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Abstract— A general purpose semiconductor device/process
simulator, PROPHET [1], has been adapted for full chip
thermal analysis and is capable of quickly (~1 minute CPU
time) assessing the impact of functional block placement
on chip temperature distribution. The key to fast simula-
tion is a new algorithm which maps the heat generation of
functional blocks (FPU, e.g.) to a coarse mesh while main-
taining conservation of heat generating sources. Design of
two high-performance CPU chips based on bulk CMOS and
SOI technologies, with total power consumption of 100 and
60 watts, respectively, has been evaluated for thermal per-
formance using this approach. Excellent results have been
achieved in terms of benchmarked accuracy and computa-
tional efficiency.

Up to seven interconnect layers have been included in
the simulation; effects of packaging are modeled using two
capping thermally resistive layers on top and bottom of
the chip. Considering the extremely non-uniform nature
of interconnect/interleaving-insulating layers, anisotropic
thermal conductivity is a critical factor in modeling thermal
properties and has been implemented in the simulator [2].

The potential benefit of using pure silicon (Si-28), which
has a higher thermal conductivity than that of natural sil-
icon (1.6 times as big at the room temperature), in reduc-
ing the peak chip temperature has also been studied. It is
shown that with a power consumption level of 100 watts,
the peak temperature can be lowered by about 10% (from
136 to 123°C).

Introduction

With increased number of transistors packed on a sin-
gle chip, the rapid increase of clock frequencies (already
above 1GHz) can easily push chip power consumption over
100 watts in spite of voltage scaling and low-power cir-
cuit innovations. Limiting peak operating temperature
has become a dominant issue for improving chip reliability
and performance. A simulation tool which can simultane-
ously address heat generation/dissipation and block layout
is invaluable in assessing the thermal performance at early
stages of design (e.g., floor planning).

Approach

The power consumption for each functional block is cal-
culated using either transistor- or logic-level electrical sim-
ulation, and the power is considered to be uniformly dis-
tributed within the active silicon film in SOI structure or a
thin skin surface layer for bulk CMOS. Thus, the heat gen-
eration profile can be obtained based on block placement.
The number of blocks in the functional decomposition is
typically tens to hundreds. If these blocks are directly
used to guide generation of a conforming mesh, the com-
plexity of multiple interconnect and interleaving insulating
layers would require tremendous amounts of memory (on
the order of millions of unknowns) and CPU time to fully
simulate the chip. Instead, a novel scheme is proposed,
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which maps the heat generation sources to a pre-specified
mesh. In order not to omit contributions from any func-
tional block, the power dissipation of each block is assigned
to one or more of the neighboring nodes according to its
position in the mesh, and the heat generation intensity at
each mesh point is weighted by the discretization’s control
volume. When using this scheme, a rather coarse mesh
can be used (e.g. 25-by-25 grid for a 2-by-2 cm chip) with-
out losing significant accuracy. The impact of placement
changes on the temperature distribution can readily be ob-
served with very little computational effort (one minute or
less in CPU time).

The thermal model includes the temperature dependence
of nonlinear thermal conductivities-and the multi-layer na-
ture of the structure is rigorously treated. Effect of pack-
ages are modeled by two thermally resistive capping layers.
Boundary conditions for sidewalls of the chip (thickness
around 500 pm) are assumed reflective (i.e., thermally in-
sulated).

Physical Models

The temperature distribution in a closed structure (e.g,
a chip or a device) is governed by the following thermal
diffusion equation and proper boundary conditions,
4 eT(r) = V- (~KVT(r) + (r) (1)
where T' is the temperature (in the context of this paper
it being the lattice temperature), ¢ is the specific heat of
the material, x is the thermal conductivity, and g is the
heat generation rate. In the steady state, the left hand
side (LHS) term in the above equation is dropped. In a
general, multilayer structure, « is position-dependent, i.e.,
function of r. Furthermore, x is also considered tempera-
ture dependent with the following form [3],

K = ko(T/300)* (2)

where T in units of Kelvin and as examples, ko = 1.45
and 0.014 W/K-cm for silicon and oxide, respectively, and
a = 1.2 for both materials. Expression (2) implies that
as the environment temperature is elevated, the material
thermal conductivity becomes poorer. The source of heat
generation depends on the nature of the circuit operation.
At the device simulation level, it is the local Joule heat
(J-E, where J and E are current density and electric field,
respectively), and at the block level, it can be assumed that
the power consumption for the functional block under the
typical signal pattern is the source for the entire block. By
averaging the power over the “volume” of the functional
block — it is easier to estimate the volume of the block for
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Fig. 1. Non-uniform tensor-product mesh tracking the topology of
functional blocks on top plan of a CPU chip

SOI technology because the thickness of the active silicon
thin film can be naturally taken as the depth for the block
while for the bulk CMOS technology one has to assume a
“skin” depth within which the heat generation is to occur
uniformly.

Numerical Algorithm

Because of the size of the chip (typically 1.5 to 2cm on
each side for the lateral dimensions) and the number of
layers (SOI, interconnect, and capping layers), to capture
the fundamental feature of the structure and to have a rea-
sonable simulation accuracy, the grid count can easily top
half million. The main reason for that type of huge mesh is
that a simple approach would require at least four grids for
each function block (a rectangle in floorplanning) in order
to resolve the distribution of heat generation sources. The
number of such functional blocks in modern CPU chips
ranges from a few tens to more than one hundred. A more
rigorous meshing scheme would need even more grids to
make sure the heat generation source won’t “spill” out of
the block and this requires an encasing frame around the
topology of the block, thus doubling the mesh count. An
example is shown in Fig. 1. The practice has shown that,
with this meshing scheme, only around twenty blocks could
be included in the simulation before machine with a 1GB
main memory is exhausted. Thus, not all the heat sources
can be included during the simulation, leading to inaccu-
rate temperature distribution.

To overcome the above limitation, a scheme of mapping
ALL the heat generation sources to a coarse mesh is pro-
posed, which greatly reduces the grid count (and CPU
time) while keeping the integrity of heat generation pro-
file. This mapping scheme is described as follows.

For the finite difference method, FDM, in spatial dis-
cretization, there is a control volume associated with each
grid. A heat generation intensity (in units W/cm?) is as-

Control Volume

/

Overlap

Heat generation block

Fig. 2. The contribution of the heat generation block to the node’s
control volume is scaled by the ratio of the overlap area to. that
of the control volume.

signed to each node and assumed the same value every-
where within the control volume. The total heat generated
from this volume is its volume integration. So after the
mesh is fixed, to distribute the heat source from each func-
tional block one has to decide which case it is and make
corresponding decision:

1. If the block, which is a 3D volume with thickness deter-
mined by the user’s choice such as the thickness of the sil-
icon thin film in SOI, falls entirely within a certain control
volume, then the heat intensity for this volume including
the grid is added by an amount of power dissipation (in
units watts) for this block divided by the volume of this
control volume.

2. If the block straddles among several control volumes as-
sociated with different grids, the block has to be partitioned
into pieces depending on the intersection of the block and
a particular volume (Fig 2). The heat from that piece of
block is then assigned to that control volume, which will be
in turn averaged out over the entire volume to obtain the
heat generation intensity to be assigned to the grid. This
procedure can be described in the following formula:

Vi, 1
9i5 = Piw-— ®3)
7 JVI‘/;

where g;; is the heat generation intensity contributed to
node 7 by block 7, and V; and V; are volumes of the control
volume associated with node 7 and block j, respectively;
Vi; is the intersection between volumes ¢ and j.

The above scheme guarantees the heat generation source
would be precisely conserved no matter how coarse the
mesh might be. Also the distribution of the heat source
is preserved to the extent of the coarseness of the mesh.
And the scheme is general independent upon the dimen-
sionality and the shape of the mesh elements.
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Fig. 3. 3D Mesh of simulation for a CPU chip using SOI technology
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Fig. 4. Simulated temperature distribution on top of silicon substrate
(bulk CMOS technology) with 75-by-75 mesh on the lateral di-
mensions. The power consumption for the entire chip is 100 W.

Results

Two CPU chip designs based on both bulk CMOS and
SOI technologies have been investigated using 3D simula-
tion capabilities of PROPHET (Fig. 3). Tensor product
mesh is used throught the simulation region. The num-
ber of grids in the vertical direction is fixed to 42 and the
mesh on the lateral plane varies. The temperature distribu-
tion on a 75-by-75 grid across the chip of dimension about
2 x 2 cm? is shown in Fig. 4. The chip is made of bulk
CMOS and contains 115 functional blocks; the total power
consumption is 100 W. It can be seen that the peak tem-
perature is about 130 °C; detailed features (hot spots) are
well captured in the simulation. To validate the accuracy,
a denser and more precise mesh is used which conforms ex-
actly with block size and location. Due to excessive num-
bers of grid required to conform to all functional blocks,
only 32 blocks are included, but they constitute 85% of
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Fig. 5. Block placement and corresponding heat generation distribu-
tion (in units normalized for this application) for the bulk CMOS
CPU chip.
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Fig. 6. Temperature distribution for the same chip as in Fig. 4 with
conforming mesh to the block placement. Due to memory limi-
tation, only 36 out of 115 blocks included and peak temperature
is lower.

the total power consumption (heat distribution in Fig. 5).
The results are shown in Fig 6. One can see the temper-
ature distribution and peak temperature are similar, yet
the computation time in the uniform mesh (100-by-100) is
less than one half of that for the conforming mesh (Table
1). To further reduce the CPU time and to maintain rea-
sonable accuracy, two more meshes are tested: one with
50-by-50 and another with 25-by-25 grid (Fig. 7), 'which-
demonstrates both acceptable accuracy and substantially
less time to simulate.

Next we look at the peak temperature for different de-
signs. Using the same coarse mesh, the second chip design
with power consumption of 60 watts is simulated and the
results are shown in Fig. 8. A noticeable feature of this
particular design is that the peak temperature is located
on the corner of the chip. From the thermal performance
point of view, this type of design is less favorable in remov-
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Mesh size CPU time (s)
Conforming 10,456
100 x 100 4,233
50 x 50 403
25 x 25 68
25 x 25 (w/ loaded mesh) 27
TABLE I
CPU TIME (IN 440MHz HP-PA8500) COMPARISON FOR DIFFERENT
MESH SIZE.
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Fig. 7. Temperature distribution simulated for 25-by-25 mesh with
other conditions the same as in Fig. 4.

ing the heat accumulated at the corners.

The Case of Silicon-28

Recently, serious efforts have been made in finding an al-
ternative material with a better thermal conductivity than
natural silicon (with three isotopes: 28Si (92%), 2°Si (5%),
308i (3%)) used for CMOS IC substrate. It turns out that

the pure silicon (28Si), called silicon-28, has a thermal con-’

ductivity enhancement of almost 60% at the room tem-
perature compared to natural silicon [4]. Simulation has
been performed on the CPU chip with 100 W power con-
sumption to assess the benefits of using silicon-28 in terms
of thermal performance. In Fig. 9, the temperature dis-
tribution for the chip with silicon-28 substrate is shown.
The peak temperature under the same power dissipation
for the chip is reduced from 136 °C for natural silicon wafer
(Fig. 7) to 123 °C, a reduction of almost 10%. Note that the
temperature dependent thermal conductivity in silicon-28
decreases faster (a = 1.664 in Eq. (2)) than that for natural
silicon when the temperature is elevated.

Conclusion

A fast turn-around, large-scale thermal simulation ap-
proach using a device simulator has been developed to ad-
dress the full chip temperature distribution. The impact
of floorplanning design on the chip thermal performance
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Fig. 8. Temperature distribution simulated for the SOI CPU chip
design with lower power consumption than the first one. The
peak temperature can be seen to locate on the corner of the chip.
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Fig. 9. Temperature distribution for silicon-28 wafer

has been studied. The simulated temperature profile and
its spatial gradient can be used to further investigate the
thermal impact on chip electrical performance such as de-
lay and electromigration. It is further found through this
work that using silicon-28 as the wafer, the peak tempera-
ture can be lowered as much as 10% as compared to that
using natural silicon.
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