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Abstract—A phonon transport in Si wire structures were
simulated based on a Monte Carlo method to clarify the influence
of the wire geometry and the surface roughness on thermal con-
ductivity and the phonon-drag component of Seebeck coefficient.
The mean free path (MFP) spectrum was estimated by tracing
the simulated phonons. The MFPs of 1 THz phonons which
mainly contribute to Seebeck coefficient become shorter with
a decrease of the wire width for rough surfaces. This agrees with
experimental observation of Seebeck coefficient. The MFPs of 3
THz phonons which mainly contribute to thermal conductivity
were influenced even by small-roughness surfaces.

Index Terms—Si, phonon, Monte Carlo simulation

I. INTRODUCTION

In recent years, thermoelectric devices attract much atten-
tion as one of the applications of nanostructured Si CMOS
process technology [1]. Since the conversion efficiency mono-
tonically increases with the figure of merit ZT(x 052/,
where o, S, and « are the electrical conductivity, the Seebeck
coefficient, and the thermal conductivity, respectively), the
efficient thermoelectric devices require the higher o and .S, and
the lower k. Especially, the nanostructures, such as nanowires
[2], [3], and nano-porous structure [4], are greatly expected to
enhance ZT by decreasing . On the other hand, the decrease
of S has been experimentally observed in narrow Si wires
with the width of < 1 pm [5], [6], whose mechanism has
been supposed to be due to the vanishment of the phonon
drag contribution to S [7]. However, the detailed mechanisms
have not been clarified yet, and the theoretical analyses are
needed.
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So, in this study, we carry out a phonon transport simulation
in Si wire structures based on a Monte Carlo (MC) method
to solve the phonon’s Boltzmann transport equation [8]. Then,
the effect of the wire geometry and the surface roughness on
+ and the phonon-drag component of S (Spq) is discussed in
terms of the phonon mean free path (MFP) spectrum.

II. SIMULATION METHOD

The phonon density of states(DOS) and the group velocity
averaged over constant-energy surfaces were calculated from
the realistic dispersion relation (Fig. 1) [8]. For the phonon
scattering models, the phonon-phonon, the phonon-impurity,
and the phonon-boundary scattering processes were taken
into account. The formula given in [9] was adopted for the
Umklapp phonon scattering processes, but the parameters were
readjusted to reproduce the measured bulk  (Fig. 2) [10]. For
phonon-impurity scattering processes, the formula is given in
[11] which considers the difference in the mass, the radius, and
the compressibility between Si and P atoms. The parameters
for the phonon-impurity scattering were also readjusted to
reproduce the measured bulk « (Fig. 3) [12]-[16].

The specularity of crystal boundary p was employed to
calculate the phonon-boundary scattering processes given in
the following formula [17]:

p = exp(—1672n* cos®(0) /\?), ()

where 7 is the root-mean-square (RMS) roughness of crystal
surface, A is the phonon wave length, 6 is the incident angle
of phonons onto the surface.
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Fig. 1: Phonon frequency dependence of (a) density of states
and (b) group velocity (vpy,) of transverse acoustic (TA1, TA2)
and longitudinal acoustic (LA) phonons calculated from the

Fig. 3: Comparison of impurity concentration-dependency on
thermal conductivity of bulk Si between the simulation (red)

approximated dispersion curves [8].
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Fig. 2: Comparison of temperature-dependency of thermal
conductivity of bulk Si between the simulation (dots) and
experiment (line) [10].

III. SIMULATION RESULTS AND DISCUSSION

Figure 4 shows an example of a simulated phonon trajectory
in a typical structure of Si wire together with Si contact pads
which were formed on an silicon-on-insulator (SOI) layer. In
this work, to reduce the computational time, we simulated
the phonon transport only in the Si wire region as shown in
Fig. 5. The wire thickness was assumed to be 30 nm. The
RMS roughness at the top and the bottom surfaces were fixed
to 0.2 nm, while the sidewall roughness 7);q, Was varied from
0.2 to 2.0 nm. The doping (P) concentration was set to 10"
cm ™3, which is normally used to achieve higher ZT with Si
[18].

Figure 6 shows the simulated phonon trajectories in the Si

and experiment for n-type (blue) and p-type (black) [12]-[16].

Fig. 4: Phonon trajectory in an actual Si wire structure with
Si pads formed in SOI substrate.
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Fig. 5: Schematic of test device structure to simulate phonon
mean free path.
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Fig. 6: Phonon trajectories in the device structure shown in
Fig. 5 for the width of (a) 0.1 pm and (b) 1 pm. 74qge is 1.4

nm.

wires with the wire width W of 0.1 and 1 pm at the 74 = 1.4
nm. Phonons in the case of W = 0.1 um reach the surfaces
of the sidewalls per unit time more frequently than the case
of W =1 um, that is, the probability of the phonon-boundary
scattering in a narrow-wire structure is higher.

The phonon MFP spectrum were estimated by tracing the
phonon trajectrories during the simulation as plotted in Fig. 7.
The spectrum of the phonon MFP is affected by the shape of
DOS shown in Fig. 1 (a). At the phonon frequencies from 2
to 5 THz, the MFPs of the Si wires are shorter than that of the
bulk Si and become progressively lower with decreasing the
Si wire width. In contrast, at the low phonon frequencies, the
MFPs of wide Si wires (W > 1 pum) are closed to the MFPs
of the bulk Si. In Fig. 8, the phonon MFPs as a function of W
for the phonon frequencies of 1 THz and 3 THz are shown. As
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Fig. 7: Phonon mean free path for Si wire and bulk Si with
respect to phonon frequency. 7sige is 1.4 nm.
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Fig. 8: Comparison of phonon mean free path among RMS
roughness with respect to wire width for phonon frequencies
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suggested in [7], Spq and « at 300 K are mainly contributed
by the different frequency phonons with ~ 1 THz and ~ 3
THz, respectively. The MFPs of 1 THz phonons are dependent
on 7siqe and become shorter with decreasing W below 1 um
for ngqe > 1.0 nm, because the low-frequency, i.e., long-A,
phonons are specularly reflected at the boundaries especially
with smaller 7 as shown in Eq. (1).

In the experiment of [6], the 744 1S estimated to be >~ 1.0
nm. The result shown in Fig. 8a indicates that Spq (o< MFP
[19]) decreases with W (< 1 pum) for large 7)siqe, Which is
consistent with the observation in [6]. On the other hand, the
MFPs of 3 THz phonons also dependent on 7;4e and converge
on ~ 48 nm at 74, = 0.2 nm, but are not asymptotic to that of
bulk Si (Fig. 8b). The reduction of the MFPs at 3 THz phonons
from the bulk Si is caused by the phonon-boundary scattering
at the top and bottom surface even though they are smooth as
Ntop = Mbottom = 0.2 nm. Furthermore, it is suggested that if
the smaller 754 could be achieved, then the decrease of & is
expected without the penalty of the decrease of Spq, which is
desirable for Z7T'.

IV. CONCLUSIONS

The simulation using a MC method for a nanoscaled Si
wire to estimate the phonon MFP has been carried out. The
dependency of simulated phonon MFP on the wire width
was consistent with the experimental result. The Si wire
with smooth surface roughness is expected to enhance the
conversion efficiency due to a preserved S,q and a decrease
in K.
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