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(57) ABSTRACT

Described herein are a method, system, and computer read-
able medium for estimating a diffusion potential (such as
temperature) of a diffusive property (such as thermal energy,
referred to herein as “heat”). The method includes modeling
as a circuit a diffusion region having two subregions to which
the diffusive property is introduced at different rates and
through which the diffusive property linearly diffuses. The
nodes of the circuit include a dividing node that divides
branches of the circuit that model the two subregions. A
circuit potential at one of the nodes of the circuit corresponds
to the diffusion potential at a location within the diffusion
region. The diffusion potential at the location within the dif-
fusion region is estimated by simulating operating of the
circuit and determining the circuit potential at the node of the
circuit.
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Model as a circuit a diffusion region
comprising two subregions, separated
in the circuit by a dividing node, to
which the diffusive property is
introduced at different rates and
through which the diffusive property
linearly diffuses
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Estimate the diffusion potential at the
location within the diffusion region by

simulating operation of the circuit and
determining the circuit potential at the |
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METHOD AND SYSTEM FOR ESTIMATING A
DIFFUSION POTENTIAL OF A DIFFUSIVE
PROPERTY

TECHNICAL FIELD

[0001] The present disclosure is directed at methods, sys-
tems, and techniques for estimating a diffusion potential,
such as a thermal potential (colloquially referred to as “tem-
perature”), of a diffusive property, such as thermal energy
(colloquially referred to as “heat”). More particularly, the
present disclosure is directed at estimating a diffusion poten-
tial obeying linear diffusion; that is, a diffusion potential
whose gradient is a force that is linearly proportional to the
flux of the underlying diffusive property.

BACKGROUND

[0002] Linear diffusion under various names is used to
describe the flux of different diffusive properties. For
example, Fick’s law describes diffusion of a number of mol-
ecules of one gas species within a mixture of several species
(the potential is called the concentration or partial pressure);
Ohm’s law describes the diffusion of electric charge (the
electric flux is called electric current, the electric potential is
called the voltage); and Fourier’s law describes the diffusion
of heat in conductors (the thermal potential is called the
temperature). The constant of proportionality between the
gradient and the flux is called the conductance, e.g. thermal
conductance in Fourier’s law and electrical conductance in
Ohm’s law, or diffusivity in Fick’s law.

[0003] Inparticular, the effects of heat and its diffusion are
becoming increasingly problematic when manufacturing and
using integrated circuits (ICs). The dimensions of ICs manu-
factured using complementary metal-oxide semiconductor
(CMOS) technology continue to shrink, which increases their
power density. As ICs shrink, their power density tends to
increase for two reasons. First, the ICs generally shrink at a
rate that is faster than the rate at which their supply voltages
decrease. Second, the frequency at which ICs are operated
tends to increase as they shrink, resulting in increasing power
losses related to high frequency switching.

[0004] Research and development accordingly continue
into techniques to address the problems that heat and its
diffusion pose to ICs. More generally, research and develop-
ment continue into ways to more generally apply theories
describing linear diffusion to solve various problems.

SUMMARY

[0005] According to a first aspect, there is provided a
method for estimating a diffusion potential of a diffusive
property. The method comprises modeling as a circuit a dif-
fusion region comprising two subregions to which the diffu-
sive property is introduced at different rates and through
which the diffusive property linearly diffuses, wherein the
nodes of the circuit comprise a dividing node dividing
branches of the circuit modeling the two subregions and
wherein a circuit potential at one of the nodes of the circuit
corresponds to the diffusion potential at a location within the
diffusion region; and estimating the diffusion potential at the
location within the diffusion region by simulating operation
of the circuit and determining the circuit potential at the one
of the nodes of the circuit.
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[0006] Thediffusive property may be steady-state tempera-
ture. The diffusion region may be a pinched-off channel of a
MOSFET

[0007] The circuit may be any one of an electric circuit, a
hydraulic circuit, and a thermal circuit.

[0008] When an electric circuit is used to thermally model
the channel, the circuit may comprise a voltage source con-
nected between a common node and the dividing node, the
dividing node corresponding to the pinch-off point of the
channel; and source and drain branches each connected in
parallel between the pinch-off node and the common node.
Each of the source and drain branches comprises a first resis-
tor having one end connected to the pinch-off node; and a
parallel branch comprising a current source and a second
resistor connected together in parallel, the parallel branch
connected in series between the other end of the first resistor
and the common node.

[0009] The node between the first resistor of the source
branch and the parallel branch of the source branch may
correspond to the source end of the channel, and the node
between the first resistor of the drain branch and the parallel
branch of the drain branch may correspond to the drain end of
the channel.

[0010] Portions of the MOSFET between the source and
drain ends of the channel and a source netlist node and a drain
netlist node of the MOSFET may be respectively modeled as
a source netlist branch and a drain netlist branch each com-
prising a pair of current sources; and a resistive pi network
connected in parallel between the pair of current sources,
wherein the pair of current sources and the resistive pi net-
work of the source netlist branch are connected in parallel
across the source branch and the pair of current sources and
the resistive pi network of the drain netlist branch are con-
nected in parallel across the drain branch.

[0011] The node between the first resistor of the source
branch and the parallel branch of the source branch may
correspond to a source netlist node of the MOSFET, and the
node between the first resistor of the drain branch and the
parallel branch of the drain branch may correspond to a drain
netlist node of the MOSFET.

[0012] Following estimating the diffusion potential at the
location within the diffusion region, the method may also
comprise analytically determining the diffusion potential at
an additional location within the diffusion region that corre-
sponds to positions between the nodes of the circuit.

[0013] Each of the nodes of the circuit may correspond to
the diffusion potential at a different location within the diffu-
sion region.

[0014] The diffusive property may be introduced to the
diffusion region by being generated within the diffusion
region. Alternatively or additionally, the diffusive property
may be introduced to the diffusion region by being trans-
ported to the diffusion region.

[0015] According to another aspect, there is provided a
method for estimating temperature within a pinched-off
channel of a MOSFET. The method comprises modeling the
thermal properties of the channel as an electric circuit com-
prising a dividing node corresponding to the pinch-off point
of'the channel and branches modeling subregions of the chan-
nel separated from each other by the pinch-oft point, wherein
a voltage at one of the nodes of the circuit corresponds to the
temperature at a location within the channel; and estimating
the temperature at the location within the channel by simu-



US 2014/0195183 Al

lating operation of the circuit and determining the voltage at
the one of the nodes of the circuit.

[0016] According to another aspect, there is provided a
system for estimating a diffusion potential of a diffusive
property. The system comprises a controller; and a computer
readable medium, communicatively coupled to the controller,
having encoded thereon statements and instructions to cause
the controller to perform a method according to any aspects
described above.

[0017] According to another aspect, there is provided a
computer readable medium having encoded thereon state-
ments and instructions to cause a controller to perform a
method according to any aspects described above.

[0018] This summary does not necessarily describe the
entire scope of all aspects. Other aspects, features and advan-
tages will be apparent to those of ordinary skill in the art upon
review of the following description of specific embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] Inthe accompanying drawings, which illustrate one
or more exemplary embodiments:

[0020] FIGS. 1(a) and (b) are schematics of layouts of
MOSFETs to which an embodiment of a method for estimat-
ing a diffusion potential can be applied.

[0021] FIG. 2 is a schematic of a resistor illustrating heat
flux entering and leaving a differential slice of the resistor.
[0022] FIG. 3 is a sectional view of an nMOSFET to which
an embodiment of the method referred to in respect of FIGS.
1(a) and (b) can be applied.

[0023] FIG. 4 shows a conductive channel of the nMOS-
FET of FIG. 3.
[0024] FIG. 5 shows a portion of the channel of FIG. 4 from

the source end of the channel to the pinch-off point of the
channel.

[0025] FIG. 6 shows a portion of the channel of FIG. 4 from
the pinch-oft point of the channel to the drain end of the
channel.

[0026] FIG. 7 shows an embodiment of an M-Network,
used to thermally model the channel of FIG. 4.

[0027] FIG. 8 shows a method into which reliability veri-
fication can be incorporated, according to another embodi-
ment.

[0028] FIG. 9 shows the layout of an exemplary nMOS-
FET.
[0029] FIGS.10(a)to (f) are graphs of channel temperature

vs. channel length of the nMOSFET of FIG. 9, generated in
accordance with one embodiment of the method referred to in
respect of FIGS. 1(a) and (b).

[0030] FIGS. 11 and 12 are schematics of an embodiment
of the M-Network used to thermally model the channel,
source and drain of a MOSFET.

[0031] FIG. 13 is an embodiment of a method for estimat-
ing a diffusion potential.

[0032] FIG.14is an embodiment of a system for estimating
a diffusion potential.

DETAILED DESCRIPTION

[0033] Directional terms such as “top”, “bottom”, “left”,
“right”, “front”, and “rear” are used in the following descrip-
tion for the purpose of providing relative reference only, and
are not intended to suggest any limitations on how any article
is to be positioned during use, or to be mounted in an assem-
bly or relative to an environment.
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[0034] Electromigration in ICs can prejudice their reliabil-
ity. Electromigration refers to the migration and resulting
degradation of portions of metallic conductors over time in
response to both current flowing through the conductors and
to relatively high temperatures to which the conductors are
exposed. Since current flowing through a conductor generates
heat, high temperatures and current are unfortunately closely
linked in practice.

[0035] The degree to which ICs are susceptible to elec-
tromigration depends on their layout. Accurately predicting
the effect an IC’s layout will have on its operating tempera-
ture can be difficult. Unfortunately, if a problem with an IC’s
layout is found only after tape-out, the costs in terms of both
time and money of subsequently changing the layout to rec-
tify the problem are relatively high.

[0036] Some of the embodiments discussed herein are
directed at a method and system for estimating thermal poten-
tial, also referred to herein as “temperature”, of thermal
energy, also referred to herein as “heat”. These embodiments
use a type of electric circuit model referred to as an “M-Net-
work™ to model the heat generation and subsequent diffusion
that occur within the channel of a MOSFET. The M-Network
can accordingly be used to determine the steady-state (DC)
temperature at various points within the channel.

[0037] However, in alternative embodiments, the diffusion
potentials of different types of diffusive properties may be
estimated, so long as the diffusive property is introduced to at
least two subregions within the region through which the
diffusive property may diffuse (“diffusion region”), and so
long as the diffusive property diffuses linearly through the
diffusion region. For example, in one alternative embodiment
atube of length L. is open at both ends and has an inner surface
that is coated for half its length with a catalyst. The tube is
filled with a reactive gas and sustains a chemical reaction on
its interior surface that releases a gaseous product. If the tube
forms part of a larger system of connected tubes, it may be
convenient to model the tube as a single entity with two ends.
The rate of generation of the gaseous product and its concen-
tration, which is the diffusion potential, results from chemical
activity within one subregion of the tube that corresponds to
the portion of the tube coated with the catalyst, whereas the
uncoated portion of the tube corresponds to another subre-
gion. Fluxes of gaseous product diffusing out of the two ends
of the tube are unequal. In this example, the underlying dif-
fusive property is the number of particles of the gaseous
product. Additionally, in an embodiment in which the tube is
open to the atmosphere at both ends, the concentrations of
gaseous product, measured in ppm, differ at the two ends of
the tube. In another alternative embodiment, a long iron bar is
fixed at both ends to permafrost, but one end of the bar is in
shadow and the other is exposed to sunlight. Heat is accord-
ingly introduced to the subregion that corresponds to the
portion of the bar exposed to sunlight, while the other subre-
gion of the bar is the portion that is in the shadow. Differing
amounts of heat are conducted through the two ends of the bar
into the bodies that anchor it, making one side more likely to
melt the permafrost. In this embodiment, the temperature of
the bar if the diffusion potential and the diffusive property is
heat. In another alternative embodiment, fertiliser is trans-
ported into (e.g.: via seeping) a sluggish stream at a point and
diffuses unevenly into the water, leading to an algae growth
rate that is greater downstream than upstream. The diffusion
potential in this example is the concentration of algae in
grams per litre, while the diffusive property is the number of
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particles of algae. One subregion of the stream is upstream
from the point at which the fertiliser seeps into the stream,
while the other subregion is downstream. In another alterna-
tive embodiment, an electrically-conducting wire that acts as
aresistor and across which a fixed voltage is maintained by an
external circuit is vertically embedded in a porous dielectric
insulator, the lower end of which is soaked in water, such that
some electrical current leaks to electrical ground through the
soaked, lower portion of the insulator. If the water level in the
soaked insulator rises, even more electric current leaks out of
the wire. In this embodiment, the diffusion potential is volt-
age, the diffusive property is electric charge, one subregion is
the lower end of the insulator, while the other subregion is the
end of the insulator that is not soaked in water.

[0038] As an example of one embodiment, the following
discussion describes how to estimate temperature (i.e. ther-
mal potential) at various locations within a MOSFET. FIGS.
1(a) and (b) show layouts of exemplary MOSFETs 100 that
are referred to in this discussion. The MOSFET 100 in FIG.
1(a) includes a source 102, a drain 108, and a gate 106 located
between the source 102 and drain 108. When the MOSFET
100 is in operation, a channel 104 (not shown in F1G. 1(a), but
shown in FIG. 3) conducts current between the source 102
and drain 108. The end of the channel 104 closest to the
source 102 is referred to as the source end 110 of the channel
104, while the end of the channel 104 closest to the drain 108
is referred to as the drain end 112 of the channel 104. When
the MOSFET 100 is operating in saturation mode, the pinch-
off point 114 of the channel 104 is between the source and
drain ends 110,112. FIG. 1(a) also identifies where, for the
purposes of a common list of two-port networks (commonly
referred to as a “netlist”) and for circuit simulation using a
simulator such as SPICE, the nodes representing the source
102 and drain 108 of the MOSFET are: one location 116 on
the source 102 represents the netlist node for the source 102
(“source netlist node 116”), while another location 118 on the
drain 108 represents the netlist node for the drain 108 (“drain
netlist node 118”).

[0039] FIG. 1(b) shows two series, or stacked, MOSFETs
100". The MOSFETs 100" include the source 102, drain 108,
gate 106, source netlist node 116, and drain netlist node 118
of the MOSFET 100 shown in FIG. 1(a), and also include
another gate 106' having its own channel (not shown) with its
own source end 110", drain end 112", and pinch-off point 114".
Heat diffusion in both the channel of the MOSFET 100 in
FIG. 1(a) and the channels of the stacked MOSFETs 100' of
FIG. 1(b) can be estimated using the embodiments developed
and discussed in this disclosure.

[0040] FIG. 3 shows an n-type MOSFET 100 of similar
layout as that of FIG. 1(a). The MOSFET 100 of FIG. 3 is
operating in saturation mode. In addition to showing the
source 102, gate 106, and drain 108, the asymmetric nature of
the channel 104 is evident. The source end 110 of the channel
104 has the largest cross-sectional area of any cross-section of
the channel 104, and the cross-sectional area shrinks until the
channel 104’s pinch-off point 114. FIG. 3 also shows the
MOSFET 100’s substrate 306, an oxide layer 300 between
the gate 106 and the channel 104, and vias 302 connected to
the source 102, gate 106, and drain 108.

Heat Equation

[0041] Before modeling the channel 104, a model for heat-
ing in a resistor 200, as shown in FIG. 2, is derived. For the
purposes of this model, the resistor 200 is presumed to be of
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uniform width and composition, and to have constant tem-
perature over any cross-section taken perpendicular to its
length.

[0042] The heat per unit length in a differential slice of the
resistor 200 is mC, T(x)Ax, where the length of the differen-
tial slice is Ax, T(x) is the temperature along the resistor 200’s
length, m is the mass of the resistor 200 per unit length, and
C,, is the heat capacity of the resistor 200. The time rate of
change of the heat is then given by

aT €8]
meEAx = F(x+ Ax) — F(x) + ¢(x)Ax — f(x)Ax

where F(x) is the diffusive heat flux. The heat flux is oriented
along the resistor 200’s length and is related to the tempera-
ture gradient by Fourier’s law of heat conduction:

~aong 9T (2)
Flo) = G —

where G*"% is the longitudinal thermal conductance of the
resistor 200.

[0043] The Joule heat generated per unit length of the resis-
tor 200 is given by ¢=1,,, °R; R is the resistor 200’s electrical
resistance per unit length, which is assumed to be constant
within the resistor 200, and I, is the time-averaged rms
current flowing through the resistor 200. The function f(x) in
Equation 1 models the heat flux through the sides of the
resistor 200 to the environment, which is at a reference tem-
perature T"¥. If diffusive heat flux passes through the sides of
the resistor 200 to the environment, which is held constant at
the reference temperature T (established, for example, by a
full-chip temperature simulation including device heating),
then a lateral thermal conductance G’ per unit length of the
resistor 200 may be defined as follows:

F=G= -1 3

Heat Generation in MOSFETs

[0044] When the MOSFET 100 is on and is in operation,
charge carriers move from the source 102 to the drain 108 and
in this process lose energy due to processes such as collisions,
scattering, phonon-electron interaction, etc. The dissipated
energy is released in the form of heat and leads to an increase
in the MOSFET 100’s temperature. As mentioned above in
respect of FIG. 3, when the MOSFET 100 is operating in
saturation mode the channel 104 is asymmetric and decreases
in cross-sectional area from its source end 110 to the pinch-
off point 114. Between the pinch-off point 114 and the drain
end 112 the channel 104’s cross-sectional area is roughly
constant. The discussion above concerning the resistor 200
can be applied to the channel 104 by modeling the channel
104 as a resistor of variable cross-sectional area. Heat gener-
ated in the channel 104 by current flow can be approximated
as Joule heating analogous to what occurs in the resistor 200.
[0045] Asdiscussed below, the one-dimensional heat equa-
tion (Equation 1) can be applied to the thermal model of the
MOSFET 100 and solved analytically to give a closed-form
expression for the temperature of the channel 104 from the
source end 110 to the drain end 112. The embodiments dis-
cussed herein use the BSIM3 MOSFET model as created by
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the BSIM Group in the Department of Electrical Engineering
and Computer Sciences at the University of California, Ber-
keley, and are applicable to technology nodes equalling or
exceeding 180 nm. However, in other embodiments (not
depicted) alternative semiconductor models can be used as
well, and technology nodes less than 180 nm may be mod-
eled. Additionally, while the present disclosure is directed at
modeling diffusion within the channel 104 of the n-type
MOSFET 100, in alternative embodiments different types of
transistors may be modeled. For example, p-type MOSFETs,
HEMTs, BITs, and FinFETs may be modeled.

Channel Geometry for Thermal Model

[0046] FIG. 4 shows the channel 104 of the MOSFET 100.
In the saturation region of operation the channel 104 shrinks
near the drain end 112 and the drain current becomes almost
constant with respect to I . The drain current flows through
the depletion region at the drain end 112. When the MOSFET
100 is operating in saturation mode the channel is modeled as
comprising two separate regions, Subregion 1 and Subregion

[0047] As shown in FIG. 5, Subregion 1 is a channel of
constant width W, and non-uniform height which tapers
from the source end 110 to the pinch-off point 114. This
subregion is approximated by an exponential function of the
form y=Ae™** where y is the height and x is the length of the
channel 104. An exponential function is selected for the
model to lead to tractable analytic results. The parameters A
and o in the exponential function are determined from the
BSIM3 model parameters and correspond to the operating
point of the MOSFET 100.

[0048] If L, is the length of the channel 104 between the
source end 110 and the pinch-off point 114, H,, is the height
of'the channel 104 at the source end 110 and H, is the height
of the channel 104 at the pinch-off point 114, then

x=L=>y=Hp “
1. /H
Hp = Hpe® s a = L—lln(H—Z)
s < g
[0049] FIG. 6 depicts Subregion 2 of the channel 104,

which corresponds to the portion of the channel 104 between
the pinch-off point 114 and the drain end 112. In this subre-
gion, the channel 104 cross-section is uniform and has width
W_and height H. The length of Subregion 2 is denoted as

5
Electrical Resistance

[0050] The resistance of Subregion 1 can be approximated
by integrating the resistance of a differential slice of the
channel 104 from the source end 110 to L;:

L1 Pl 5
Ri= [ Zdx= L (- )
o WepHo Wy Ho
1 (H, 6
a= —ln(—o) ©
L Hp
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-continued
ngf =L+, (7)

[0051] where

[0052] p=Electrical resistivity

[0053] H,=Height of the channel 104 at the source end
110

[0054] H_=Height of the channel 104 at pinch-off point
114

[0055] W, ,=Effective with of the channel 104

[0056] L,=Lengthofthe channel 104 between the source

end 110 and the pinch-off point 114

[0057] L,=Length of the channel between the pinch-off
point 114 and the drain end 112

[0058] L ,~=Effective length of the channel 104

[0059] The effective length and width of the channel 104
can be approximated by:

Loy = Lprayn — 2dL (8)
Weir = Wprawn — 2dW )
Wy W Wi (10)
AW = Wi + LV t W W Ve W Wan
L L, Ly an
L= Lo+ 0 T * Towiom

[0060] where

[0061] L,,,,.,.=Layout drawn length of the MOSFET
100

[0062] W,,.,=Layout drawn width of the MOSFET
100

[0063] W,,.L..W,W W W T1,L,L,.L,zare
BSIM3 parameters

[0064] The electrical resistivity of the channel 104 can be

approximated as

1 (12)
Weg Coxplegr

[0065]
[0066]

[0067]

[0068] Subregion 2 has a uniform cross-sectional area. This
can be considered as a uniform bar of length L,, width W,
and height H. Its resistance is given by:

where
C,.=Capacitance of the oxide layer 300
u,~Effective mobility of charge carriers

_ ol a3
e = W, Hp
Channel Height Models
[0069] The height of the channel 104 at the source end 110

can be approximated as the thickness of the inversion layer:
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Ho =iy = T a
g,
29N s
¢S:2/£1n(&) (13
q 1
[0070] where
[0071] k=Boltzmann’s constant
[0072] T=Temperature
[0073] &=Dielectric constant
[0074] & =Permittivity of free space
[0075] qg=Electron charge
[0076] N _,=Substrate doping concentration
[0077] n,=Intrinsic silicon concentration
[0078] ¢.=Surface potential
[0079] The height of the channel 104 at the pinch-off point

114, H,, can be approximated as follows:

Vi 16
Ri+Ry= DS (16)
Lsar
pEe =) pl,  Vps
WeyyHoa  WegHp I

Under the approximation H<<<H,,

_ pLolsa 17
P~ Vs W
[0080] where
[0081] I, ~=FElectric current insaturation region of opera-
tion
[0082] V,~Drain-Source voltage
[0083] Theheight of the channel 104 at the drainend 112 is

modeled to be the same as at the pinch-off point, H, as it is
assumed that the channel 104 is uniform from the pinch-off
point 114 to the drain end 112.

Channel Length Models

[0084] The length of the channel 104 between the pinch-off
point 114 and the drain end 112 is

Vps — VDS’ (18)
=g —
[0085] where

gN,(Vps — VDS")
Fp=2to 2> 7
2ego

VDS' = VearLeg | tefr

[0086] v, =Saturation velocity of charge carriers
[0087] The length of the channel 104 between the source

end 110 and the pinch-off point 114 is accordingly
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Li=Ly L, (19)

Thermal Conductance

[0088] The channel 104 has both a lateral thermal conduc-
tance and longitudinal thermal conductance. The substrate
306 is modeled as having a uniform background temperature
T"¢. The lateral thermal conductance is taken relative to both
the gate 106 above and a thermal reference in the substrate
306 below. These are combined into a single lateral conduc-
tance for a single, average reference temperature. When com-
pared to the temperature of the substrate 306, which acts as a
relatively distant reference temperature, the relatively small
variation in the height of the channel 104 compared to the
distance to the source of the reference temperature is negli-
gible. Therefore, the variation of thermal conductance along
the height of the channel 104 is modeled as being negligible.
The lateral thermal conductance (G*) is modeled as being
uniform along the length of the channel 104. In alternative
embodiments, for complex MOSFET structures a uniform,
effective lateral thermal conductivity can be calibrated from
detailed 2D or 3D thermal conduction simulations.

[0089] Thelongitudinal thermal conductance (G*€) varies
along the length of the channel 104 with the channel 104’s
cross-sectional area. The average longitudinal thermal con-
ductance is

. 1 L (20)
Gog = T f Gydx
eff JO

where L_;1s the effective channel length.
[0090] The longitudinal thermal conductance along the
channel 104’s length is

G2 (x)=G pe¥ (21)
where
1[G
v=T Loy ln[G_L]
[0091] G,=Thermal conductance per unit length at the

source end 110 (i.e. when x=0=> G*"*#(x=0)=G,).

[0092] G;=Thermal conductance per unit length at the
drain end 112 (i.e. when x=1.= G*"¢(x=1)=G,)

and where

s = G0 |ty ) @

avg — 'yLej]'

[0093] IfA is the thermal conductivity of channel, then
_ HoWyy _ HpWey
Go = n and GL = n .

Solution of the Heat Equation

[0094] The heat equation, Equation 1, is solved for both
Subregions 1 and 2 below.
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Subregion 1: Non-Uniform Cross-Sectional Area

[0095] FIG. 5 shows Subregion 1 of the channel. For a
differential length Ax of the channel:

P(x)Ax = g R(x)Ax

phx o

R(x)Ax = &
Wer Ho

where 1< is the drain current. The heat flux can be written as

AT(x)
don;
Flx) = Gl —-

Flx+Ax) = Gi78 T+ 20
@ gy

f®) =G (T - 1)

[0096] Inthe limit when Ax—0, the heat equation takes the
form of a 2nd order non-homogeneous differential equation:

d*T I 23)
Glne S _ Glr (1) - 77 )+ PSP _gor 2
¢ dx? WerHo

[0097] Ifthe temperature function for Subregion 1 is T, (x),
Equation 23 can be written as

d*T 3 24
Gf,ov"g 1 _Ghzr(Tl(xl)_Tref)+ DsP &1 =
¢ dx} Wegr Ho

[0098] The solution of non-homogeneous differential
Equation 24 can be written as

¥ 25
Ty (x) = C&81™1 + Cre 151 4 77 — &1
a? -¢f
where
Glat
1= |
GIE
¥ Zep
Weg Honxfgg
\PZ
Ki=——
a2 -&
[0099] C, and C, are constants whose values are deter-

mined below.

Subregion 2: Uniform Cross-Sectional Area

[0100] FIG. 6 shows Subregion 2 of the channel 104. The
total resistance in Subregion 2 is denoted as R,.

[0101] For a differential length Ax of the channel 104:
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S0)AY = 155(%)Ax

The heat flux can be written as

AT (x)
Flx) = Glorg
() = Gl —~

F(x + Ax) = kagw
g ox

f@)=G"Tx-1)

[0102] Inthe limit when Ax—0, the heat equation takes the
form of the following second-order non-homogeneous difter-
ential equation:

d*T (26)
Glng T G (T (x) =T )+ 3Ry = 0

[0103] If the temperature function of Subregion 2 is T,(x),
then Equation 26 can be written as

d’T, @n
G a3 G¥!(Ty(xz) = ") + I3gRy = 0
[0104] The solution of Equation 27 can be written as
28
Ty(x) = D1 2°2 + D,e™92%2 + Ez @)
&
where
G
&= -
GirE
e Gy s
=T " one - 2
Govg Gt
B
Ky=%
&
[0105] D, and D, are constants whose values are deter-

mined using the boundary conditions, below.

Boundary Conditions and Complete Solution

[0106] The temperatures of the source and drain ends 110,
112 of the channel 104 are determined by boundary condi-
tions. If the temperature at the source end 110 is T, and at the
drain end is T,, then the two boundary conditions can be
written as

Tl(xl)‘n:o:To (29)
h(x,) Loy=2,=T1 (30)
[0107] The temperature at the pinch-off point 114 as deter-

mined by Equation 25 is the same as determined by Equation
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28. Additionally, the heat flux leaving Subregion 1 enters
Subregion 2. These facts provide two more boundary condi-
tions:

Ty (x1) Iy =, = To(x2) Ixy=0 (BD
org 4111 g T2 32)
Y odxy Ly, ™ dx lxy-0

[0108] Using Equations 25, 28, 29, 30, 31, and 32, the
unknown coefficients, C,, C,, D,, and D, can be calculated
as:

¥ 33
To=Ci+Cy+T -
-8
34
Ty = D22 + Dye2l2 4 Ez B9
&
¥ (35
Crefttt 4 Cpe it 4 7 = = Di+D + EZ
@ =& &
i L L ¥ L (36)
Gaovrég[clglegl 1 - Cyéeéth -e = e | =

GEne(D &) — Daéy)

avg

C=C-C (€D))
Dy =D, -D] (38)
where

& +&e%212) N
(efilt — i1ty (1 + e¥202)g; —

(&1L + g8l )(1 — e%2l2)

v _
1=

Tre2t2 — (Ty — T stk — 7 4
LS B

(k1 — sl 4

L (1-ef2l2)
g g

o2 —

(5111 4 g1l
= X
(@181 —e~é1l1)(1 + e%202)g, —

(ef1h1 + g~61h1)(1 — e2212)

Dy

T 22 — (Ty - T e s1h 77 4
B

(efth — g7ttty L1 — g2l2)
&

o?-¢
(1—e¥it)
T (efth —etib)(1 + e2202)é, —

(ef1h1 + g~61h1)(1 — e2212)

v

1

(To - T 1h — TLe224, +
2

_ B
(ae™1 + g7 + —6ref22
o?-¢t &
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-continued
(&1E1 4 51l
(@h e Bl L+ Bl g —
(&1L + g8l )(1 — e%2l2)

7
D] =

(To = T)g e 1l — Ty ef2h2¢) +
g2 B

_(aetht + g0ty + Lgetrtn
& &

22—

q,Z
C=To-C-T% +

53
a? - ¢t

D, = T 22 — D212 — Ezefzbz
&

[0109] The temperature of the channel 104 along its length
from the source end 110 to the drain end 112 can be written as

- Ti(x1), Osxj =L for0sx=<1, 39
@)= Ta(xp), 0<x,<lyforLi<x<L

L=L +L, 40

The Channel Temperature at Pinch-Off

[0110] The channel temperature at the pinch-off point 114
Tpien 18 given as T, =T, (X,)IX 7 .

M-Network Representation of the Channel 104

[0111] The foregoing analysis is used to model steady-state
(DC) temperature within the channel 104 of the MOSFET
100 using an electric circuit 700 as shown in FIG. 7 (“M-
Network 700). Each of the nodes of the M-Network 700
corresponds to a location within the MOSFET 100, and the
voltage at one of the nodes of the M-Network 700 represents
the temperature at the corresponding location in the MOS-
FET 100. In this sense, the M-Network 700 is an electrical
circuit thatis equivalent to the steady-state thermal conditions
of the channel 104.

[0112] The M-Network 700 includes a voltage source 702
that is connected between a common node 720 that corre-
sponds to the MOSFET 100’s substrate 306 and a pinch-off
node 722 that corresponds to the pinch-off point 114. The
M-Network 700 also includes a source branch 704 that cor-
responds to the portion of the channel 104 between the source
end 110 and the pinch-off point 114 (Subregion 1), and adrain
branch 706 that corresponds to the portion of the channel 104
between the drain end 112 and the pinch-off point 114 (Sub-
region 2). The pinch-off node 722 acts as a dividing node that
divides the source and drain branches 704,706 from each
other, which are the branches of the circuit that model the two
subregions of the channel 104.

[0113] Each of the source and drain branches 704,706 is
connected in parallel between the pinch-off node 722 and the
common node 720. Each of the source and drain branches
704,706 includes a first resistor 708,710 that has one end
connected to the pinch-off node 722, and a parallel branch
728,730 that includes a current source 714,718 and a second
resistor 712,716 connected together in parallel. In each of'the
source and drain branches 704,706, the parallel branch 728,
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730 is connected in series with the first resistor 708,710, and
the parallel branch 728,730 and the first resistor 708,710
connect the pinch-off node 722 to the common node 720. The
first resistor 708 in the source branch 704 has a conductance
ofm,, the second resistor 712 in the parallel branch 728 of the
source branch 704 (“source parallel branch 728”) has a con-
ductance of 6, and the current source 714 in the source
parallel branch 728 has a magnitude of S,. Similarly, the first
resistor 710 in the drain branch 706 has a conductance of 1,,
the second resistor 716 in the parallel branch 730 of the drain
branch 706 (“drain parallel branch 730”) has a conductance
of'8,, and the current source 718 in the drain parallel branch
730 has a magnitude of S,. A voltage source of magnitude
T, inen 18 connected between the common node 720 and the
pinch-off node 722; the magnitude of T,,,, corresponds to
the temperature of the pinch-off point. The node 724 between
the source parallel branch 728 and the first resistor 708 of the
source branch 704 corresponds to the source end 110 of the
channel 104 (“source end node 724”), and the voltage T, at
this node 724 represents the temperature at the source end
110. Similarly, the node 726 between the drain parallel branch
730 and the first resistor 710 of the drain branch 706 corre-
sponds to the drain end 112 of the channel 104 (“drain end
node 726”), and the voltage T, at this node 726 represents the
temperature at the drain end 112. F , represents the current at
the source end node 724, and F; represents the current at the
drain end node 726. The source end and drain end nodes
724,726 are the ports of the M-Network 700. The conduc-
tances 0,0, of the resistors 712,716 in the source and drain
parallel branches 728,730 represent a thermal conduction
path to ground.

[0114] F,andF; are given by
one AT @1
Fo= GévggT; x=0

dT, “42)
_ glong _
Fp = Gavg e |x_ L,

[0115] The requirement for conservation of flux (in electric
circuit analysis known as Kirchoff’s current law) results in the
following equations:

Fon Tyien—M1+0 ) To=S; 43)
Fr=nat0) 112 i tS2 (44)
where

Tpinen=Cre 14 Cre B T K g1

[0116] Equations 41 and 42 can be solved and compared
with Equations 43 and 44 to find out the values ofn, 1,, 6,
0,,and S,:

m = GiyE 2%,
4, el
0 = sz"v’ég%e"fll‘l + sz(:/réggl _m{Zsz + 1} +etih
2%
S = GoE{ S — Kulon +60)) =751 -
m

efth — ettty T et L T K ettt — 1l
M
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-continued
251l

== (ef1h — g=61l1)

{Me’flLl

- + Gf;’v';ge‘fZLQ e (1 H 4 e7tthy 4 g (@811 — g i1 )]}

26,6212 (5111 — 8101
b =m By —— L -

Gﬁ?{ %ez‘% [(ef1h + g7ty + £(efthn — b1t )] — fz}

26,6212

Sy = Gﬁég{fsz + 72} + T el - 1) -

Ki{e sl — g1ty Z/I_z{erflh —e 1ty
where
M = (1l — ettty (1 + e¥202)g, — (511 4 i1l (1 — 2%202)
n=
&1 + 22T (78111 4 1)+ Ky (P11 — el 1 k(1 — e522))
(- 2R2) - T e M + Ky (™11 + £1e78100) + Kpgre2!2)
ya =T e 1M — (1 + et h) + e il (@1 — e it h)
Ki{(e®1h — g7e1h (b1t 4 g6ty -
(@111 4 & e 1) ¢ (i1l — gt1ty) 4

Ko{(l —e2i2) (@11 4 e 81l1) _ gp8202 (5111 — 6101y}

[0117] The heat equation can accordingly be analytically
solved for the MOSFET 100, and the channel 104’s tempera-
ture profile can be estimated. Physical device parameters are
extracted from BSIM3 models; MOSFET geometry informa-
tion is read from an extracted circuit layout in the SPICE
format; saturation current and other variables for the M-Net-
work 700 are determined; and then voltage at the nodes of the
M-Network 700 are determined to determine the temperature
at the locations within the MOSFET that correspond to those
nodes. Subsequently, and in another embodiment, the tem-
perature at any location within the channel can be analytically
determined using Equations 25 and 28.

Integration in the VLSI CAD Flow

[0118] FIG. 8 shows a post-logic synthesis VLSI (Very-
large-scale Integration) CAD (Computer-aided Design) flow
800. At block 802, the netlist is generated; at block 804,
placing and routing (layout) is performed; at block 806, post-
layout logic verification and a formal equivalence check are
performed; at block 808, physical verification is performed;
and at block 810, prior to tape-out, thermal reliability verifi-
cation is performed in accordance with the foregoing disclo-
sure. If a problem is discovered during thermal verification,
the layout of the IC can be changed at block 804, and blocks
806 to 810 can be repeated. Once the IC passes thermal
verification, tape-out is performed at block 812.

Verification

[0119] The foregoing describes solving the heat equation
analytically. For a comparative analysis of the results of the
method of the present disclosure versus a conventional
method, the heat equation for both Subregions 1 and 2 of the
channel 104 are solved using a conventional finite difference
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approach, below, and the results are compared to those deter-
mined analytically. The finite difference approach is based on
Taylor’s approximation for 2nd order derivatives given by:

Fo=m)=2f 0+ fix+h) _

. 90 2 (45)
2

12

e

where, h is a small interval and f"(x) is the second derivative
of function f(x). The second term on the right hand side of
Equation 45 is the remainder term and is treated as approxi-
mation error.

[0120] Below, thermal simulations on an n-type MOSFET
100 are performed using analytical and finite difference
approaches. FIG. 9 shows the layout of the MOSFET 100; the
MOSFET 100 has a drawn length of 0.18 um and a drawn
width of 0.40 pm. The full SPICE BSIM3 model for the
device is given below in Table 1, while Table 2 lists non-
BSIM3 parameters used in the simulations:

TABLE 1

BSIM3 Parameters used in Simulation;

Parameter Description Value Unit

Vo Threshold voltage 0.3696386 v

mg Mobility 670.0 cm?/Vs

Vear Saturation velocity 86301.58 m/s

W, Coeflicient of length 0.0 m"™"
dependence for width offset

Wi, Power of length dependence 0.0 none
for width offset

Wi Power of width dependence 1.0 none
for width offset

W, Width dependence for width 0.0 m"
offset

W, Length and width cross term 0.0 mn + Wi
for width offset

L, Length dependence for length 0.0 mt
offset

L, Length dependence for length 1.0 none
offset

L,, Width dependence for length 0.0 m&
offset

L., Width dependence for length 0.0 none
offset

L, Length and width cross term 0.0 mbn + L
for length offset

L. Length offset fitting 1.69494e-8 m
parameter

Tox Gate oxide thickness 1.5e-8 m

N Substrate doping 6.0el6 cm™3
concentration

TABLE 2
Other Parameters Used in Simulations

Parameter Description Value Unit

k Boltzmann constant 1.38 x 10723 m?kgs 2Kt

€, Oxide dielectric constant 3.9 none

€, Permittivity of air 8.85x 10712 F/m

Test Scenario Using Externally Supplied Drain Current

[0121] In this test scenario, the temperature of the channel
is determined while the MOSFET is subject to an externally
supplied current. In this test, a current of 2 mA is supplied
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externally by a designer, the layout drawn length of the MOS-
FET is 0.28 pm, the width is 0.40 pm, the applied gate voltage
is 1.0V, the drain voltage is 1.5V, the source end temperature
is set to 565 K, the drain end is set at 567 K, and the reference
temperature is set to 456 K. Determined analytically, the
average channel temperature is 586.19 K; the maximum
channel temperature is 588.68 K at a distance of 0.2115 um
from the source end 110; and the temperature at the pinch-off
point is 588.46 K at a distance of 0.2093 um from the source
end.

[0122] FIG. 10(a) graphs the analytical solution as a curve
1004 (“analytical curve 1004”) shown in solid lines, and
graphs two different finite difference solutions as curves
1004,1006 (“finite difference curves 1004,1006) shown in
dashed lines. While there is a significant difference between
the analytical curve 1004 and one of the finite difference
curves 1006, when the step size used in the finite difference
approach is reduced and its accuracy accordingly increased,
the resulting finite difference curve 1004 more closely corre-
sponds to the analytical curve 1004.

Test Scenario for a Smaller MOSFET

[0123] Inthis test, the layout drawn length and width of the
MOSFET are respectively 0.18 um and 0.40 um, and the gate
and drain voltages are both 1.5 V. The source end temperature
is 565 K, the drain end temperature is 567 K, and the reference
temperature is 456 K. FIG. 10(b) shows both the analytical
and finite difference results as the analytical curve 1004 and
the finite difference curve 1006, respectively. Determined
analytically, the maximum channel temperature is 570.52 K
atadistance of 0.114 um from the source end; the temperature
atthe pinch-off point is 570.36 K ata distance 0.109 pm along
the length of the channel from the source end; and the satu-
ration current is 0.269 mA.

Test Scenario for the Case when the Source, Drain, and the
Reference Temperatures are Identical

[0124] Inthis test, the layout drawn length of the MOSFET
is 0.18 um and the width is 0.40 pum, the applied gate voltage
is 1.5V, the drain voltage is 1.5V, and the source, drain, and
reference temperatures all are set to 10 K. FIG. 10(c) shows
both the analytical and finite difference results as the analyti-
cal curve 1004 and the finite difference curve 1006, respec-
tively. The drain current is 0.2699 mA. Determined analyti-
cally, the average channel temperature is 5.05 K; the
maximum channel temperature is 8.1 K at a distance of
0.1124 pum along the length of the channel from the source
end; and the temperature at the pinch-off point is 7.95 K at a
distance of 0.109 um from the source end.

[0125] Below, test scenarios are described that compare the
analytical and conventional finite difference approaches
when the MOSFET operates in different modes.

Saturation Mode of Operation

[0126] In the saturation mode, the MOSFET is on and it
conducts current between the source and the drain. The MOS-
FET threshold voltage for the BSIM3 technology file used in
this work is 0.39V. The value of A is 0.20. The following tests
are performed with the MOSFET in the saturation mode.
Test Scenario when Gate and Drain are at Same Voltage
[0127] Inthis test, the source and drain temperatures are set
to 325 K respectively, and the reference temperature is set to
300 K. The applied gate voltage is 1.5 V and the drain voltage
is 1.5 V. The layout drawn width of the MOSFET is 0.40 um
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and the length is 0.18 um. The saturation drain current is
0.2699 mA. FIG. 10(d) shows both the analytical and finite
difference results as the analytical curve 1004 and the finite
difference curve 1006, respectively. Determined analytically,
the maximum channel temperature is 330.57 K at a distance
01'0.113 uM from the source end; and the temperature at the
pinch-off point is 330.46 K at a distance 0.109 pm along the
length of the channel from the source end.

Test Scenario for the Case of Different Gate and Drain
Voltages

[0128] In this test, the source and the drain end tempera-
tures are set to 325 K respectively, and the reference tempera-
ture is set to 300 K. The applied gate voltage is 1.8 V and the
drain voltage is 2.2 V. The layout drawn width of MOSFET is
0.40 um and the length is 0.18 um. The saturation drain
current is 0.4322 mA. FIG. 10(e) shows both the analytical
and finite difference results as the analytical curve 1004 and
the finite difference curve 1006, respectively. Determined
analytically, the maximum channel temperature is 338.12 K
at a distance 0.1137 um from the source end; and the tem-
perature at the pinch-off point is 337.81 K at a distance 0.108
pum from the source end.

Test Scenario for The Case of High Gate and Drain Voltages

[0129] In this test, source and drain temperatures are set to
325 K respectively, and the reference temperature is set to 300
K. The applied gate and drain voltages are both 5.0 V. The
layout drawn width of the MOSFET is 0.18 pm and the length
is 0.40 The saturation drain current to be 4.52 mA. FIG. 10(f)
shows both the analytical and finite difference results as the
analytical curve 1004 and the finite difference curve 1006,
respectively. Determined analytically, the average channel
temperature for this case is 460.66 K; the maximum channel
temperature is 556.00 K at a distance 0.1102 um from the
source end; and the temperature at the pinch-off point is
550.26 K at a distance 0.10631 pm from the source end.
Test Scenario for a Large MOSFET Device with High Drain
Current

[0130] In this test, the source and the drain end tempera-
tures are set to 325 K respectively, and the reference tempera-
ture is set to 300 K. The applied gate and drain voltages are
both 5.0 V. The layout drawn width of the MOSFET is 0.40
um and the length is 0.28 um. The saturation drain current is
2.689 mA. FIG. 10(g) shows both the analytical and finite
difference results as the analytical curve 1004 and the finite
difference curve 1006, respectively. Determined analytically,
the average channel temperature for this case is 429.03 K; the
maximum temperature is 500.50 K at a distance 0.208 pm
from the source end; and the temperature at the pinch-off
pointis 499.17 K at a distance 0.206 um from the source end.

Test Scenario for Different Source/Drain Temperatures and
Voltages

[0131] In this test, the source end temperature is set to 318
K, the drain end temperature is set to 324 K, and the reference
temperature is set to 298 K. The applied gate voltage is 1.2V
and the drain voltage is 1.8 V. The layout drawn width of the
MOSFET is 0.40 pm and the length is 0.18 pm. The saturation
drain current is 0.145 mA. FIG. 10(/) shows both the analyti-
cal and finite difference results as the analytical curve 1004
and the finite difference curve 1006, respectively. Determined
analytically, the maximum temperature is 326.97 K at a dis-
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tance 0f 0.118 pm from the source end; and the temperature at
the pinch-off point is 326.58 K at a distance 0 0.109 um from
the source end.

Linear/Ohmic Mode of Operation

[0132] Whenthe MOSFET operates in the linear mode, the
drain current increases linearly with the drain voltage. Under
these conditions the MOSFET behaves as a voltage depen-
dent resistor whose resistance is determined by the gate volt-
age. The current and the voltage follow the ohmic relationship
in this mode of operation. The following tests are performed
with the MOSFET in the linear mode.

Test Scenario for the Case of Different Temperatures at the
Source and the Drain

[0133] In this test, the source end temperature is set to 300
K, the drain end temperature is set to 325 K, and the reference
temperature has been set to 300 K. The applied gate voltage is
1.5V and the drain voltage is 1.0 V. The layout drawn width
of MOSFET is 0.40 um and the length is 0.18 um. Linear
mode drain current is determined to be 0.0245 mA. FIG. 10(;)
shows both the analytical and finite difference results as the
analytical curve 1004 and the finite difference curve 1006,
respectively. Determined analytically, the maximum channel
temperature is 325 K at a distance of 0.146 um from the
source end; and the temperature at the pinch-off point is
318.97 K at a distance 01 0.110 pm from the source end.

Test Scenario for a Larger Device in the Ohmic Operating
Subregion

[0134] In this test, the source end temperature is set to 318
K, the drain end temperature is set to 324 K, and the reference
temperature is set to 300 K. The applied gate voltageis 1.0V
and the drain voltage is 0.1 V. The layout drawn width of the
MOSFET is 0.40 um and the length is 0.28 pm. A drain
current of 0.01455 mA is determined. FIG. 10(;) shows both
the analytical and finite difference results as the analytical
curve 1004 and the finite difference curve 1006, respectively.
Determined analytically, the maximum channel temperature
is 324 K at a distance 0of' 0.246 um from the source end; and the
temperature at the pinch-off point is 323.25 K at a distance of
0.215 pm from the source end.

[0135] As evident from FIGS. 10(a) to (j), the analytical
and finite difference approaches correspond to a high degree
so long as a sufficiently small step size is used when using the
finite difference approach.

[0136] Referring now to FIG. 11, there is shown another
embodiment in which the M-Network 700 is expanded so that
the MOSFET 100 is modeled from its source netlist node 116
to its drain netlist node 118, instead of only from the source
end 110 to the drain end 112 of the channel 104, as is done in
FIG. 7. Connected across the source end node 724 and the
common node 720 of the M-Network 700 are a pair of current
sources 1104a,b between which is connected a resistive pi
network 1102; these current sources 11044,5 and the pi net-
work 1102 thermally model the portion of the MOSFET 100
between the source end 110 of the channel 104 and the source
netlist node 116. Similarly, connected across the drain end
node 726 and the common node 720 are another pair of
current sources 1108a,5 and another resistive pi network
1106; these current sources 1108a,5 and the pi network 1106
thermally model the portion of the MOSFET 100 between the
drain end 112 of the channel 104 and the drain netlist node
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118. The magnitude of each of the current sources 1104a,b
connected to the source end node 724 is 0.5, while the
resistors in the pi network 1102 have resistances of o, f§,, and
B, Similarly, each of the current sources 11084, b connected
to the drain end node 726 is 0.5+, while the resistors in the
pinetwork 1106 have resistances of o, § ,, and ;. The circuit
shown in FIG. 11 can be simplified to result in the embodi-
ment of the M-Network 700 shown in FIG. 12, which is
structurally identical to the embodiment of the M-Network
700 of FIG. 7 but whose components instead have the follow-
ing magnitudes:

_ a2
= g+ Py +02+72
_ @22
BN R0 +1
aq(f2 +02)
bu=Par g+ Pa+02+72
(s + 65)
0= By 4+ — Pt
5= fz + @+ B+ 0 +m
g 2 XS —da) - 0.5¢4(B4 + 02 +12)
‘" g+ Pa+ 02+
P @s(S1 —rs) = 0.5¢5(Bs + 01 +11)
5=

@+ B+ 01 +m

The voltages, and accordingly the temperatures, at the source
and drain netlist nodes 116,118 are respectively labelled
Tnetlist source and Tnetlist drain in FIGS. 11 and 12.

[0137] Referring now to FIGS. 13 and 14, there are respec-
tively shown an embodiment of a method 1300 for estimating
a diffusion potential of a diffusive property, and an embodi-
ment of a system 1400 for estimating a diffusion potential of
a diffusive property. The system 1400 includes a controller
1402; a computer readable medium 1404 that is communica-
tively coupled to the controller 1402; a display 1406 that is
communicatively coupled to the controller 1402; and an input
device, such as a keyboard 1408, that is communicatively
coupled to the controller 1402.

[0138] The method 1300 is encoded on to the computer
readable medium 1404, and the controller 1402 accordingly
performs the method 1300. At block 1302 the controller 1402
begins performing the method 1300, and proceeds immedi-
ately to block 1304. At block 1304 the controller 1402 models
a portion of the diffusion region, such as the channel 104 of
the MOSFET 100, using a circuit, such as the M-Network
700. While the depicted embodiment of the M-Network 700
is an electrical circuit, in alternative embodiments (not
depicted) the M-Network 700 may be, for example, a thermal
circuit, a pneumatic circuit, or a hydraulic circuit. Depending
on the embodiment, the particular circuit potential of the
M-Network 700 that corresponds to the diffusion potential
may vary. For example, when the M-Network 700 is an elec-
trical circuit as it is in FIG. 7, the circuit potential that corre-
sponds to the diffusion potential is voltage. As another
example, in an embodiment in which the M-Network 700 is a
hydraulic circuit, the circuit potential is pressure.

[0139] After the diffusion region is modeled using the
M-Network 700, the controller 1402 proceeds to block 1304
and simulates operation of the M-Network 700 to determine
the circuit potentials at various nodes at the M-Network 700;
as noted above, as the M-Network in the depicted embodi-
ment is an electrical circuit, the voltages at the various nodes
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of'the M-Network 700 correspond to the temperature at vari-
ous locations within the diffusion region of the MOSFET
700. Simulation may be performed using a circuit simulator
such as SPICE. In the embodiment of the M-Network 700 of
FIG. 7, the diffusion region is the channel 104 of the MOS-
FET 100; in the embodiment of the M-Network of FIG. 12,
the diffusion region is the channel 104 and the portions of the
MOSFET 100 between the source and drain ends 110,112 and
the source and drain netlist nodes 116,118. The controller
1402 utilizes the following input variables, which a user can
supply via the keyboard 1408:
[0140] (a)the temperatures at the source end 110 and the
drain end 112 or at the source and drain netlist nodes
116,118,

[0141] (b) the temperature of the substrate 306, which
acts as T'%;
[0142] (c) gate voltage (V,,);
[0143] (d) drain voltage (V,,);
[0144] (e) substrate bias voltage (V,,); and
[0145] (f) a netlist extracted from layout of the IC.
[0146] The controller 1402 outputs any one or more of the

following in a text file or on the display 1406, for example:
[0147] (a) the temperature distribution along the length
of the channel 104;

[0148] (b) drain current (1,);

[0149] (c) average thermal conductance;

[0150] (d) average channel temperature;

[0151] (e) maximum channel temperature;

[0152] (f) the temperature at the pinch-off point 114; and

[0153] (g) the effective length and width of the channel.
[0154] The controller 1402 subsequently proceeds to block

1306, where the method 1300 ends.

[0155] Beneficially, the foregoing method 1300 and system
1400 allow a netlist to be used to model operation of a diffu-
sion region, such as between the source and drain netlist
nodes 116,118 of the MOSFET 100, in multiple physical
domains. For example, with respect to the MOSFET 100, a
netlist is conventionally used to model the MOSFET 100’s
behaviour in the electrical domain, and the method 1300 and
system 1400 also allow a netlist to be used to model the
MOSFET 100 in the thermal domain. This can potentially be
advantageous for several reasons. One potential advantage is
rapid solution: problem matrices in the different domains
have a common sparsity pattern whose solution topology can
be determined once (a computationally expensive procedure)
and then re-used for all physical domains to achieve faster
calculation. MOSFET channels 104 are commonly described
electrically by resistors, the simplest form of two-port net-
work. The electric circuit topology of a VLSI circuit can thus
be re-used, courtesy of the M-network 700, to determine the
temperature profile in the same circuit, including the tempera-
ture profile within MOSFET devices. Anything other than a
thermal-domain two-port network to describe the MOSFET
channel 104 would require a costly reformulation of the
matrix problem for the thermal domain. Another potential
advantage is repurposing of electrical parasitic extraction
software tools and component descriptions in the thermal
domain. Each extracted circuit component (resistor, capaci-
tor, MOSFET) can have two-port electrical and thermal
domain interpretations. The M-Network 700 can be used to
improve the accuracy of thermal analysis of MOSFET
devices within VLSI circuits over the accuracy of a pi-net-
work model of the channel 104, but does not require infor-
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mation beyond that which is reasonably available from a
parasitic extraction and standard device models.

[0156] While the foregoing embodiments are directed at
modeling a single diffusion region that is divided into two
subregions, in alternative embodiments (not depicted) mul-
tiple diffusion regions can be modeled. For example, in an
embodiment in which a collection of MOSFETs 100 are
electrically coupled together, the channel 104 of each of the
MOSFETs 100 may be thermally modeled using one M-Net-
work 700, and the M-Networks 700 of each of the MOSFETs
may be coupled together to model the collection of MOS-
FETs 100.

[0157] The controller 1402 may be any suitable type of
controller, such as a processor, microcontroller, program-
mable logic controller, field programmable gate array, or can
be implemented in hardware using, for example, an applica-
tion-specific integrated circuit. Exemplary computer read-
able media include disc-based media such as CD-ROMs and
DVDs, magnetic media such as hard drives and other forms of
magnetic disk storage, semiconductor based media such as
flash media, random access memory, and read only memory.

[0158] For the sake of convenience, the example embodi-
ments above are described as various interconnected func-
tional blocks or distinct software modules. This is not neces-
sary, however, and there may be cases where these functional
blocks or modules are equivalently aggregated into a single
logic device, program or operation with unclear boundaries.
In any event, the functional blocks or software modules can
be implemented by themselves, or in combination with other
operations in either hardware or software.

[0159] It is contemplated that any part of any aspect or
embodiment discussed in this specification can be imple-
mented or combined with any part of any other aspect or
embodiment discussed in this specification.

[0160] While particular embodiments have been described
in the foregoing, it is to be understood that other embodiments
are possible and are intended to be included herein. It will be
clear to any person skilled in the art that modifications of and
adjustments to the foregoing embodiments, not shown, are
possible. The scope of the claims should not be limited by the
embodiments set forth in the examples, but should be given
the broadest possible interpretation consistent with the
description as a whole.

1. A method for estimating a diffusion potential of a diffu-

sive property, the method comprising:

(a) modeling as a circuit a diffusion region comprising two
subregions to which the diffusive property is introduced
at different rates and through which the diffusive prop-
erty linearly diffuses, wherein nodes of the circuit com-
prise a dividing node dividing branches of the circuit
modeling the two subregions and wherein a circuit
potential at one of the nodes of the circuit corresponds to
the diffusion potential at a location within the diffusion
region; and

(b) estimating the diffusion potential at the location within
the diffusion region by simulating operation of the cir-
cuit and determining the circuit potential at the one of the
nodes of the circuit.

2. A method as claimed in claim 1, wherein the diffusive
property is steady-state heat.

3. A method as claimed in claim 1, wherein the diffusion
region is a pinched-oft channel of a MOSFET.
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4. A method as claimed in claim 1, wherein the circuit is
selected from the group consisting of an electric circuit, a
pneumatic circuit, a hydraulic circuit, and a thermal circuit.

5. A method as claimed in claim 3, wherein the circuit is an
electric circuit.

6. A method as claimed in claim 5, wherein the channel
comprises a pinch-off point and wherein the electric circuit
comprises:

(a) a voltage source connected between a common node
and the dividing node, the dividing node corresponding
to the pinch-off point of the channel; and

(b) source and drain branches each connected in parallel
between the pinch-off node and the common node, each
of the source and drain branches comprising:

(1) a first resistor having one end connected to the pinch-
off node; and

(1) a parallel branch comprising a current source and a
second resistor connected together in parallel, the par-
allel branch connected in series between the other end
of the first resistor and the common node.

7. A method as claimed in claim 6, wherein the node
between the first resistor of the source branch and the parallel
branch of the source branch corresponds to the source end of
the channel, and the node between the first resistor of the drain
branch and the parallel branch of the drain branch corre-
sponds to the drain end of the channel.

8. A method as claimed in claim 6, further comprising
modeling portions of the MOSFET between the source and
drain ends of the channel and a source netlist node and a drain
netlist node of the MOSFET, respectively, as a source netlist
branch and a drain netlist branch each comprising:

(a) a pair of current sources; and

(b) a resistive pi network connected in parallel between the
pair of current sources, wherein the pair of current
sources and the resistive pi network of the source netlist
branch are connected in parallel across the source
branch and the pair of current sources and the resistive pi
network of the drain netlist branch are connected in
parallel across the drain branch.

9. A method as claimed in claim 6, wherein the node
between the first resistor of the source branch and the parallel
branch of the source branch corresponds to a source netlist
node of the MOSFET, and the node between the first resistor
of'the drain branch and the parallel branch of the drain branch
corresponds to a drain netlist node of the MOSFET.

10. A method as claimed in claim 1, further comprising,
following estimating the diffusion potential at the location
within the diffusion region, analytically determining the dif-
fusion potential at an additional location within the diffusion
region that corresponds to positions between the nodes of the
circuit.

11. A method as claimed in claim 1, wherein each of the
nodes of the circuit corresponds to the diffusion potential at a
different location within the diffusion region.

12. A method as claimed in claim 1, wherein the diffusive
property is generated within the diffusion region.

13. A method as claimed in claim 1, wherein the diffusive
property is transported to the diffusion region.

14. A method for estimating temperature within a channel
of a MOSFET that is pinched-off at a pinch-off point, the
method comprising:

(a) modeling the thermal properties of the channel as an

electric circuit comprising a dividing node correspond-
ing to the pinch-off point of the channel and branches
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modeling subregions of the channel separated from each

other by the pinch-off point, wherein the dividing node is

one of multiple nodes of the circuit and wherein a volt-
age at one of the nodes of the circuit corresponds to the
temperature at a location within the channel; and

(b) estimating the temperature at the location within the
channel by simulating operation of the circuit and deter-
mining the voltage at the one of the nodes of the circuit.

15. A system for estimating a diffusion potential of a dif-

fusive property, the system comprising:

(a) a controller; and

(b) a computer readable medium, communicatively
coupled to the controller, and having encoded thereon
statements and instructions to cause the controller to
perform a method, the method comprising:

(1) modeling as a circuit a diffusion region comprising
two subregions to which the diffusive property is
introduced at different rates and through which the
diffusive property linearly diffuses, wherein nodes of
the circuit comprise a dividing node dividing
branches of the circuit modeling the two subregions
and wherein a circuit potential at one of the nodes of
the circuit corresponds to the diffusion potential at a
location within the diffusion region; and

(ii) estimating the diffusion potential at the location
within the diffusion region by simulating operation of
the circuit and determining the circuit potential at the
one of the nodes of the circuit.
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16. A computer readable medium having encoded thereon
statements and instructions to cause a controller to perform a
method as claimed in claim 1.

17. A system for estimating a diffusion potential of a dif-
fusive property, the system comprising:

(a) a controller; and

(b) a computer readable medium, communicatively

coupled to the controller, and having encoded thereon

statements and instructions to cause the controller to
perform a method, the method comprising:

(1) modeling the thermal properties of the channel as an
electric circuit comprising a dividing node corre-
sponding to the pinch-off point of the channel and
branches modeling subregions of the channel sepa-
rated from each other by the pinch-off point, wherein
the dividing node is one of multiple nodes of the
circuit and wherein a voltage at one of the nodes ofthe
circuit corresponds to the temperature at a location
within the channel; and

(ii) estimating the temperature at the location within the
channel by simulating operation of the circuit and
determining the voltage at the one of the nodes of the
circuit

18. A computer readable medium having encoded thereon
statements and instructions to cause a controller to perform a
method as claimed in claim 14.
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