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Optimization Issue in Interconnect Analysis
Stefan Holzer and Siegfried Selberherr

I. Introduction
New integrated circuits’ designs require high quality
analysis for their sophisticated interconnect structures
as well as for the devices. Therefore, new models and
methods need to be developed to allow a suﬃciently
accurate description of the observed behavior. Interconnect structures have already reached a level of complexity where the behavior of the included materials
and their interactions cannot be rigorously described
by simple and basic equations because of limited knowledge of fundamental material parameters or by limited
time. Therefore, parameterized models are required
which allow a suﬃcient description of the observed behavior with reasonable computational eﬀort in the desired range of interest and within a reasonable amount
of time. Using sophisticated simulation and optimization tools new information can be obtained to develop
new models and to adjust the parameters by calibration
and optimization methods for appropriate needs. To
exemplify this procedure we consider a complex fusing
structure consisting of several polycrystalline interconnect materials. In the following section, the principle
for obtaining uncertain or unknown parameters is presented. Afterwards the simulation models are sketched
and the necessary equations are explained, where we introduce the adoptions for our simulation tools to obtain
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more, for the investigated fusing structure a comparison
between measurements and simulation results is carried
out.
II. Optimization and Calibration Tools
State-of-the-art simulation and optimization frameworks [1–4] oﬀer a wide range of optimization strategies
and interfaces to various simulation tools. The Simulation Environment for Semiconductor Technology Analysis (Siesta) [4] provides numerous optimizers and interfaces to simulators which can be appropriately chosen
for a particular problem. An overview of the data ﬂow
in Siesta for parameter extraction is shown in Fig. 1.
The core part for parameter extraction is the optimizer
and a tool which compares the simulation result with a
reference under certain user-deﬁned constraints in order
to calculate a score value for the quality of the currently
available simulation result. With the calculated score
value the optimizer tries to improve the simulation result by varying the unknown parameters in order to
optimize the score value using diﬀerent strategies. The
other parts of the data processing blocks which are located in the upper half of Fig. 1 are related to the evaluation of the models and their parameters required to
obtain the corresponding simulation result.
For achieving best results for the optimization of uncertain and unknown parameters, diﬀerent optimization
strategies can be chosen from gradient-based [5, 6], genetic, evolutionary [7, 8], and heuristic approaches [9–
11]. If there are good initial guesses available, the
gradient-based algorithms work best compared to genetic algorithms in terms of time eﬃciency.
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Abstract— State-of-the-art semiconductor devices with
feature sizes in the deca nanometer regime require extremely shrinked geometries for their interconnect structures. Since various physics-based limits are already
reached or, at least, rapidly approached, new materials
are considered. The arrangements of these new materials can often not yet be rigorously described due to limited knowledge and limited resources, such as time and
money. For practical applications, the uncertainty of material parameters and the limited knowledge of material
interactions can be compensated by the introduction of
parameterized models to describe the global behaviour
suﬃciently. In this work, such models are used to calibrate and optimize complete interconnect structures for
enhanced applications.
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Fig. 1. Data ﬂow for the optimization and calibration of Siesta.
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The blocks in Fig. 1 symbolically depict important
parts of typical simulation steps: structure generation
which means geometry composition and mesh generation to generate the interconnect device structure, the
actual underlying device and process simulation, and
the necessary post processing steps to extract attributes
which can be compared to measurements or to other
reference data.
For our example device the shown steps have to be
particularly adopted. The following section presents
the corresponding models and mathematical equations,
which we selected.
III. Simulation Models
For the simulation of the transient temperature
evolution the three-dimensional interconnect simulator
Stap [12, 13] has been used. Stap calculates Joule
self-heating by solving Euler’s equation (1) and the
heat conduction equation (2) which is coupled with the
power loss equation through the heat source term p:
∇ · (σ ∇ ϕ) = 0
∂T
− p = ∇ · (λ ∇ T)
cp ρ m
∂t
p = σ (∇ ϕ)2

(1)

σ(T ) =

σ0
2

1 + ασ (T − T0 ) + βσ (T − T0 )

λ(T ) =

λ0
,
1 + αλ (T − T0 )

(4)
(5)

where σ0 and λ0 are the conductivities at a certain reference temperature T0 and ασ , βσ , and αλ are the corresponding ﬁrst- and second-order temperature coeﬃcients.
The temperature-dependence of the heat capacitance
cp is modeled with the Shomate equation [16]
cp (τ ) = A + Bτ + Cτ 2 + Dτ 3 +

E
,
τ2

(6)

where τ = T /1000 K represents the normalized temperature.
As a solution from the transient electro-thermal simulation we obtain the evolution of the resistance of the
fusing structure due to the internal temperature distribution.

(2)
(3)

Here, ϕ denotes the electrical scalar potential and σ
and λ the electrical and the thermal conductivities. cp
represents the speciﬁc heat capacitance, ρm the mass
density, and T the temperature. The heat source p is
assumed to be the Joule power loss [12] due to negligible time changes in carrier concentrations as well as
negligible inter-material heating eﬀects [14, 15].
For our investigation we have assumed that the material parameters of the thermal and the electrical conductivity are temperature-dependent and follow the polynomial models

IV. Example Device
For processing technologies with feature sizes smaller
than 350 nm, the fuses made of polycrystalline interconnect materials became an interesting option for programmable memory cells and one-time programmable
switches. In technology nodes with larger feature size
fusing can cause damage to the passivation layers and
it is thus rated as critical [17, 18]. Arrangements of integrated fuses can be used as one-time programmable
memory blocks in a range of several kilobits. Thus,
they provide a cheap and eﬃcient alternative to standard non-volatile programmable memory cells, because

Fig. 2. An overview of the fusing structure showing the variety of diﬀerent interconnect materials.
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Fig. 3. Schematic of the test circuit for the poly crystalline fuse.
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the additional process costs are very low [17]. Moreover,
approaches have been reported to increase the memory
density by using multi-layered tri-state fuses [19]. Another important application type is to use these fuses
in ﬁeld programmable gate arrays for trimming circuits
to obtain a certain analog or digital performance [20].
These fuse applications can be used as elements for
trimable resistors and capacitor arrays [21]. Furthermore, the fuses can also act as classic protective elements for critical circuit components [22].
The structure of a typical interconnect fusing device
is shown in Fig. 2 which also displays the complex material composition. This fusing structure is used in a
surrounding silicon dioxide layer [17].
The dual-layered rod in the region between the two
aluminum pads is the actual fusing region which consists of stacked polycide and polysilicon layers. Compared to the polysilicon layer, the polycide layer has
a high electrical conductivity. Hence, this layer is intended to be the hottest region and to be removed ﬁrst.
The fuse is programmed by sending a current pulse
through the fuse at an appropriate bias. This performs that the polycide layer is removed by electromigration [18]. Hence, the remaining polycrystalline silicon ﬁlm is opened due to thermal second-breakdown.
The ﬁnal transition takes place when parts of the polycrystalline silicon layer reach the melting point. The
molten silicon is transported from the negative biased
side to the positive side through the drift of ions [23].
In terms of power and area consumption, fuses made
of available interconnect materials are attractive compared to hybrid technologies [24] with other materials.
Moreover, the programming is more time-eﬃcient than
that of laser fuses which also require much more additional space on the chip and additional processing steps
during the fabrication [25].
However, scaling down to smaller feature sizes requires also a decreased supply voltage [26]. This constraint demands a careful design and a rigorous optimization of the fusing structure to ensure the reliability of the programming mechanism [27] and to minimize
the power consumption during the fusing process.
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Fig. 5. Measurements of the currents due to the diﬀerent applied
voltages.

Since the fusing mechanism takes place within a couple of 10 ns for a voltage step and several micro seconds
for a voltage ramp, direct measurements are hard to
obtain [17]. Previous work [28] already brought some
new insights into the physics of the fusing mechanism.
In addition, an optimization of the fusing structure is
required for a fast fusing process and to ensure the reliability. Obtaining these required measurements was only
possible through costly experiments using test chips.
We focus on achieving a better insight into the electrical and thermal characteristics of the materials used
in the structure shown in Fig. 2. In particular, we are
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Fig. 6. The simulated fusing resistance compared with the
measurements for the diﬀerent applied voltages.

Fig. 7.
Comparison of the simulation results with the
measurements.

interested in the temperature dependence of the thermal and the electrical conductivity of the key materials polysilicon and the polycide (WSix ). Better knowledge of these parameters allows to perform a layout
optimization for higher reliability of the fusing procedure and a faster fusing operation. With the parameter
identiﬁcation procedure shown in Fig. 1 and the given
mathematical models we are able to identify values for
certain models within user-deﬁned constraints. In order to obtain reasonable results from the simulation we
need accurate information on the test circuit of the fusing device [29] which is depicted in Fig. 3.
Since the measurements of the fusing mechanism have
to be carried out within a couple of 10 ns for several µs
we prolongated the fusing time by applying a voltage
ramp with a rising slope period of 100 µs, which allows
to measure the fusing current with reasonable accuracy
(cf. Fig. 4 and 5).
These measurement results serve as reference data for
the parameter identiﬁcation procedure. Fig. 5 shows
the non-linear behaviour of the fuse current during the
heat-up period of the fuse. After a certain time the
current jumps to a value which is only constrained by
the parasitics of the fuse and the test circuit. Therefore,
this point will conﬁne our currently available capability
for the simulation and prediction with the introduced
models (4) and (5).
For the parameter identiﬁcation, initial values for the
thermal and electrical conductivity of polysilicon and
polycide obtained from literature [30–32] were used.
The gradient-based optimization algorithm donlp [5]
and the heuristic approach using variants of the simulated annealing approach [10, 33] served well to improve

the initial values. Since the constraints were set appropriately to our particular problem, the convergence of
the optimization was quite fast. Hence, we obtained
very good agreement with the reference data from the
measurements with fairly small computational eﬀort.
V. Results and Discussion
The temperature coeﬃcients of the electrical and
thermal conductivities of polysilicon and polycide have
been computed by minimizing the diﬀerence between
the reference data obtained from the measurements and
the simulation results. In order to achieve that in reasonable time, we had to include several consistency
checks to ensure that also the intermediate simulation
data are physically reasonable.
After the completion of the optimization (minimization) task we obtained excellent agreement with the
measurements as shown in Fig. 6 and 7. The diﬀerent voltage ramps shown (cf. Fig. 4) result in diﬀerent
points of time, where the thermal run-away starts, visible as discontinuities of the currents in Fig. 5. Moreover, reducing the programming voltages may result in
lower programming reliability. According to Fig. 5 the
corresponding current for the voltage ramp with 1.5 V
seems to be the worst case for a successful programming
of this fusing structure. Lowering the programming
voltage results in structures not completely shortened,
because the heat-up of the fusing region is not suﬃcient
to cause the thermal run-away.
Despite of the diﬀerent applied voltages, and since
the measurements were not averaged, the observed
discrepancies between measurement and simulation
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Fig. 8. The temperature distribution [K] at the hottest spot in the fusing area.

in Fig. 6 can be partially traced back to the diﬀerent
measurement methods for obtaining the reference data.
However, the overall agreement is still within the accuracy of the simulation results.
The corresponding model coeﬃcients are shown in
Tab. I and Tab. II where the extracted and optimized
values are compared to data found in the literature [31,
32, 34, 35]. In diﬀerent technologies, polysilicon is used
with diﬀerent doping concentrations. Therefore, available literature data for the coeﬃcients of the polysilicon
model highly depend on the technology used.
Another interesting outcome of our investigation was
that the temperature Tcrit = 1155 K, at which the
resistance drops, is the same for all applied voltage
ramps. Therefore, we can assume that this particular temperature corresponds to a material-speciﬁc phenomenon which is related to the thermal run-away due
to the starting electromigration process of the polycide
layer [18]. When the electromigration process in the
polycide region has formed a void, the high conductivity path is disconnected and the whole current ﬂows
through the polysilicon layer. Therefore, the polysilicon layer starts to heat up very rapidly towards its
melting point. As expected, the area with the highest local temperature is located in the polycide layer of
the fusing area in between the two interconnect pads as
shown in Fig. 8.
The extracted parameters can be used for investigation of local temperature distributions and self-heating
eﬀects in other interconnect structures with similar materials.

to achieve fast and automatic parameter adaptations
following the chosen gradient-based and heuristic optimization strategies.
These thereby identiﬁed parameters have been used
to describe the programming operation of fusing structures until the electromigration process and melting of
the materials take place in the fusing region of the investigated device.
Further investigations of optimizing the geometry of
such fusing structures have been recently shown in [18]
to increase the reliability of the electromigration processes. In particular, a lifetime study for polyfuses in
0.35 µm cmos process has been presented in [36], which
shows the lifetime drift and yield as functions of the applied programming conditions. The obtained tempera-

VI. Conclusion
We presented an optimization application to obtain
important electrical and thermal material parameters
of a complex interconnect structure only from electrical
measurements. For this purpose, we have tailored our
simulation and optimization environment Siesta [3, 4]
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TABLE I
Extracted parameters for polysilicon compared to
literature.

Quantity
σ0 [1/µΩm]
ασ
[1/K]
βσ
[1/K2]
λ0 [W/Km]
αλ
[1/K]

Poly Si
0.12
9.1 × 10−4
7.9 × 10−7
45.4
2 × 10−2

Literature
10−3
40
10−2

TABLE II
Extracted parameters for polycide compared to
literature.

Quantity
σ0 [1/µΩm]
ασ
[1/K]
βσ
[1/K2 ]
λ0 [W/Km]
αλ
[1/K]

Polycide
1.25
8.9 × 10−4
8.1 × 10−7
119.4
2.98 × 10−2

Literature
0.1 − 18.8
5 − 10 × 10−3
3.5 × 10−7
100 − 179
-

ture coeﬃcients of the electrical and thermal conductivities are used to investigate fusing structures for faster
and more reliable programming processes under diﬀerent operational conditions. These are two major design
issues for the possible use of such fusing structures in
existing semiconductor device applications. The newly
obtained information is also used to determine the electrical and thermal behavior of more complex interconnect systems to support thermo-mechanical investigations for stress analysis [37] which can be used for electromigration analysis [38] in critical interconnect components.
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