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ABSTRACT

The impact of mechanical stress on electrical charac-

terizations of microelectronic circuitry is a major design
issue in development of sensors and integrated micro-
electro-mechanical systems. Because the electrical prop-

erties of semiconductors are inuenced by external and
thermally induced mechanical stress, the magnitude of

such e�ects should be analyzed during the design pro-
cess. Such non-linear and hysteresis e�ects can be mod-
eled and analyzed using state-of-the-art technologyCAD

(TCAD) tools, providing information about device char-
acteristics prior to production.
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INTRODUCTION

Mechanical stress distributions induced by operating
conditions or by the fabrication process generally alter

the electrical properties of di�used and implanted re-
sistors and transistors due to the piezo-resistive e�ect.

Under certain conditions, thermo-mechanical loads may
also permanently alter the stress distribution acting on
the micro-system structure and thus introduce an o�set

in device characteristics, depending on the actual load
history. Examples of such undesired stress-related de-

vice behavior occur for instance during thermal cycling
of doped resistive structures where a di�erent stress dis-
tribution remains after each load cycle. Repeated cy-

cles generally produce a hysteresis curve in the elec-
trical device characteristics, distorting the intended de-

vice operation. In microelectronics applications, careful
analysis of undesirable piezo-resistive e�ects can be cru-

cial to a successful design. On the other hand, stress-
compensation e�ects can be analyzed using the same
approach. Prediction of electro-mechanical e�ects and

analysis of appropriate design considerations are thus
important steps in achieving the intended device behav-

ior.

In a simulation of stress-induced electrical hystere-

sis in semiconductor structures, several rather di�erent
simulation tasks must be performed. Realistic struc-
ture and doping pro�le generation by process simula-

tion must be interfaced to a thermo-mechanical load

simulation, and the results must both be included in

a device simulation taking the local thermo-mechanical
state into consideration when solving the semiconduc-

tor equations. Specialized simulation tools interacting
in an integrated technology CAD environment provide
the features required for solving the complex problems

outlined above as well as methods for determining an
optimal set of design parameters.

PHYSICAL MODELING

Description of charge carrier transport

Electrical characterizations of semiconductor devices

usually state a measure of the e�ective charge carrier
mobility under given conditions. Physically, the mobil-

ity of charge carriers within the crystal lattice is there-
fore among the fundamental properties that are to be

evaluated in a simulated electrical device characteriza-
tion. Due to the temperature dependency of charge car-
rier mobilities, a simulation of the temperature distribu-

tion in the active region has to be simulated. Intrinsic
heat sources can also be modeled at this stage.

The basic relations between charge carrier transport
and external potentials can be expressed by Poisson's
equation and a set of continuity equations for the charge

carrier species �i:
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Here, ~�i is the density of ionized donors/acceptors, R

is the charge carrier recombination rate and e is the
elementary charge. The expression for the charge carrier

current densities is

ji = �e�i�ir�i (3)

where the mobilities are symbolized by �i. Using Boltz-

mann statistics, the charge carrier densities can be writ-
ten in terms of the e�ective intrinsic charge carrier den-
sities �̂i as
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Assuming that the charge carriers are in thermal equi-

librium with the crystal lattice, an additional term must



be added to (3) accounting for charge carrier transport

due to a thermal gradient:

ji = �e�i�i (r�i + �irT ) (5)

The thermo-electric coe�cient �i describes the (linear-

ized) coupling of charge carrier transport to the thermal
gradient. In this expression, the temperature distribu-
tion inhomogeneities of the active semiconductor region

explicitly couples to the charge carrier transport.

Piezo-resistive e�ect

Under inuence of mechanical stress, the shape of the

crystal lattice (and thus also the scattering potential) is
distorted which leads to changes in transfer properties of

the charge carriers. A phenomenological description of
the (generally anisotropic) change in electrical conduc-
tivity � can be expressed by augmenting the electrical

conductivity by a coupling to the stress tensor �:

ji = ��i (1 + P � �) (6)

The piezo-resistive coupling coe�cients P depend on

doping concentration and temperature. The number of
independent coe�cients reduce to three in crystals of
cubic symmetry.

Inelastic deformation

Hooke's law states that the elongation � is propor-
tional to the applied force by the modulus of elasticity

E:

� = �E (7)

The Young's modulus E can however only be regarded

as being approximately constant for a restricted range of
elongations. Applying loads outside of this range, either
directly or induced by thermo-mechanical e�ects, will

cause irreversible changes in the mechanical structure
of the material. Such loads may inuence the charge

carrier transport also after the initial load has been re-
moved. In place of the linearized assumption (7), more

complex relations between strain and stress must be em-
ployed to describe the transition from the elastic to the
inelastic deformation region.

Thermal expansion

A temperature change of any part of the system is
generally related to a volume change of the materials.

Phenomenologically, such a thermo-mechanical interac-
tion is characterized by the thermal expansion coe�-

cient �:

� = ��T (8)

A mismatch between thermal expansion coe�cients will
generally lead to a mechanical stress condition under by

temperature di�erences.

As additional mechanical stress during device oper-

ation mainly arise due to temperature di�erences and
the related volume expansion, knowledge of the temper-

ature distribution is fundamental to a physical model of
loads acting on the charge carriers in a semiconductor
device. A thermal simulation basically solves the heat

conduction equation under inuence of external condi-
tions Q:
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The coupling of the temperature distribution via me-
chanical stresses to charge carrier density and conse-

quently to electrical characterizations under operating
conditions can be described by the physical models and

mechanisms outlined above. Their couplings and e�ects
on the device can thus be analyzed during the device
design process,

TCAD SIMULATION TOOLS

The process of designing semiconductor devices to
suit a complex set of physical and electrical speci�ca-

tions requires an advanced environment for design anal-
ysis. In an environment based on technology computer

aided design, tools for geometry generation by process
simulation and process emulation as well as for simula-
tion of the physical models are required. Due to the dif-

ferent scales of simulation and the nature of the partial
di�erential equations involved in the respective physical

simulations, advanced meshing tools and data exchange
facilities are also required in order to pipe simulation
results from one tool to another.

Common tasks to be repeatedly performed in a de-

sign environment range from geometry generation and
meshing to visualization and parameter extraction. In
such an environment, a command center linking the var-

ious tools together and acting as a user interface is of
central importance.

Geometry generation can take place by process em-
ulation, which uses geometrical operations to create a

representation of the structure, or by process simula-
tion, which solves the di�erential equations associated

with the fabrication steps such as etching, di�usion and
so on. An interactive editor may be used for minor de-
sign changes. A further important aspect of automated

geometry generation, for instance by applying simulated
fabrication steps to mask layouts, is the possibility of pa-

rameterization. In this way, the inuence of quantities
such as distances, layer thicknesses, doping pro�les etc.

on device characteristics under certain operating condi-
tions can be investigated. Coupled with response surface
�tting, the goal of a partially automated design process

can be achieved.



EXAMPLE OF PIEZO-RESISTIVE

ANALYSIS

The following example demonstrates the interaction
of the physical models outlined above and exercises sev-

eral tools o�ered in a TCAD environment [1].
The structure to be analyzed consists of a resistor

fabricated by ion implantation or di�usion. On top of

the substrate, an aluminum interconnect strip is placed
right above and parallel to the embedded resistor. The

metal is separated from the semiconductor region by an
insulating layer. This geometry is depicted in �gure 1.
At ambient temperature, the aluminum is prestressed

due to the manufacturing technique.

Figure 1: Aluminum line separated from doped silicon
by an insulating layer. The fabrication process induces

mechanical stresses in the structure, which are aug-
mented by stresses induced by device operation. Due
to symmetry, only one quarter of the structure is mod-

eled.

The aim of the numerical simulations is to analyze
the changes in resistivity of the embedded resistor due

to inelastic deformations of the metal line when exposed
to thermo-mechanical loads. A local contraction or ex-

pansion of the aluminum line will induce a stress distri-
bution also in the vicinity of the metal, with the pos-
sibility of thereby changing electrical properties of the

underlying resistor. If this is the case, the inelastic de-
formation of the metal will be related to the tempera-

ture encountered during operation, i. e. the change in
electrical properties will be a function of the thermal

load history of the device. A simulation of the electri-
cal properties before and after reaching the maximum
operating temperature will thus indicate the magnitude

of thermo-mechanically induced electrical o�set. Know-

ledge of such a change in resistivity could be important

in assessing device speci�cations.
The �rst step in a piezo-resistive analysis using the

physical model outlined above consists of evaluating the
temperature- and mechanical stress distributions in the
structure at given external conditions. This information

is gained from solving the coupled thermo-mechanical
equations (7) - (9). The stress distribution can be de-

rived from the mechanical displacement �eld. Figure
2 shows a component of the mechanical stress distribu-
tion superimposed on the mechanical deformation of the

structure. As can be seen from the �gure, the stress dis-
tribution extends well into the embedded resistor. The

simulations were carried out using the �nite element
based thermo-electro-mechanical simulator SOLIDIS

-ISE

[2].

Figure 2: Mechanical deformation (scaled by a fac-
tor of 20) and stress distribution induced by thermo-

mechanical loads on the structure. Adaptive mesh re-
�nement based on the mechanical deformation energy
was used in the simulation.

Next, an evaluation of the e�ective resistance of the
resistor zone using the simulated temperature- and stress

conditions can be carried out. The semiconductordevice
simulator DESSIS

-ISE
[3] solves the charge carrier trans-

port equations according to the model (1) - (6). Figure 3
shows the electron current density in the resistor region
evaluated under inuence of mechanical stress.

On a side note, the data interpolation between the
rather di�erent meshes used in the two simulations must

be mentioned. Clearly, the di�erent physical models
involved require quite di�erent meshes for an optimal

performance in terms of memory and CPU time re-
quirements. The thermo-mechanical simulation utilized
adaptive mesh re�nement according to the distribution

of mechanical deformation energy, while the semicon-



Figure 3: Electron current density in the resistor region

evaluated under inuence of mechanical stresses. The
semiconductor simulation takes the charge carrier mo-

bility augmented by a set of doping-related coe�cients
coupling charge carrier mobility to the local mechan-

ical stress components into account when solving the
equations of charge carrier transport. The color shad-
ing indicates that the largest contribution to current

conduction takes place in the region a�ected the most
by plastic deformation.

ductor simulation was performed on a mesh based on
the doping pro�le gradient near the substrate/insulation

layer interface. Mapping of temperature- and stress data
between the meshes is performed using a dedicated data

interpolation tool. In this process, a reduction of prob-
lem dimensionality was also performed: The thermo-

mechanical simulation was carried out in 3D, while the
semiconductor equations were solved in 2D.

The e�ective resistivity of the semiconductor region
under thermo-mechanical load can be extracted from
the voltage-current relation de�ned by the device simu-

lation results. Using discrete temperature steps in the
thermo-mechanical simulation, the electrical characteri-

zations of the resistor in its equilibrium stress state can
be analyzed. For each temperature, the stress state of

the complete structure is computed before and after im-
posing the maximum operating temperature on the de-
vice. The extracted resistivity curve is shown in �gure

4.

The magnitude of the resistivity change in function

of device geometry, material parameters and external
conditions can be analyzed using an environment with

job scheduling facilities [4]. All other conditions be-
ing equal, the hysteresis behavior of the resistivity must

have its origin in the inelastic deformation of the struc-
ture during the initial heating phase. This was veri�ed
by a simulation with a purely elastic mechanical model,

where no hysteresis of the resistivity could be observed.

Extracted resistance
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thermo-mechanical loads on the embedded resistor. The

mechanical simulation allowed for inelastic deformation.

CONCLUSIONS

The goal of limiting the resistivity o�set induced by

inelastic deformations during burn-in can be achieved by
minimizing the remaining stresses in and near the resis-
tor structure. The necessary precautions in this process

can be analyzed in a parameter study by varying quanti-
ties such as metal line dimensions, oxide layer thickness

as well as the relative placement of resistor and metal
line. The integrated technology CAD environment [1]

provides all tools required for this kind of device design
analysis.
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