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Abstract

Both static and dynamic effects related to self-heating in MOSFETs (Metal-
Oxyde-Silicon Field Effect Transistor) are studied in order to construct an adequate
- compact thermal model. An available 2D electrical device simulator in addition to a
simple 2D finite difference code for the heat equation are used as analysis tools,
These tools are used both to justify the proposed model topology as well as to extract
medel parameters. Both static and dynamic effects predicted by the model are
compared with existing experimental results
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1- Introduction

Self-heating effects (SHE) in MOSFETs were first reported by Takacs &
Trager, 1987. It is quite well established that the increase in lattice temperature due to
SHE degrades electron mobility, may result in a negative differential resistance, alters
threshold voltage, increases source and drain series resistance, and greatly modifies
leakage current at zero bias. The effects are even more pronounced in the case of
Silicon-On-Insulator (SOI) CMOS devices (Workman et al. 1998) due to the thermal
insulation of the buried oxide layer. The increased awareness of electro-thermal
interactions on different levels (device, circuit, PCB) did not yet lead to a systematic
use of electro-thermal simulation. This is due to some common misunderstandings, as
well as a lack of adequate tools and models,

Although most designers would recognize the importance of thermal effects,
their interest is usually directed towards the "average” chip temperature, both in space
and time. Temperature gradients over the chip surface are in fact usually moderate,
which results in a common belief that it would be sufficient to know the space
average temperature. However, a temperature difference as [ow as 0.5K between 2
transistors in a current mirror for example would result in an error of about 5%, which
is enough to degrade performance. Hence it is important to allocate an accurate
temperature per transistor that would of course be layout dependant.

Another, common wrong belief is that thermal transient phenomena occur at a
big time constant (~10ps to ims) which would make them uncoupled with electric
transient phenomena (time constant ~1ns to 1us). This thermal time constant estimate
is usually based on the whole chip size, or at best on a whole transistor. Hence it is
common to model SHE by an equation of the form (Su et al. 1994, Chen et al. 1995);

where T; and T,mp are respectively junction and ambient temperatures, Iy and V4 drain
current and potential and Ry the so-called thermal resistance. Heat generation,
however, is concentrated in a very narrow zone close to the chip surface. The channel
temperature thus quickly rises, which directly impacts transistor performance, before
heat dissipates through the whole transistor and hence the chip, The time constant,
which is related to the early stage of chamnel temperature rise, is proportional to the
channel size. Hence it is in fact much smaller than that of the whole transistor, and
may be comparable to electrical time constants,

As for the tools and models availability, many contributions appeared
concerning simulation tools and compact thermal models at different levels. For the
package level, key contributions are those of Bar-Cohen et al. (1989) and Rosten &
Lasance (1994). At the smaller scale level, which is the chip level, there have been a
lot of recent contributions among them Szekely et al. (1993), Szekely (1996), Digele
et al. (1996), Sabry et al. (1996} and Sabry (1999). At the finest detail level, which is
the transistor level, compact models are, to the author's knowledge, still lacking. The
main reason is the distributed character of thermal effects, as opposed to the lumped
approximation commonly accepted for electrical phenomena. This requires
complicated 3D transient electro-thermal simulations to obtain the temperature
distribution as well as its time evolution, which is quite heavy.
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The objective of the present waork is to propose a simplified compact (lumped)
transient thermal model for MOS transistor self-heating, which would be able to
predict major first order effects, enabling thus electro-thermal simulation at the circuit
[evel and design at a reasonable cost. Design tools usually offer the possibility to
incorporate behavioral models, Through this feature, transistor thermal models could
be easily incorporated on top of well-known electric models. The simple thermal
model proposed here could thus be the first building brick in a "thermal library" that
would greatly facilitate electro-thermal analysis,

Channel zone
Ap
As Gate
Oxide
Ag
Bulk
Silicon

Tor

Figure 1- Problem description

2- Compact thermal model

In order to construct the compact thermal model, we need to define the
following set of data:
- Governing equation,
- Boundary conditions,
- An adequate topology on which medel parameters will be extracted,

The governing equation will be taken here as the heat conduction equation;
pcdT/ét = V. (kVT)+q, 2.1

where p is the material density, ¢ its heat capacity and k its thermal conductivity, T is
the temperature, t the time, and g, the rate of heat generation by Joule effect. The
choice of the heat conduction equation should not be considered as evident. Transistor
sizes are continuously shrinking, and hence hyperbolic effects will soon be important.
The zone affected by heat generation extends over only few microns. At submicron
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scales hyperbolic effects start playing a role in conduction (De Cogan 1998). One
should be aware of the Fact that the use of a parabolic equation is pushed here to its
lower limit, and will soon be unjustified for smaller devices. Physical properties will
be considered as constant. In fact thermal conductivity is temperature dependant, but
temperature variations inside a transistor are not enough to induce large space changes
of k. The simplification gained by this assumption is the transformation to a linear
problem, which is an advantage that considerably outweighs the resulting small error.

The local heat gencration gy is obtained at each point by post processing
results of the device simulator MINIMOS (Selberher et al. 1980, 1990) as follows:

qe=0:2/ pe+ 52 g ) /N 22)

where q is the electron charge, N the minority carrier concentration, and J are
mobilities and current densities, the index (x or y) indicates the direction of p and J.
Note that MINIMOS calculates electrical properties as a function of a homogeneous
temperature all over the transistor. Hence to obtain gy the following iterative
procedure was used:

a- Assume that the transistor operates at ambient temperature,

b- Perform device simulation using MINIMOS at this temperature,

¢- Calculate g, from MINIMOS output using (2.2},

d- Solve the heat conduction equation (2.1),

e- Obtain an estimate of the temperature in the channel zone,

f- Repeat above steps starting from b until convergence.

Current flows mainly in the channel zone, resulting in about half of the overall
heat generated in this relatively narrow area (~0.5nm). Hence it is natural to take the
channel temperature as representative of the whole transistor temperature ina
simulator that depends on a single temperature, In a future extension to this work, full
electro-thermal simulation will be performed to calculate simultaneously temperature
and electric fields.

Adequate boundary conditions have to be supplied. Their selection is related
to the topology of the sought for compact model. Since the present work is mainly
interested by self-heating effect, this will allow some simplification of the problem
that needs not be considered in its full generality. Source, drain and gate contacts are
usually either metallic or poly-silicon, and hence have a high thermal conductivity,
Therefore, each contact will be assumed to have a constant temperature along its
surface (figure 1), The passivation layer (Silicon dioxide) covering the whole upper
surface prevents heat transfer and hence a zero normal temperature gradient can be
assumed outside the contacts. The transistor base temperature may vary in space.
However, since the main phenomenon studied is self-heating, and since the channel is
very far from the base, compared to the base size, the base temperature may also be
assumed constant.

Two major assumptions will now be done that will be justified by the great
simplifications they induce, while retaining at least first order effects. First, source,
gate and drain temperatures will be assumed equal. This will considerably reduce the
total number of thermal resistances and capacitances in the final compact model. It
will still reflect basic features of heat transfer originating from self-heating. It will
only eliminate part of the horizontal temperature gradient that is induced by a
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neighboring transistor to another neighboring transistor through the one under study.
The second assumption concerns sidewalls. Part of the heat generated in the channel,
may flow through sidewalls to affect other transistors, which will be called bulk
thermal coupling. Note that heat generated in the channel flows along either source or
drain contacts before reaching sidewalls. These contacts have a high thermal
conductivity and are at relatively lower temperature than the channel. Since heat is
mainly generated in the channel zone near to the upper surface, then most of the heat
will be absorbed by the contacts leaving only a small portion to the sidewalls. To
validate this assumption two extremes will be investigated. Sidewalls will be assumed
as either perfectly insulating, or perfectly conducting with an imposed temperature
Tams. Note that the second case extremely exaggerates heat flowing through sidewalls,
since it brings points having a temperature equal to ambient temperature very close to
the heat source, moreover these points have zero thermal impedance. Sidewalls will
be placed at a distance equal to contact (source or drain) length on each side. Heat
flowing through sidewalls in the second extreme, as obtained from simulation, is
about 19% of the heat generated in the channel. Actual values of heat flowing through
sidewalls are far less than this hypothetical upper bound, probably around 10% of the
total heat generated. In cases where an oxide trench is used for insulating the
transistor from its neighborhood, or in SOI technology, this proportion drops down to
nearly zero. Neglecting this heat would result in a considerable simplification since
we will not need to bother about bulk thermal coupling requiring heavy 3D transient
simulations over the whole chip. Transistors may still be thermally coupled through
interconnecting lines. Their thermal resistance can easily be estimated by considering
them as fins.

To resume, boundary conditions are:

Tlnsmumﬁ =T
T|AB = Tou (2.3)
n-VT]| 0

other walls
where T, is the temperature at source, drain and gate, Tow is the base temperature,
and n is the unit outward normal vector to the outer surface. Areas As, Ap, Ag and Ag
are shown in figure 1. The steady state version of equation (2.1):

V-(kVT)+q, =0 (2.1

is solved together with boundary conditions (2.3} using a finite ditference code to give
the steady temperature distribution inside the whole transistor. This field will be used
in order to build the compact model describing ecach zone in the transisior.

In order to present the compact thermal model, the transistor will be split into
four regions as shown in figure 2. The heat region lies directly below the grid It
extends horizontally to source and drain contacts and vertically down to cover the
whole region where temperature field is 2D. Hence, it contains all points where heat is
generated. Heat leaves the upper surface of this region to the gate contact, as well as
side surfaces to both source and drain contacts, and finally the lower surface to the
base. The base region is trapezoidal. Its shape is dictated by heat spreading from the
heat zone of limited extent to the base. Remaining regions are named source and drain
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regions. This temperature field will be used in the sequel to obtain basic characteristic

quantities for each region. This includes:

- The maximum temperature in the heat region,

- The average temperature in each region {by integration over the volume of the
required zone),

- The average temperature over each interface between different regions (by
integration over the required interface)

- The steady heat flowing through each interface as well as outside surfaces (by
integrating the temperature gradient over the required surface).

Each region will be represented by a lumped set of thermal resistances along
heat flow paths, as well asa lumped thermal capacitance. An expression of lumped
impedances in each region will be obtained by integrating (2.1) over the region
volume. For example in the heat region, we get:

PCdxdl l(TI! - Tup).lledv_l-‘. (TH - Tup)f(— k n- Ve ha = jq\-dv (2'4)
where 0 is a dimensionless temperature defined as:
0=(T-Ty) { (Th = Tup) (2.5)

and Ty is the maximum temperature in the heating region. [t depends only on time,
and manifests a strong dependence. However, the dimensionless temperature field 0 is
weakly dependant on time. In fact, it gives only the shape of the field, which is
independent of the amount of heat generated, It may only depend on the location of
heat generation, This may slightly vary with bias conditions, as well as with time, but
as a first approximation it will be assumed that surface and volume integrals of 6 are
fixed. Hence volume and surface integrals in the Left Hand Side of (2.4) can be
evaluated once and for all, using any simple configuration, including the steady case
solved above. This is the well-known quasi-static approximation. From the steady
temperature disiribution obtained above one gets:

d(TH _Tup)+ (TH _Tup)+ (TH ‘Tus)+ (TH _T[ﬂ))+ (Tn"THB) =Q (26)
Tt Rjg . Ras Ryp Rym ‘

Where:
Cy = pC[odv
Ry = 1/%(- kn-vo)a (in which j=G.S,Dor B)

Q=[q.dv

and Tgs, Tip. Tus are the average temperatures at the interface between heating
region and source, drainand base tegions respectively. Other regions are modeled in
the same way, except that the node temperature is taken as the average temperature in
each zone, not the maximum. This will give the equivalent circuit depicted in figure 2

Each thermal capacitance will induce atime constant. These were found by writing
the lumped circuit system of differential equations and calculating the eigen values of
the obtained system. Time constants are simply the inverse of these eigen values.
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Figure 2 — Regions and model topology

Different authors (Rosten & Lasance 1994, Sabry 1999), have shown that star
shaped compact models, such as the one proposed here, may not be an adequate form
for a compact model describing the general problem. However, the model proposed
here aims at describing self-heating effects at the transistor level. Transverse heat
transfer due to different boundary conditions on source and drain for example is
certainly less important than the heat transfer due to self-heating. The compact model
proposed here can be viewed in fact as a "coarse mesh” finite element approximation.

3- Results and discussion

The Tumped model praposed here, will now be compared with experimental
results obtained by Mautry & Trager 1990. This work was selected because, to the
authors' knowledpe, it is the only one that presented thermal transient data for
MOSFET devices measured at time scaies of the order of a nano-second. They have
used a 0.6 technology, which was advanced by that time, Effects studied in this
work, and revealed by their experiments, are even more valid in modern 0.25n
technology.

Unfortunately, they did notr report sufficient data on some technological
parameters, such as jon implantation and gate oxide thickness, The first step was to
select a set of technological parameters that would produce 1-Vy curves from
MINIMOS that are as close as possible to their results at "cold” operation. By cold
operation, they meant the case where junction temperature was maintained constant
(350K in their experiments). MINIMOS and experimental resulis at cold operation are
compared in figure 3.

M. 52
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Figure 3- Drain current versus drain voltage
(for constant Gate voltage} at cold operating conditions

Figure 4- Typical distribution of heat generation

Figure 5- Typical temperature field
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Figure 6- Percentage drop in drain current due to se'f heating

Typical distributions of heat generation and temperature fields are depicted in
figures 4 and 5 respectively..

The second step was 1o validate the steady state resistive part, at "hot"
operation, By hot operation they meant that only ambient temperature was maintained
constant at 350K, but transistor temperature was higher due to self-heating. Asa
consequence of self-heating, electron mobility decreases, and hence Iy current ata
given Vg is lower than the corresponding current at cold operation. No information
whatsoever was given to estimate the thermal resistance between transistor upper
surface and ambient air. Hence, its value was estimated from one operating point, and
assumed constant in all other operating points. Also, since it was not possible to
obtain identical values of Iy at cold operation, it would not be appropriate to compare
theoretical and experimental Iy curves for hot operation, but rather the percentage
reduction in Iy due to self-heating. Results are given in figure 6, showing a good
agreement. The scatter in experimental results is mainly due to the difficulty in
measuring small differences (between lg hot and L cold curves) from the published
figure of Mautry & Trager (1590). Finally, to study thermal transient effects, they
have presented transient results in Tesponse to a Va pulse of rise time 2ns, They
claimed a measurement resolution of 3ns. As expected, results fit very well with an
error function curve, especially in the early stages just after the pulse starts. Error
function can describe distributed system behavior with a very good accuracy. Other
methods have been proposed for modeling transient effects in a distributed form,
among them the structure function (Szekely et al. 1999) and the S-parameter method
(Sabry 1999). However, our interest here is in extracting a lumped model, which may
be less accurate, but significantly simpler than the distributed one. Hence, another
approach is needed in order to extract lumped compact model parameters. The results
of Mautry & Trager (1990) are reproduced in figure 7, in a slightly modified way. The
ordinate here'is; o (L - laseadv} £ liseca), while the abscissa is still time. Hence the
slope of the curve should directly give the inverse of the time constant.
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Figure 7- Measured thermal transient variations of drain current

It is clear from the fipure, that there is a constant slope that dominates most of
measured data corresponding o a time constant of 322ns. However, the straight line
obtained by regression does not pass through the origin, indicating that another
smaller time constant prevails at the early phase. The separation between early and
late phases is not well defined in the obtained figure. The late phase contains a large
number of data points. Hence fitting gave results of good quality independent of the
selected starting point. The early phase, on the other hand, contains very few data
points: only 2 to 3 points (depending on where we put the separation) plus the origin.
Taking into consideration the high resolution error (3ns) compared to the whole range
of the early phase (9 to 13ns), regression would give uncertain results. In fact,
regression gave a time constant that is much higher than 13 ns, which is not realistic.
All what can be said is that the early phase time constant lies somewhere between 0
and 13ns. These time constants were compared with those of the simplified compact
model proposed in this work in table 1. The smallest one comesponds to the
capacitance in the tiny heat region. It lies in fact within the expected range for the
early phase. The following two time constants correspond to the drain and source
regions respectively, They compare very well with the time constant of the late phase
extracted from measurements. The last time constant corresponds to the rather huge
base region, Measurements ended at 500ns, and hence the effects of this time constant
were not detected in experimental data. It is clear that the proposed model was
successful in obtaining at least the correct order of magnitude for both early and late
phase time constants.

The main outcome of this work is an adequate methodology as wellasa
compact mode] topology to study self-heating effects in MOSFETSs. Results can be
refined further either by extensive electro-thermal simulation and/or by extensive
testing. But both approaches require an adequate equivalent thermal network to
extract results, which can thus be that proposed in the present work (figure 2).
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Table 1- Comparison of measured and predicted time constants

Early phase Late Phase
Measured 0-13ns 322 ns

Heat region Drain region | Source region | Base region
Predicted 53ns 284.7 ns 354.1ns 3.01 us

4- Conclusion

A modeling methodology was proposed, that yielded a simplified compact
thermal model of self-heating effects in MOSFETs. The upper and lower bound
analysis has shown that thermal coupling between different transistors occurs mainly
through interconnects and not through the bulk (or substrate). This greatly facilitates
the construction of simplified electro-thermal models of different devices. The
proposed modeling methodology was applied to a particulal case where static and
transient measurements were available. It yielded a model that satisfactorily described
static (steady state current reduction due to self-heating) as well as dynamic (time
constants) behavior of the device under test. The model also showed that transient
effects inside a single transistor could be modeled by a small set of time constants.
Some of them are indeed comparable to electrical time constants, contrary to the
common belief, Compact mode! parameters could be further refined using adequate
electro-thermal device simulators and/or extensive experiments, using the same
extraction methodology proposed here. The simplicity of the proposed model will
make electro-thermal simulations at the circuit level accessible, and hence will
considerably improve circuit design,

Nomenclature

Area, m’

Area element, m’

Thermal capacitance, J/K

Heat capacity, Jkg K

Current, A

Current density, A/m*

Thermal conductivity, W/m K
Carrier density, m>

Unit outward nommal to the surface
Total heat generated, W

Electron charge

Volumetric heat generation rate, Whn'
Thermal Resistance, K/W
Temperature, K

Time

Potential, V

Volume element, m’

< e HEAL DI ZR-T0 00 B

M. 56
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Greek symbols:
P Density
9 Dimensionless temperature
m Mebility,
Subscripts
amb  Ambiant
B Base
bot  Bottom
Dd Drain
G Grid
H Heating zone
i Junction
5 Source

x,y Coordinate directions
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