing as the integration of semiconductor devices increases
[6]. This has led to various problems related to performance
reduction, device destruction, and limits to integration. In

general, semiconductor devices need to have low heat genera-
tion and low power consumption. To improve the performance
of the semiconductor device, a metal-oxide-semiconductor
field-effect transistor (MOSFET) was designed with
miniaturization, changing the structure from planer to Fin and
nanosheet, and considering the material such as germanium
[7]–[9]. In MOSFET, there are three causes of electron
mobility reduction: Coulomb, roughness, and phonons.
Electron scattering by phonons (electron-phonon scattering) is
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particularly involved when the sub-10-nm advanced
complementary-MOS (CMOS) reduces the carrier mobility.
Heat is generated due to electrons passing through the channel
region and at the interface of the channel and drain due to
Joule heating. The excessive heat in the channel region
of MOSFETs causes electron-phonon scattering and thus
confines the maximum electron mobility.

The trends of electrical and thermal conductivity accumula-
tion as a function of nanostructure size concerning mean free
path (MFP) in Si have been reported [10]. The MFP of the
electron is around less than 20 nm, whereas the MFP of the
phonon accumulation needs to be more than a few hundred
nm. In regions sized from 20 to a few hundred nm, phonons
are sufficiently scattered, and electrons can thus be transferred
without scattering. A nanostructure controlled within a region
of this size can reduce the thermal conduction with keeping
electron mobility. In our previous work, we achieved low
thermal conductivity and high electrical conductivity by using
a Si nanopillar (NP) with spin-on-glass or SiGe as a thermo-
electric device [11], [12]. Moreover, a well-aligned and very
tiny periodic structure was predicted that the structure of more
than 5 periods localized the particular frequency phonon as a
phononic crystal [13]. We, therefore, proposed using a MOS-
FET structure featuring a well-aligned Si NP/SiGe interlayer
composite film as a channel region. Electrons can transfer the
channel region to the lateral direction of the NP structure with-
out any scattering, and then phonons are sufficiently scattered
by the NP interface. Electron-phonon scattering occurs under
the heat environment in the channel region based on the func-
tion of the temperature. The mainstream of the channel heat-
ing source was the transportation of Joule heat from the drain
region to the channel region. Thus, well-phonon-scattered
structures of well-ordered Si NP in the channel region work
to prevent heat penetration from the drain and potential heat
generation due to not disturbing the electron transportation.
As a result, this structure enables the phonon-electron scatter-
ing to be eliminated, achieves higher electron mobility, and
reduces the heat generation of the MOSFET. Therefore, a
well-aligned Si NP structure with SiGe embedding will pro-
vide a high-performance MOSFET by increasing the electron
mobility and controlling the phonon transport scattering.

In this study, to manage phonon transport in the channel
region, we fabricated a well-aligned Si NP/Si0.7Ge0.3 with dif-
ferent NP gaps to investigate the phonon transportation in the
lateral direction of thermal conductivity. We then performed
measurements using the 3-omega method and simulation.

II. EXPERIMENT
Fig. 1 shows a schematic image of our neutral beam etching
(NBE) system [14]. This system consists of an inductively
coupled plasma (ICP) source and a carbon aperture plate,
where the ultra-violet (UV) photon irradiation can be pre-
vented, and energetic ions can be effectively converted into
neutral beams by passing through the carbon aperture from
plasma. The NBE can achieve ultra-precise nano-etching and
perfectly suppress the formation of defects in the processed

FIGURE 1. Neutral beam etching system.

surface due to eliminating the incidence of charged particles
and UV radiation onto the substrate.

The Si NP structure was fabricated on a silicon-on-insulator
(SOI) wafer. The SOI wafer consists of a 100-nm-thick Si
layer with a 140-nm-thick SiO2 layer on a 725-nm-thick Si
(100) substrate. First, the native SiO2 film on the Si substrate
was removed using a 1% HF solution for 2 min, and then,
the controlled thin SiO2 film (3.2-nm-thick) was synthesized
by a neutral beam oxidation process [15]. Second, ferritin
molecules were arranged with a spin-coating method [16].
The distance between ferritins was adjusted by a decorated-
poly(ethylene-glycol) (PEG) with different molecular weights
[17]. Specifically, the PEG molecular weights of 2k, 10k, and
20k (k = 1000) were 25, 40, and 60 nm of ferritin pitch
(center-to-center distance of ferritin), respectively. Third, the
coated ferritins were annealed to remove the surface protein
shell at 400°C under oxygen atmosphere. After that, only
iron cores remained on the surface of the thin SiO2 film.
The SiO2 layer between the cores was then removed by H2

radical treatment with NF3 atmosphere and annealing. The NP
structure was fabricated by chlorine NB etching for 25 min.
After that, the remaining iron-oxide cores at the tip of the NP
were removed with an HCl solution. Finally, the Si NP was
embedded by Si0.7Ge0.3 with a low-pressure chemical vapor
deposition (LPCVD) method.

The anisotropic thermal conductivity was performed using
the 3-omega method, as shown in Fig. 2 [18]–[21]. Al line is
for the heater, and the Al pad was connected to the voltage
source and lock-in amplifier (Fig. 2(a)). With changing the
Al heater width, heat distribution in the lateral direction was
changed. Al line was prepared from 5 to 50 µm in width
and 50 nm in thickness on deposited Al2O3 layer of 50 nm
thickness. The stage temperature was at 300 K and the pres-
sure of the sample room was 10−3 Pa. Obtaining value was
waiting to be stable enough, after that, the value of acquired
50 times were averaged. Note here that the lateral direction
of the thermal conductivity is more important for consider-
ing electron-phonon scatterings through the channel region
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FIGURE 2. Thermal conductivity measurement by 3-omega method. (a) Is
a schematic image of the measurement sample with Al heater and sensor.
The cross-sectional image of the (b) narrow and (c) wide Al line to
measure thermal conductivity in a lateral direction.

FIGURE 3. (a) Calculation flow of anisotropic thermal conductivity and
simulation model in (b) lateral direction and (c) vertical direction.

in MOSFETs. Therefore, utilizing the 3-omega method to
measure the thermal conductivity with a different line width
of the Al heater is suitable to estimate the lateral or vertical
direction of thermal conductivity [22], [23].

Thermal conductivity in bulk and lateral directions was
simulated by the Landauer approach [24], as shown in Fig. 3.
We modeled the Si NP structure with reference to the aver-
age actual Si NP height and pitch from SEM images. Other
parameters (effective mass, bandgap, elastic constants, etc.)
were as reported elsewhere [25]. For the lateral direction, we
utilized a periodical boundary condition from the top-view NP
model as shown in Fig. 3(b). The simulated model used an
ideal structure in our Si NP alignment. In this study, the Si NP
structure was fabricated to a large area of 30 mm square. For
the simulation, the NP density is more than 1010 ∼ 1011 /cm2

if the simulation model was set along with the real structure.
Thus, the lateral direction of the thermal conductivity was
simulated by setting the periodic Si NP structure in the macro-
scopic scale. For the vertical direction, a 9 × 9 symmetric
matrix was used as shown in Fig. 3(c).

III. RESULTS AND DISCUSSION
Fig. 4 shows bird’s-eye-view SEM images of the Si NP struc-
ture using (a) PEG2k, (b) PEG10k, and (c) PEG20k ferritin

FIGURE 4. Bird’s-eye-view SEM images of Si NP structure using (a) PEG2k,
(b) PEG10k, and (c) PEG20k ferritin molecules as an etching mask and NP
center-to-center gap distribution. Si NP height was 90 nm.

TABLE 1. Diameter, Average (Pitch), Standard Deviation, and Density of Si
NP Distribution

molecules as an etching mask and NP center-to-center gap
distribution. The height of the Si NP was 90 nm, and the
diameters of (a), (b), and (c) were 12, 13, and 13 nm, re-
spectively. As shown, the NP density from PEG2k to PEG20k
decreased with the increase in PEG molecular weight. Table 1
shows the diameter, average, standard deviation, and density
of the Si NP distribution. The NP gaps from edge-to-edge in
Figs. 4(a)–(c) were 13, 27, and 47 nm, respectively. Hereafter,
we refer to these samples as 12/13, 13/27, and 13/47 nm, with
the numbers referring to the NP diameter/gap. NP distance
was controlled within 20%. Fig. 5 shows cross-sectional SEM
images of Si NP embedded by Si0.7Ge0.3. The thickness of the
Si NP/Si0.7Ge0.3 composite film was 100 nm. Si0.7Ge0.3 was
completely deposited into the Si NP structure.

Fig. 6 shows the thermal conductivity with error bars in the
(a) vertical and (b) lateral directions for all Si NP/Si0.7Ge0.3

composite film samples measured by the 3-omega method
[26], as well as the simulation results of the anisotropic ther-
mal conductivity. For the vertical direction, the thermal con-
ductivity increased slightly from 2.1 to 2.8 W/m/K when the
gap was increased from 13 to 47 nm.

The thermal conductivity reduction was due to the interface
scattering effect. As for the size effect, we found that the
MPF of the phonon to vertical direction was the same as
the composite film height at 100 nm. Under this condition,
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FIGURE 5. Cross-sectional SEM images of Si NP embedded by Si0.7Ge0.3

for (a) 12/13, (b) 13/27, and (c) 13/47 nm samples. The thickness of Si
NP/Si0.7Ge0.3 composite film was 100 nm. Si0.7Ge0.3 was completely
deposited into Si NP structure.

FIGURE 6. Thermal conductivity in (a) vertical and (b) lateral directions for
all Si NP/Si0.7Ge0.3 composite film samples was measured using a 3-omega
method. Simulation results of anisotropic thermal conductivity were drawn
with each experimental result. Experimental results have error bar.

prior studies have indicated this it should decrease to 30% of
∼50 W/m/K of the thermal conductivity due to the volume
ratio between Si and Ge [27], but our results showed that the
thermal conductivity reduction was 10 times larger than that
of the volume ratio. Moreover, all the NP samples demon-
strated anisotropic thermal conductivity characteristics. The
thermal conductivity in the lateral direction decreased to 25%
less than that in the vertical direction. As stated earlier, the
lateral phonon transport can be sufficiently scattered by the
interface between NPs due to the longer MPF of the phonon
accumulation. As a result, the thermal conductivity drastically
decreases in the case of Si NP structures. Furthermore, the
thermal conductivity can be controlled by increasing the NP
gaps because the volume of the Si0.7Ge0.3 increases with a
decreasing NP density. For the simulation results in Fig. 6,

FIGURE 7. Thermal conductivity ratio to Si (100%, 140 W/m/K) of the
lateral direction.

we estimated the thermal conductivity from the MFP of the
bulk material and characteristics length for another internal
scattering process [28], and as compared with the experi-
mental results, the trends of all thermal conductivity results
were in very good agreement. For the lateral direction of the
12/13 sample, the experimental result was 84% larger than
the simulation results. This was because of the spread of
the Si NP distribution. In this simulation, the NP alignment
was a square grid with a periodical structure, whereas our
NP arrangement includes a square grid, triangle grid, and
random arrangement due to the self-assembly PEG-ferritin
arrangement. Differences in the NP grid are known to lead
to different heat fluxes [29]. As such, we should focus not
only on ferritin density but also on ferritin distribution. The
average and standard deviation of the distribution of the 12/13
sample was 25 nm, and 5 nm (Table 1), and the distribution
was 18.5%. The distributions were 18.9, 20.0% for the 13/27,
13/47 samples, and all samples’ errors were within 1.5%. As
a result, in the narrow NP gap region, NP distribution affected
thermal conductivity more strongly than in the wide region.
We, therefore, conclude that a low thermal accumulation, i.e.,
a sparse density of states (DOS) in phonons, enables easy
scattering due to the phonon accumulation of MPF.

Fig. 7 shows the thermal conductivity ratio to Si of the
lateral direction. The thermal conductivity of the Si bulk and
Si0.7Ge0.3 bulk were 140 and 4 W/m/K, respectively. The
lateral phonon transport was appropriately scattered by the
interface between NPs. As a result, the thermal conductivity
drastically decreased. Furthermore, we found that the thermal
conductivity could be controlled by increasing the NP gaps, as
the volume of the Si0.7Ge0.3 increased with the decreasing NP
density. The case of the 12/13, 13/27, and 13/47 sample was
0.4%, 0.6%, and 1.0%, respectively, that of Si bulk, although
Si0.7Ge0.3 bulk was 2.9%. As a result, the phonon transport in
the lateral direction was dramatically eliminated from 1/250
to 1/100 compared to Si bulk. A prior study [30] reported
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that the mobility of a CMOS transistor operating in an ex-
tremely low temperature (4 K) became several tens of times
higher than room temperature operation. This is presumably
because the reduction of heat generation in the channel re-
gion eliminated the electron-phonon scatterings. We expect
Si NP/Si0.7Ge0.3 composite structure to also significantly re-
duce electron-phonon scattering due to extremely low thermal
conductivity, similar to Cryo-CMOS operation. Cryo-CMOS
needs the cooling function to achieve the ignoring heat effect
in the channel region. Si NP/Si0.7Ge0.3 composite structure
provided the control and limitation of the phonon transporta-
tion from drain and generation in the channel region. It sug-
gests that electrons can move in the channel region without
any disturbance both structurally and energetically.

IV. CONCLUSION
We fabricated a well-aligned Si NP/Si0.7Ge0.3 interlayer com-
posite film by changing the NP gaps from 13 to 47 nm.
Phonon transport behavior through thermal conductivity was
investigated by the 3-omega method and Lander approach for
a thermally managed Si NP/Si0.7Ge0.3 interlayer composite
structure. Results showed that our Si NP/Si0.7Ge0.3 interlayer
composite film had a 1/100 times lower thermal conductivity
than Si bulk thanks to controlling the phonon transports in the
lateral direction. Moreover, a narrow NP gap led to effective
phonon scattering due to the low thermal accumulation, i.e.,
the low density of the DOS of the phonon band. The results of
thermal conductivity measurements and simulation clarified
that the NP structure could regulate the phonon transport in
the lateral direction by changing the NP gaps. Si NP/Si0.7Ge0.3

composite structure achieved the control and limitation of
the phonon transportation from drain and generation in the
channel region. As such, this structure achieves the first step
toward the management of phonon transportation in the same
electron transportation direction of the planar-type MOSFET
and represents a promising solution to heat damage for ad-
vanced CMOS devices.
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