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ABSTRACT

Micro-electro-mechanical systems equipped with ac-
tive devices (IMEMS) are commonly employed in sensor
applications. In this paper, simulation of the mechan-
ical and electrical properties of a deformable structure
containing an integrated MOS sensor is described.
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INTRODUCTION

The interaction between electrical and mechanical
systems can be of great impact on the operation of in-
tegrated micro-electro-mechanical systems. When de-
veloping the design of an IMEMS sensor, methods for
realistic simnlation of such couplings are of prime im-
portance, Here, such a coupled simulation of a novel
accelerometer device is presented.

The coupling of the mechanical and the electronic
systems is two-fold: The mechanical deformation caused
by acceleration changes electrical properties of the sen-
sor device and thus the detected signal. Furthermore,
the electrical properties of the device give rise to induced
electrical forces acting on the interface between the two
systems.

Due to the wide range of physical effects involved,
the complete simulation of such a structure is well be-
yond the capabilities of a single simulation tool. There-
fore, 2 mixed approach involving several specialized sim-
ulators was chosen. A thermo-electro-mechanical sim-
ulator (SOLIDIS ;sz) was used for simulation of the
electro-mechanical effects, i. e., the deformation of the
device caused by acceleration and electrostatic force. A
semiconductor device simulator (DESSIS. ;55) simulates
the electrical part, i. e., the transport of charge car-
riers in the non-uniformly doped semiconductor. An
iterative solution process leads to a self-consistent so-
lution of the interdependent mechanical and electrical
systems. As the coupling between the two simulators is
bi-directional, various effects can be taken into account,
such as the impact of mechanical stress on the electrical
conductivity of the semiconductor, or the influence of
current-generated heat and electrical fields on mechani-
cal stress and displacements.
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A challenge is the consistent creation of the structure
and the mesh generation for the different simulators,
taking the changing geometry into account. The struc-
ture generation is performed from the mask layout and
the process description using 3D solid modeling. This
allows the generation of both the initial macro-element
mesh used for the subsequent electro-mechanical simula-
tion (on a more general, adaptively refined oct-tree-type
finite element mesh) and the rmixed element finite ele-
ment mesh needed for the semiconductor device simula-
tion. Doping profiles in the electrically active transistor
region can be given analytically or, as an alternative,
from accurate physical process simulation in one or two
dimensions.

The simulation takes place in 2 TCAD (Technol-
ogy Computer Aided Design) simulation environrment,
which provides integration of the various tools that are
involved in the simulation, i. e. process simulators and
emulators, device simulators and back-end tools for ex-
traction and visualization, as well as the possibility of
optimization of all aspects of the device by DOE (Design
of Experiment ) techniques with response surface fitting.

STRUCTURE GENERATION

A key issue in coupled iMEMS simulation is the gen-
eration of a realistic device structure. Here, the process
emulator PROSIT. 1oz was used to generate a boundary
representation of the IMEMS device. Using information
about the manufacturing process, a symbolic sequence
of processing steps such as deposition, etching and pol-
ishing methods acting on a multi-layer mask layout can
be emulated. An important aspect of efficient process
emulation is the application of adaptive resolution algo-
tithms to accurately describe regions crucial to device
operation while simultaneously ensuring high emulation
speed in non-critical regions.

DEVICE SIMULATION

The electrophysical properties characterizing the ac-
tual state of the sensor device can be summarized in a
relation between the controlling signal (gate voltage V;)
and the resulting response (drain current I3) at other-
wise fixed conditions. Extraction of such sets of charac-
teristic curves in function of 2 multitude of parametersis



a fundamental task in performance-driven engineering.
Thus, coupling of various simulation tools is required to
span the complete range of effects to be considered.

The a2im of the integrated TCAD simulation pre-
sented here is to extract the electrical characteristics of
an accelerometer with an integral sensor under different
operating conditions of the device. Among the quan-
tities determining the electrical response of the sensor
itself are however also the actual geometrical properties
of the device, the processing parameters of the semicon-
ductive regions (doping profile, channel region geome-
try) as well as the acceleration imposed upon the device,
A device simulation must therefore be linked to all these
parameters, 1. e. a well integrated TCAD environment
is required.

A crucial issue in the simulation of device physics is
the access to accurate doping profiles, as these largely
determine the quality of the solution of the charge car-
rier {ransport equations. Clearly, the meshing of the
channel region is another important task ir this con-
text. In many cases though, simulation of the device
operation can be carried out in two dimensions, thereby
saving substantial amounts of time which can be better
spent on optimizing the device design itseif.

ELECTROMECHANICAL
SIMULATION

Primary coupling

The primary coupling between the mechanical and
the electrical systems is by means of the mechanicai dis-
placement of the gate material as induced by gravita-
tional forces. Moving the gate relative to the substrate
through acceleration while maintaining a constant drain
potential will induce changes in the flux of charge carri-
ers through the channel region, thus generating an elec-
trical signal in response to the acceleration of the device.
SOLIDIS. ;s uses adaptive mesh refinement algorithms
for achieving high accuracy in the mechanical simula-
tion with a minimal number of finite elements, thereby
saving on memory and simulation time requirements [1).

The system of equations describing the deformation
of the structure in response to external forces is
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where o is the stress tensor. F symbolizes the external
forces applied to the system.

A further unidirectional electromechanical coupling
may be introduced by including the effects of mechanical
and thermomechanically induced stresses in the crystal
lattice into the device simulation. In this way, bandgap
size and charge carrier mobility correction factors can be
applied according to the local stress distribution value.

Also, the efiect of stresses arising from operating con-
ditions and/or influences from the sensor environment
on the sensor signal may be taken into account already
at the device design stage. In such cases, the thermo-
electro-mechanical simulator SOLIDIS ;sz can be used
to compute the effective stress distribution, whose com-
ponents are included in the DESSIS. ;sp device simu-
lation. Such couplings are routineously carried out in
state-of-the-art device simulation [2).

Electrostatic correction terms

From the initial device simulation, the electrical field
strength distribution is known. It’s normal component
is related to the charge induced on the equipotential sur-
face of the gate material. In this way, electrostatic forces
acting on the movable parts of the accelerometer can be
taken into consideration during the mechanical simula-
tion by coupling the additional electrostatic interactions
back into the set of mechanical equations. Technically,
the electromechanical simulation is coupled to the de-
vice simulation through the electric charges induced on
the surface of the gate region.

Here, the additional forces coupled to the system (1)
of mechaniczl equations are of the form

Fi= / (Ez'Dk - %éikEiDi) iy ds (2)

Starting from an initial simulation of the mechani-
cal displacements, a device simulation of the accelerated
structure is carried out. From the electrical field distri-
bution, additional electrostatic boundary conditions of
the deformed region are extracted and coupled back into
the mechanical simulation. This sequence of device and
electromechanical simulations is iterated until the norm
of the mechanical displacements converges. In this way,
2 self-consistent solution of the different physical models
describing the iIMEMS device is obtained.

DESIGN OPTIMIZATION OF
iMEMS DEVICES

By self-consistent coupling of the semiconductor- and
the electromechanical models, a novel tool for device
design is created. Such a tool can be used to tailor
the response signal of the iMEMS device with respect
to chosen parameters. In the application discussed be-
low, one could imagine introducing parameters for val-
ues crucial fo the operation of device, such as gate ma-
terial thickness, operating voltages and processing pa-
rameters. Using mathematical methods, a variation in
parameter space can give information on the shape of
the response function of the device, thus allowing for
automatic optimization of device design [3]. Such capa-
bilities of 2 TCAD environment may zllow for further
reduction of the design cycle time.
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APPLICATION EXAMPLE

As an example of the type of coupled simulation de-
scribed previsously, an accelerometer IMEMS device was
investigated. Here, the various simulation steps are re-
viewed before describing the simulation results.

In figure 1, the mask layout and the corresponding
structure resulting from three-dimensional process em-
ulation is shown.

Figure 1: Mask layout (left} and boundary represen-
tation of an integrated micro-electro-mechanical system
comsisting of a deformable structure with directly chang-
ing MOS transistor properties created by process emu-
lation (right)

The resulting boundary representation is meshed and
the finite element mesh for the electromechanical simu-
lation (SOLIDIS jsg) is further reduced to the smallest
number of elements by 2 line elimination algorithm. A
cut through the active region of the device is differently
meshed for solution of the equations of charge carrier
transport (DESSIS. ;sp). In figure 2, the result of such
a two-dimensjonal simulation of the active region of the
IMEMS device is shown. '

The mechanical displacement of the flexible gate ma-
terial induced by acceleration of the device is presented
" in figures 3 and 4. Figure 5 shows a comparison of the
extracted characteristic curves describing the electrical
properties of the accelerometer with and without the
correction terms of the electromechanical simulation. In
figure 6, the sirnulated electrostatic forces acting on the
gate material in the wicinity of the active region are
show.

As indicated by the magnitude of the electrostatic
forces, the influence of the additional coupling was neg-
ligible in this example, and thus iteration over both sim-
ulation models quickly converges. A separate analysis
showed the mechanical deformation resulting from in-
duced electrostatic forces alone to be below levels of sig-
nificance to the resulting characteristics of the sensor
device. For a different device design, where the elec-
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Figure 2: Electron current density as a result of a 2D
device simulation with DESSIS ;o on a cut across the
active region of the 3D structure (one half of the tran-
sistor shown)

trostatic coupling might be of higher importance, a full
threedimensional device simulation could be carried out
using the same simulation tools and model couplings.

CONCLUSIONS

Coupling of physical models describing different. as-
pects of device behaviour to create new design tools al-
lows for taking coupling effects into consideration al-
ready at the device design stage. Such coupling of tools
ensures that the particular strengths of each simulation
iype are preserved while gaining the advantage of com-
bined use. A thorough integration of tools in a TCAD
environment thus allows for fast and efficient design cy-
cles using specialiced tools to describe complicated in-
teractions of several physical models.
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Figure 3: Effect of fixed acceleration on the movable wa i : : . . —
gate of the iIMEMS structure. The colour scale indi-
cates the level of mechanical deformation arising from

an acceleration of 50 g Figure 5: Extracted characteristic 7;V, curves showing

the response of the initially undeformed structure (solid
iine) and the influence of acceleration and electrostatic
correction terms (dashed line)

Figure 6: Close-up of the electromechanical coupling of
the iMEMS simulation. The electrostatic forces shown
are extracted from a device simulation taking the doping

Figure 4: Cut showing the displacement of the gate ma- profile of the semiconductor material into consideration.
terial due to acceleration (top). Layer structure of the These induced forces are coupled back into the mechan-
iMEMS device (bottom) ical simulation
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