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Abstract - In this work, the effect of phonon boundary scatter- 
ing on the heat transfer in thin silicon layers and close to inter- 
faces was investigated. The modeling is applicable to Silicon-On- 
Insulator (SOI) devices as well as to conventional bulk technol- 
ogy. From a linearized Boltzmann lkansport Equation (BTE), 
anisotropic local thermal conductivities are derived. A separate 
expression is formulated for the case of a bulk device where only 
one interface is present. Anisotropy was implemented as a finite 
element-based operator into the PROPHET device simulator and 
a demonstration of the new electrothermal modeling was made 
for a conventional MOSFET. The anisotropic local thermal con- 
ductivities lead to a temperature increase - 30 % higher at the 
gate oxide interface compared to conventional modeling. 

I. INTRODUCTION 

Electrothermal modeling is important for accurate simula- 
tion of a number of semiconductor devices. Scaling has pro- 
gressed to a state where characteristic lengths of the device are 
comparable to the phonon mean free path (approximately 300 
nm at room temperature and 35 nm near the melting point of 
silicon [ 1,2]). Microscale heat transfer effects therefore need 
to be taken into account for simulation of deep submicron 
devices. When the thickness of a thin semiconducting layer 
approaches the phonon mean free path, scattering at the 
boundaries influences the thermal conductivity, see Fig. 1. 
Sondheimer [3] developed an expression for the effective elec- 
trical conductivity along thin metal layers, which is in good 
agreement with experimental data; using an average value for 
the conductivity works well for this case. In analogy, one 
might consider using an average value for the thermal conduc- 
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FIG. 1 Heat transfer along a thin layer. 1clY denote the thermal conductivity 
along the film, the thermal conductivity across the film, D the thickness of 
the film and A the phonon mean free path. z' denotes the normalized position 
within the layer. 

tivity in thin Silicon-On-Insulator (SOI) MOSFETs. However, 
in an electronic device, the electrical and thermal systems are 
coupled and a more refined description might be necessary. In 
the case of a bulk MOSFET, the need for a local description of 
the thermal conductivities close to the gate oxide is obvious. 
In this study, anisotropic local thermal conductivities are 
derived that can be used with the conventional heat flow equa- 
tion. The new electrothermal modeling is demonstrated by 
simulation of a conventional MOSFET. 

11. ~I-IEORY 

In the work by Sondheimer, an analytical solution for the 
effective electrical conductivity along a thin film is derived 
from a linearized form of the Boltzmann Transport Equation 
(BTE). Noting that the same derivation holds for phonon 
transport, a position-dependent local thermal conductivity can 
be identified as 

x - 

Here, D denotes the thickness of the film, A the phonon mean 
free path and z' the normalized position within the layer, see 
Fig. 1. The derivation assumes diffuse scattering at the inter- 
faces, i.e. phonons scatter with the same probability in all 
directions. Sondheimer also worked out an expression taking 
partly specular reflection into account; this was not considered 
in this study but the extension is straightforward. 

Following the same techniques as in [3], an expression can 
be derived for heat transfer across the layer and one arrives at 

These thermal conductivities can now be used with the con- 
ventional heat flow equation. For the ease of use and efficient 
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calculation in device simulators, these expressions were fitted 
with analytical functions that take the following form: 

- K ( 2 ’ )  = 1 - - e  
2 (4) 

zchar = 0.72 . 116; 6 = DIA 

Fig. 2 shows the agreement between the analytical expressions 
and the fitting functions for three different ratios of film thick- 
ness to phonon mean free path 6 = Dlh = 1, 3,5. Note that the 
thermal conductivity across the layer is ah 
along the layer. 
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FIG. 2 Local thermal conductivities as a function of position within a thin 
layer. 6 denotes the ratio of film thickness to the phonon mean free path. Solid 
lines denote fitting functions and symbols denote analytical solution from lin- 
earized B E .  a) along layer and b) across layer. 

For a bulk case, the third terms in eq. (3) and (4) can be 
dropped (assuming the interface is located at z=O) and the nor- 
malized position z‘ is converted to an absolute position z. This 
leads to the following expressions: 

K (z) = I - - e  
4 Y 2 

K (z) = 1 - - e  
2 

In Fig. 3, these conductivities are plotted as a function of dis- 
tance from the interface for Si at T=300 K (A=300 nm was 
used for the phonon mean free path [ 1,2]). 
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FIG. 3 Anisotropic local thermal conductivities for bulk technology case 
where only one interface is of importance. 

111. NUMERICAL IMPLEMENTATION 

The anisotropic thermal conductivity was implemented in 
PROPHET [4], a TCAD simulation platform that permits 
script-level specification of models as Partial Differential 
Equations (PDEs) that are built from reusable operators. In 
PROPHET, a user specifies each term in an equation at a high 
level as a combination of a discretized geometric operator 
(e.g. a finite element discretization for divergence) and a phys- 
ical operator, which for divergence would represent the 
expression for the flux. 

For example, the term “div k grad T” in the equation for T 
with a scalar, but potentially spatially varying k, could be rep- 
resented in a PROPHET script as: 
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termN = fel-div.diffusion(k,TIT) (7) 
source 

where fel-div is the finite element divergence geometric oper- 
ator, diffusion is a diffusive flux physical operator, the k and T 
before the I are the input variables and the T after the I is the 
equation to which this term is being applied. 

drain 

In the case of the anisotropic conductivity, a new physical 
operator that treats k as a tensor needed to be implemented. 
For this work, only the diagonal components of the tensor are 
needed. Thus, the new physical operator only needs three 
input variables for the conductivity and can be specified as 

gate 
V 

I backside contact I 

FIG. 4 Schematic of simulated MOSFET. 
t e r ”  = fel-div.aniso-kappa(kx,ky,kz,TIT) (8) 

The actual analytical expressions in eq. (3)-(6) are directly 
defined as spatially varying fields by the user in the simulation 
input deck. 

In linking the geometric and physical operators together at 
the native code level, PROPHET has powerful mechanisms 
for tensor manipulation. Hence, the implementation of the 
new aniso-kappa physical operator based on the existing dif- 
fusion operator involves little effort (in fact, a change of only 
three lines of code for the core numerical computation). This 
case illustrates the advantages of the well thought out abstrac- 
tions and modular structure in the PROPHET platform. 

IV. SIMULATION 

To demonstrate the effect of the new electrothermal model- 
ing, a conventional MOSFET was simulated under static con- 
ditions. Fig. 4 shows a schematic of the structure (not drawn 
to scale). The structure is used for demonstration purposes 
only and does not correspond to state-of-the art technology or 
any device in production. The breakdown voltage is vd, - 8.5 
V at Vg,= 0 V and the snapback voltage at Vg,=2.5 V is > 5 V. 
Thermal electrodes coincide with the electrical contacts for 
source, drain and backside and are tied to 300 K; heat flow in 
the gate oxide was not taken into account. The channel length 
is - 0.9 pm and source-drain junction depths are - 0.15 pm. 
The thermal conductivity for the bulk Si material was set to 
148.4 W/m.K; the temperature dependence of the thermal 
conductivity was not included at this point. 

The heat generation term in the heat flow equation was rep- 
resented by Joule heat ( J  E), which should be a very good 
approximation for a MOSFET operating under normal static 
conditions (i.e. no large effects of carrier recombination, 

impact ionization, heterojunctions or transient terms [ 5 ] ) .  The 
Joule heat peaks at the drain side close to the gate oxide where 
the product of electric field and current is higher. The operat- 
ing conditions were v d s  = 4.5 v and vgs  = 2.5 V, correspond- 
ing to a drain current of 5.3.10-4 Npm.  Fig. 5 shows the 
temperature distribution in the structure including anisotropic 
local thermal conductivities compared to a reference case with 
conventional bulk thermal conductivity. Temperature distribu- 
tions are plotted along cutlines y= 0 pm and x = 1 pm. The 
difference in temperature rise is approximately 30 % in  the 
hottest region. 

V. DISCUSSION 

The importance of the boundary scattering on the heat 
transfer in a MOSFET is intimately related to the location and 
size of the heat source. For a pronounced effect, the heat 
source needs to be located very close to the interface and its 
size in the vertical direction must be comparable to the charac- 
teristic lengths for the anisotropic thermal conductivities (see 
Fig. 3). This depends on the device design and possibly also 
on operating conditions. The effect might be slightly larger in 
a transient case. Pure thermal simulations typically yielded a 
maximum difference of - 50 % in temperature rise between 
the new and conventional modeling for a small heat source. 
For state-of-the-art SOI-technology, the thickness of the sili- 
con layer is on the order of 50 nm. This translates to 6 = D/A - 
0.17 and the effect of boundary scattering is going to be very 
important for this case. However, the variation of thermal con- 
ductivity within the layer is not large. As can be seen in Fig. 2, 
already at 6 = 1,  the variation over the layer is not dramatic. 
Averaged values for the thermal conductivities along and per- 
pendicular to the layer can then be used to a very good 
approximation. For thicker layers or higher temperatures the 
situation might be different. 
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VI. CONCLUSIONS 

In this work, the effect of phonon boundary scattering on the 
heat transfer in thin silicon layers and close to interfaces was 
investigated. Anisotropic local thermal conductivities were 
derived from a linearized Boltzmann Transport Equation. A 
separate expression was formulated for the case of a bulk 
device where only one interface is present. Anisotropy was 
implemented as a finite element-based operator into the 
PROPHET device simulator and a demonstration of the new 
electrothermal modeling was made for a conventional MOS- 
FET. The temperature increase at the gate oxide interface was 
- 30 % higher with the anisotropic local thermal conductivi- 
ties compared to conventional modeling. 
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FIG. 5 Temperature distributions from electrothermal simulations using 
PROPHET for a bulk MOSFET during static conditions; a) temperature map 
for electrothermal simulation including new modeling. b) comparison of tem- 
perature distributions for new and conventional modeling along cutline y = 0 
pm. c) same as b) but along x = I pm. 
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