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Abstract—Using the in-house simulation tool, self-heating (SH)
effects on transport of holes in SiGe pFinFETs are simulated. The
coupled system of Boltzmann Transport Equation (BTE) for holes
and phonons is solved self-consistently. For transport of holes, the
multi subband BTE (MSBTE) is solved for 1D hole gas system,
where the subband structure is computed from the 2D �k · �p
Schrödinger Equation (SE)/3D Poisson equation (PE) solution.
For transport of phonons, the BTE for 4 phonon modes (LA, TA,
LO, TO) in 3D �k–space is solved based on first order spherical
harmonic expansion (SHE) method. This study demonstrates the
strong dependence of pMOS SH on Ge content. As Ge mole
fraction increases above 0.2, alloy scattering hampers the thermal
conductivity by more than one order of magnitude. Combined
with boundary scattering and smaller band-gap of SiGe, this
effect may pose some alarms on next generation pMOS devices.

I. INTRODUCTION

Recently, some improvements on the fabrication technol-
ogy [1] make strained SiGe become a promising candidate
among novel channel materials for boosting the performance
of the existing strained Si pFinFET architecture. However, self
heating (SH) effects in such SiGe devices are significantly
pronounced due to low thermal conductivity of SiGe alloy
[2]. The consequent SH effects may seriously hamper the
performance and reliability of device [2]. SH studies have
already been reported for Si nMOS devices [3], [4]. In this
work, the heat-transport of pMOS devices is evaluated for
advanced node options using the coupled BTE solver. For
transport of holes, the multi subband BTE (MSBTE) is solved
for 1D hole gas system, where the subband structure is
computed from the 2D �k · �p Schrödinger Equation (SE)/3D
Poisson equation (PE) solution [5], [6]. For heat-transport, the
BTE for 4 phonon modes (LA, TA, LO, TO) in 3D �k–space
is solved based on first order spherical harmonic expansion
(SHE) method. The hole MSBTE (hMSBTE) coupled with
phonon SHEBTE (pSHEBTE) via the temperatures and the
generation rate of phonons.

II. METHOD

Fig. 1 shows the flow chart of simulation method. The cou-
pled system of hMSBTE/pSHEBTE is solved self-consistently
using a Gummel liked iteration approach. hMSBTE solver

kpSE/PE/hMSBTE pSHEBTE

heat sources for LA, TA, LO, TO phonon modes

TL, TLO, TTO, TLA, TTA

Fig. 1. Flow chart of simulation method, solving self-consistently the coupled
system of kpSE/PE/hMSBTE/pSHEBTE.

computes the hole distribution function for multi subbands
in a deterministic manner [5], where the valence subbands
in the 2D confinement fin cross-section is obtained from the
self-consistent solution of 6-band �k · �p SE and PE. In order
to match the performance of practical devices, all relevant
scattering mechanisms are included. The resulting hole distri-
bution balances the scattering by optical and acoustic phonon,
ionized impurities, alloy disorder and surface roughness. The
impact of surface phonon is captured via local enhancement of
deformation potential near oxide interface [7]. The scattering
parameters are calibrated against the experimental data of long
channel low-field mobility of Si, SiGe, and Ge pMOS struc-
tures [8]–[11]. Fig. 2 shows hardware mobility and MSBTE
results. The calibration of scattering parameters has success-
fully reproduced the measurement data. The strain value is
consistent with the lattice mismatching between channel and
the relaxed buffer layer [1]. The simulation results predict
25% mobility boost for xGe = 0.4. All low-field mobilities
are calculated by linearization of hMSBTE.

The equilibrium phonon distribution is used for phonon
scattering rate calculation, where the temperature for each
phonon branch has been calculated individually based on the
pSHEBTE solution at the previous Gummel iteration step.

Once the hMSBTE has been solved, the energy dissipa-
tion by optical phonon, W (x), is locally evaluated from the
corresponding scattering rates, for a position x along the
transport direction. Then, hole density p(x,�r), is used as
the weighting function to distribute W (x) within the 2D
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Fig. 2. Low-field effective hole mobility in strained vs unstrained SiGe DG
pMOS structures based on hMSBTE. HW data are from [1]. (110) surface
orientation/[110] channel direction is considered. Strain is consistent with the
lattice mismatching between SiGe in the channel and the relaxed Si0.8Ge0.2

buffer layer of FinFET structures [1].

confinement coordinate (�r):

W3D(x,�r) =

1

∫
p(x,�r)d2�r

W (x)p(x,�r). (1)

Finally, W3D is equally distributed to pSHEBTE for LO,
TO modes, while the pSHEBTE for LA, TA modes are kept
isolated from W3D . The Si and Ge phonon band structures
are calculated using VFF method [12], then post-processed for
the first order SHE framework [13], [14]. The virtual crystal
approximation is used for the SiGe phonon band structure cal-
culation. For phonon transport, the relxation time approxima-
tion (RTA) is employed [15], where the full scattering integral
operator is presented in terms of a total relaxation time (τ ).
We take into account the scatterings due to phonon-phonon (3
phonon process), phonon impurity, phonon alloy, and phonon
boundary roughness. We follow [16], [17] for modeling of τ

for individual scattering processes. The scattering parameters
are calibrated to reproduce the experimental data of thermal
conductivity (κ) of Si, SiGe, Ge bulk system (Fig. 3) as well
as thin films (Fig. 4). Compared to the Si case, κ of both SiGe
bulk system and SiGe thin films is significantly dropped, due
to the effect of phonon alloy scattering [17]. κ shown in Fig. 4
is strongly reduced when the film thickness is scaled down to
the typical fin width ranging from 5 to 10 nm. This is mainly
due to the effect of phonon boundary scattering [16], [17].

For oxide regions, the Fourier equation for lattice temper-
ature is solved. Assuming carrier thermalization for S(ource)
and D(rain) regions, we apply the Dirichlet boundary condition
for temperatures at S and D contacts, while we consider a
lumped thermal resistance for the G(ate) contact. Once the
pSHEBTE has been solved, the temperatures of lattice and
each phonon branch are calculated assuming Bose-Einstein
distribution form, and fed back to the hMSBTE block for the
next iteration step. The Gummel like approach is employed

Fig. 3. Thermal conductivity of bulk SiGe vs Ge mole fraction. HW data are
from [18].

Fig. 4. Thermal conductivity of SiGe0.2 thin film vs film thickness. HW data
are from [19]–[21].

for correcting temperatures, distributions, and electrostatic
potential, by iteration, until the self-consistency is established.

III. RESULTS

Fig. 5 shows the geometry of simulated pFinFETs, where
unstrained Si1−αGeα (α = 0, 0.1, 0.2, 0.3) with a cross-
section of 5nm×15nm is considered. The fin sidewall is
(110) orientation, and the channel is along [110] direction.
Tox and Lg are set as 0.7nm and 20nm, respectively. We
extend the length of S and D regions up to 150nm to ensure
carrier thermalization [15]. For x from the S or D contacts
to 75nm inside the device (Fig. 5 (left)), we keep α = 0 and
exclude the phonon boundary scattering, in order to thermally
represent the high κ epi regions in the real FinFETs. By
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overriding κbottom oxide = κbulk Si (Fig. 5 (right)), we enable
heat dissipation through the bottom oxide, as in the real
bulk FinFETs, where heat is transferred from the fin to the
substrate underneath. A thermal contact is added to the bottom
gate. VDS = −0.7 V is applied. VGS is adjusted to fix
ID = −10μA. Moving from bulk-like S/D region to the
confined channel, the average κ(x) drops by one order of
magnitude (shown in Fig. 6). This drastic drop is mainly
due to the phonon boundary scattering in channel area. The
other important feature is the adverse impact of phonon alloy
scattering. As it is shown in Fig. 6, thermal conductivity of
Si0.8Ge0.2 channel is almost 10X smaller than Si base-line. κ

obtained in Fig. 6 is in good agreement with the results shown
in Fig. 4.

Fig. 5. Spatial thermal conductivity profile in Si and SiGe pFinFETs.

Fig. 6. Thermal conductivity profile vs position x in Si and SiGe pFinFETs.

We have found that the heat profile has small sensitivity to

α, as shown in Fig. 7. It also shows a slight reduction of the
W (x) peak by increasing α. As it is implied in Fig. 7, full
carrier thermalization is realized for x > 100nm deep in the
drain region. For 0 ≤ α ≤ 0.3, the integration

∫ D
S W (x)dx

is almost unchanged, due to energy conservation and constant
ID , VD . However, Fig. 8 shows significant increase of peak
value of TL for α > 0. This can be explained by sizeable
drop of κ in SiGe film (Fig. 4 and 5). When α increases
from 0 to 0.1, the peak value of TL increases around 60K.
However, rise in TL saturates for α > 0.1. Fig. 9 shows the
average temperatures of lattice and phonon mode for Si and
Si0.9Ge0.1 devices. The phonon temperature for each mode
in Si pFinFET is lower than the one in SiGe device (highest
ΔT = 60K for LO mode, and lowest ΔT = 30K for TA
mode). Around the position of peak TL, temperature values
are in the following order: TLO > TTO > TL > TLA > TTA,
and this holds for both materials.

Fig. 7. Total phonon generated heat W (x) in Si and SiGe pFinFETs.

IV. CONCLUSION

The self-consistent BTE solver for carrier and heat transport
has been implemented. The scattering parameters for holes
and phonons have been calibrated against measurement data.
Using this setup, we have studied the SH effect for pMOS
options in advanced nodes. We have found that phonon alloy
scattering can trigger serious reduction in thermal conductivity.
Considering the inevitable boundary and alloy scattering in fin
structure, SiGe channel may face serious heat transport issues.
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