
Coupled Monte Carlo Simulation of Transient
Electron-Phonon Transport in Nanoscale Devices

Yoshinari Kamakura∗†, Nubuya Mori∗†, and Kenji Taniguchi∗
∗Division of Electrical, Electronic and Information Engineering

Osaka University

2–1 Yamada-oka, Suita, Osaka 565–0871, Japan
†CREST, JST, Chiyoda, Tokyo 102-0075, Japan

Email: kamakura@si.eei.eng.osaka-u.ac.jp

Tomofumi Zushi and Takanobu Watanabe
Faculty of Science and Engineering

Waseda University

3–4–1 Ohkubo, Shinjuku-ku, Tokyo 169–8555, Japan

Abstract— Using a coupled Monte Carlo method for solving
both electron and phonon Boltzmann transport equations, the
transient electrothermal behaviors of nanoscale Si n-i-n device
are simulated. The nonequilibrium optical phonon distribution
is characterized by a temperature different from that of the
acoustic phonons, and these two temperatures show different
characteristics not only in the steady state, but also in transient
conditions. It has been also suggested that the simulated transient
response of the phonon temperatures can be practically described
by the equivalent thermal circuit model, which is useful for,
e.g., projecting the NBTI lifetime during the realistic circuit
operations.

I. INTRODUCTION

Growing heat dissipation is one of the main issues in

today’s IC chips limiting the reliability and performance. In the

microscopic point of view, e.g., it has been pointed out that the

nanoscale “hot spot” is generated in the MOSFET drain [1],

[2], which may degrades the current drivability [3] and also

worsen the negative bias temperature instability (NBTI) [4].

To explore this concern, ensemble Monte Carlo (MC) simula-

tion coupled with phonon transport solver (solving simplified

Boltzmann equation with relaxation time approximation) has

been reported, and steady state simulations were demon-

strated [5], [6].

In this study, we present a coupled MC simulation for

both electron and phonon transport; the phonon MC simu-

lation is more time consuming than the previous works, but

various physical mechanisms can be implemented straightfor-

wardly [7]. Using this new tool, we perform the electrothermal

simulation of nanoscale Si devices especially focusing on

the transient behavior, and then discuss the equivalent circuit

model to describe the simulated results.

II. SIMULATION METHOD

We have simulated a simple 1-D n-i-n silicon device,

inside which electrons and phonons were modeled as particles

(Fig. 1). In the electron transport part, a standard MC model

of [8] was employed for the electron-phonon scattering, etc,

and the electron-electron scattering was also taken into account

through the molecular dynamics approach [9], [10].

The spatial distribution of the heat generation rate Qp(x),
where p denotes the phonon polarization, was monitored by
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Fig. 1. Schematic view of the coupled MC Simulation for electron and
phonon transport in 1-D n-i-n device with a channel length of 10 nm.

counting the net number of emitted phonons from the elec-

trons [5]. In this study, the contribution of the optical phonons

to the heat transport was assumed to be negligible, and their

group velocity was approximated as zero, i.e., the optical

phonon energy is constant (h̄ωop = 61 meV). Therefore,

the thermal energy stored in the optical modes can only be

dissipated through the conversion into the acoustic modes via

phonon-phonon scattering, and we have treated this process

by a relaxation time approximation [11] (τph = 10 ps [1]).

According to the heat power density transferred from the

hot electrons and optical phonons, the acoustic phonons were

generated and their random walks were simulated with a MC

method. Although the poor heat conduction properties were

pointed out in nanostructures [2], [12], we have assumed the

bulk phonon characteristics in this study. For the simplicity,

Debye approximation was adopted, and the constant acoustic

phonon velocity (vac = 5.9 km/s) was determined to reproduce

the experimental specific heat of bulk Si [13], [14] (Fig. 2 (a)).

The scattering mechanisms considered were phonon-phonon

(having a role to help the phonons to follow an equilibrium

distribution function), phonon-defect, and phonon-boundary

interactions, for which all the parameters were taken from [15].
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Fig. 2. Thermal properties of bulk Si calculated with the phonon MC
simulator. (a) The specific heat and (b) the thermal conductivity are plotted
as a function of temperature. The experimental data presented in [13], [14],
[16] are also shown for comparison.

As shown in Fig. 2 (b), the simulated thermal conductivity

exhibits good agreement with the experiment [16]. The lo-

cal temperature distributions Tp(x) were evaluated from the

phonon distribution functions, and its information was used to

update the electron-phonon scattering rate.

III. SIMULATION RESULTS AND DISCUSSION

Fig. 3 shows the simulated heat distribution generated by the

collision of electrons with lattice atoms. As is already reported,

the power generation occurs almost within the drain in the

quasi-ballistic transport regime [3], and its profile decays with

a characteristic length of ∼ 20 nm [5].

Fig. 4 shows the time evolution of Tp(x); note that the

growth of the acoustic phonon temperature Tac is delayed

than that for the optical phonon Top. This is because the

hot electrons injected from the source mainly emit the optical

phonons in the drain (see, Fig. 3), and a finite time is needed

for optical phonons to decay into acoustic modes. We have also

confirmed that such the localized heating in the drain, i.e., hot

spot, slightly reduce the current density as shown in Fig. 5. The

energy relaxation rate for the hot electrons is worsened due

to the hot spot creation, which would degrade the ballisticity
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Fig. 3. The spatial distribution of heat generation rate Qp(x) simulated with
the ensemble MC simulator for the electron transport. For comparison, the
results estimated with the Joule heating formula (J ×E) are also plotted [3].

of the electron transport in 10 nm-scale Si channels [17].

Furthermore, we have also confirmed that the potential drop

occurs in the source/drain region after the device is heated

up, indicating the increased parasitic resistance. However, the

raised temperature at the source edge enhances the electron

injection from the source to the channel, which cancels out

the current reduction caused by the effects discussed above.

In Fig. 6 (a), the local phonon temperatures at the drain edge

are plotted as a function of time t after turning on the switch.

In the initial stage, Top increases as ∝ t and finally reaches

the steady-state value, while the time delay (∼ 10 ps = τph)

is occurred for heating the acoustic phonons. This behavior

can be well described by the equivalent thermal circuit given

in Fig. 6 (b), where an additional RC component is inserted

into the conventional model used to consider the self-heating

effect in the SPICE simulation [18]. In this model, the heat

generation source at the drain with a power dissipation density
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Fig. 4. Time evolution of the local temperature distributions Tp(x) simulated
with the ensemble MC simulator for the phonon transport. The temperatures
of (a) optical phonons and (b) acoustic phonons are plotted as a parameter of
time t after turning on the device.
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Fig. 5. The current density J(t) observed during the coupled MC simulation.
The data are plotted as a function of time t after turning on the device.

of Q = J×Vd ∼ 30 MW/cm2 is modeled as a constant current

source. The node voltages correspond to the temperatures

Top − T0 and Tac − T0, where T0 (= 300 K) is the specified

temperature at the both boundaries of the simulated device

(see, Fig. 1). Though the value of Cop is here determined by

the fitting procedure, it can be related to the heat capacity of

the hot spot, i.e., the specific heat (based on Einstein’s model)

multiplied by the hot spot size w:

Cop = 3NkB

(
h̄ωop

kBT

)2
eh̄ωop/kBT

(eh̄ωop/kBT − 1)2
× w , (1)

where N is the atom density. Substituting T = 300 K and

w = 23 nm, (1) yields Cop = 3 μJ/Kcm2. Then the effective

thermal resistance for optical phonons Rop is determined to

make the RC time constant equal to τph, i.e., Rop = τph/Cop.

This thermal circuit also well reproduces the simulation results

for the pulse response (Fig. 7). Note that the hot spot is not

instantaneously cooled down after turning off VD, which is

suggested to enhance the NBTI degradation in pMOSFETs just

after the transition from the active to the standby states [4]. We

believe that the proposed model is useful, e.g., to practically

investigate the impact of the hot spot on the circuit reliability.

IV. CONCLUSION

Using the coupled MC technique for solving both electron

and phonon Boltzmann transport equations, we have carried

out the transient electrothermal simulation of nanoscale Si

n-i-n device. We have also suggested that the simulated

observations on the hot spot generation and dissipation can be

practically described by the equivalent thermal circuit model,

which is useful for projecting the NBTI lifetime during the

realistic circuit operations.
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