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Abstract— We present a method for prediction of stress
in poly-SiGe thin films based on the texture evolution.
Models for different stress generation mechanisms are dis-
cussed and integrated in an overall simulation scheme. As
example a three-dimensional cantilever structure is used
to demonstrate the introduced approach, and simulation
results are successfully compared with experiment.

I. INTRODUCTION

Thin film deposition is a widely used technique for the
fabrication of MEMS (Micro-Electro-Mechanical Systems)
devices. These technique is required to establish free-standing
structures which can induce or sense a mechanical movement.
During the thin film deposition process and aftermath an
intrinsic stress is generated. In subsequent process steps, a
stressed layer, usually an important component part of the
desired MEMS device, is left free-standing. As a consequence
the process induced stress can relax and deform the layer in
an undesirable way.

Poly-SiGe has been promoted as a material suitable as
structural layer for several MEMS applications [1]. It pos-
sesses good mechanical and electrical properties which can be
obtained at much lower temperatures (400 °C) as compared
with polysilicon (800 °C and higher).

Different aspects of the connection between microstructure
and stress have been investigated in the last 30 years. The focus
was mostly on some specific grain-grain boundary configura-
tions in early or mature stages of microstructure evolution [2].
As a result there are numerous models derived on the basis
of continuum mechanics, which are applicable only for highly
simplified situations. On the other side a group of researchers,
mostly mathematicians, has developed complex models for
describing morphology of the microstructural evolution, a
development which culminates in multi-level set models of
grain evolution [3], [4]. Such models can to a high degree
reproduce the realistic grain boundary network, but they do not
include stress [4]. The goal of this work is the integration of
microstructure models which describe strain development due
to grain dynamics with the macroscopic mechanical problem.
The solution of the mechanical problem provides a distribution
of the mechanical stress in tensor form, which can further be
used to assess mechanical stability of MEMS structures.

II. SOURCES OF INTRINSIC STRESSES

For the investigation of stress effects during deposition we
focus on the low pressure chemical vapor deposition (LPCVD)
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of SiGe on the silicon-dioxide substrate, which is a widely
used technique for MEMS application.

In the first phase of the deposition process, islands with
varying crystal orientation are formed and grow isotropically.
The radial growth of the material islands mainly depends
on the Si-Ge ratio, the substrate temperature, and the silane
(SiHy) and germane (GeHy) flow density. In the course of
further deposition these islands start to coalescence, which
forces the islands to grow in the height instead in a direction
parallel to the substrate surface. The islands are subsequently
transformed from an island shape to a grain-like shape. The
orientation of the crystal structure in a single grain (e.g.
perpendicular to the substrate surface) is independent of the
neighboring grains, since due to the amorphous substrate, it
is not possible to evolve a perfect crystal structure in the
first atom layers [5]. Another aspect is that the deposition
takes place at elevated temperatures. When the temperature
decreases to room temperature, the volumes of the grains
decrease and the stresses at the grain boundaries increase.

Intrinsic stresses observed in thin metal films are generally
tensile [2], the main sources of these stresses are presented in
the following sections.

A. Coalescence of the Grain Boundaries

In the early stage of the film growth, coalescence of the
small grains generates a tensile stress. The closing of the
gaps between crystallites causes their elastic deformation. The
driving force of this phenomenon is cohesion [6].

B. Misfit Stresses

These stresses arise when the crystal lattice of the thin film
and substrate are forced to line up perfectly. The influence of
these stresses is significant in the initial phase of the thin film
deposition [7].

C. Rearrangement of the Atoms

Metal is deposited in non-equilibrium state, subsequent
atom rearrangements tend to reach equilibrium. Generally such
rearrangements result in the shrinkage of the film. While the
film is attached to the substrate a tensile stress develops [8].

D. Grain Growth

Grain boundaries are less dense than the grain lattice. There-
fore, elimination of grain boundaries leads to a densification
of the film and buildup of the tensile stress [9].
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E. Annihilation of Excess Vacancies

The annihilation and the dynamics of the crystal vacancies
produce a local volume which leads to stresses in the film
when attached to the substrate. The vacancies annihilate in the
grains, at the grain boundaries, at the metal free surface, and
at the surface of the internal cavities. In the case of vacancy
annihilation at the metal free surface and at internal cavities’
surfaces no stress is produced, but vacancy annihilation at
grain boundaries causes motion of the crystals toward each
other which would result in a planar contraction of the film,
if it were not attached to the substrate. But since the substrate
prevents contraction, biaxial tensile stress is built instead [2].

F. Thermal Stress

This stress is caused by the thermal mismatch between the
metal film and the substrate. It develops during cooling down
to room temperature.

III. PHYSICAL MODELING

Different process conditions and underlying physical phe-
nomena make it convenient to describe the previously de-
scribed sources of stress in initial mode and transient mode
microstructure models. The initial mode of the thin film growth
model considers development of the first grain layer (Figure 1).
The dominant stress components in this case are caused by
coalescence of the grain boundaries and misfit stresses. As
transient mode we consider a situation where more than one
grain layer is deposited (Figure 2). The stresses developed in
the initial mode are now present as the residual stresses. The
stress build-up in the transient mode is caused by the grain
growth and non-equilibrium vacancy dynamics.

1) Stress-Strain Model: The transient evolution of the dis-
placement vector w = (wuy, usg,u3) is determined by Newton’s

law, 52 P
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where pp, is the density of the metal. Since accelerations are
small during the thin film deposition, we make the assumption,
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The standard relationship between the total strain tensor and
the components of displacement u reads
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The stress tensor o;; is in the case of the film growth
time dependent, and generally consists of the elastic af; and
inelastic component a;‘;, ie.,

oij = 05+ @)
The elastic component for the isotropic materials is given by
Hook’s law

O% = )\skkéij —+ 2M£ij7 (5
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Figure 1: Initial mode. R is the deposition rate and h. is the film
thickness immediate after grain formation.
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Figure 2: Grains formed in the initial mode continue development
in transient mode.

where A and p are the Lame coefficients. Below we will
discuss the composition of this inelastic stress component in
detail. From (2)-(5), the main equilibrium condition due to all
stress components is

1
1+v

1 3]

1 B, 2 80%‘
1 —2v 0z,

u) = CE 9z ©
where F is the Young modulus and v the Poisson ratio.
The right side of equation (6) represents the influence of the
residual stress load.

2) Initial Mode: The initial mode of the thin film growth
model considers development of the first grain layer (Figure 1).
The dominant stress components in this case are caused by
coalescence of the grain boundaries and misfit stresses.
Assuming a spherical grain shape at the initial stage of the
growth, the average stresses o, oi/t, and o2 in the film of
thickness A, are [10]

Vzui +

in __ _in 27(’7 ain -0

O gy — ayy - 3hc ? zz

; (7
where « is the surface energy of the contacting spheres.
Misfit stresses occur in crystalline films due to geometric
mismatch at interface boundaries between crystalline lattices
of films and substrates. The film substrate interface is charac-
terized by the misfit parameter [11]

as — a

f=21—, (8)

ay + as
where ay and a, are the lattice parameters of the film and
substrate, respectively. The nonzero components of the misfit
stress tensor are
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3) Transient Mode: As transient mode we consider a situ-
ation where more than one grain layer is deposited (Figure 2).
The stresses developed in the initial mode are now present as
residual stresses. The stress buildup in the transient mode is
caused by grain growth and non-equilibrium vacancy dynam-
ics. The inelastic stress component of the transient mode is
given by

in __ _in _ _in __ 2E<1 1)A+
= Oy T 0 T T T\ T Iy

4EQ Dyt
+ﬂ T(Cbulk_cg ) (10)

The first term on right side of this equation represents
stresses developed due to grain growth [9]. L is the current
grain diameter and Lo one inherited from the initial mode. Aa
is the excess volume per unit area of grain boundary, which
has a value in the order of an atomic diameter. The second
term of (10) is related to the annihilation of vacancies at the
grain boundaries. The annihilation sites are transformed into
the gaps between the grains, which are closed by straining
of the grains. Dy is the bulk vacancy diffusivity, Cpyy is the
vacancy concentration inside the grain, and Cg, in the grain
boundary respectively.

The dynamics of the grain growth is given by [9]

oL D*Q

Bt kT8 P (11)

where  is the atomic volume, J is the average jump
distance in the grain boundary, kg T is the thermal energy,
and p is the hydrostatic pressure calculated as the trace of the
stress tensor,

——=0j;. (12)

D* is the effective diffusivity [5]

AH
kT

D* = §*aexp(— ), (13)
where « is the atomic frequency and AH is the activation
energy of the boundary migration. We assume that due to
the material deposition the film thickness is growing with the
rate R in zs-direction during the time ¢p. The tensor stress
distribution function o” (21, x5, z3) at the end of the thin film
deposition process is calculated as

"o doy(x, ) 0oy (x, 1)
D 27\ G\
7ij (x) = /o ( Oxs i ot ) dt

(14)

where 0;;(X,t) = 04;(21, 22, x3,t) fulfill equations (6)-(13).
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4) Cooling Down to Room Temperature: The developed
inelastic stress component due to thermal mismatch of the
film and the substrate material is given by,

in in

ot =g =o' = Ba(T —T)dy, (15)

TT yy

where B = (3A+2p)/3 is the bulk modulus, « is the thermal
expansion coefficient, and T} is the room temperature.

A. Simulation Approach

There are basically two possibilities to numerically handle
the models described in the previous section. The first one
is continuum modeling of the polycrystalline domain and the
second one is a multi phase level set approach.

1) Continuum Modeling: The stress problem is solved in
the initial mode for a rectangular film geometry of thickness
hc. The only boundary condition used is zero displacement
(i.e., uwi(x) = 0) at the thin film/substrate interface. If we
assume a rectangular simulation domain S,, with the thickness
h,, > h. for the discrete time ¢,,, which is loaded with the
residual stress distribution o(x,,,), the stress distribution for
the next time step ¢, is calculated by adding the relaxed
layer of the thickness R - At on the top of the domain S,
thus obtaining domain S, with thickness ¢,,41 = %, + R -
At. Additionally, the stress problem described by equations
(6)-(14) is solved for the domain 5,11 and a new stress
distribution o(x,%,11) is obtained. This calculation procedure
is carried out until the final film thickness hp is reached.

2) Multi Level Set: Based on the approach presented in [3]
and its improvement [4] it is possible to model polycrystalline
kinetics of thin film grains by means of the multi phase level
set method.

Assuming N, crystal seeds we assign different phase functions
®;,,1=1,..., N, to each crystal. The governing equation for
the evolution of each phase is

0P,
— V&, =0
En + nvy l .

where v; are the corresponding velocity fields and »n is the
function controlling the collision of the grains (phases).

In the original works [3], [4] the velocities of the evolving
surfaces are related only to the surface energy of the evolving
grains, however, it is possible to expand this connection by
equations (11) and (12) thus including local stress effects.

Compared with continuum stress modeling, the application
of the multi phase level set method is computationally more
demanding, but it enables the simulation of some additional
stress contributions like misfit inter-grain stress which devel-
ops due to the difference of neighboring crystal orientations
and influence of the cavities at the grain boundaries.

(16)

IV. SIMULATION RESULTS AND DISCUSSION

The approach developed in this work is applied to the
experimental setting presented in [12]. The continuum mod-
eling method (Section III-A.1) has been implemented for the
simulation of microstructural stress evolution. Our simulation
tool is capable of solving multi-physics equations by means of
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Figure 3: The run of strain curve through the thickness of thin film.
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Figure 4: Comparison between the measured and the simulated
cantilever deflections for different thicknesses.

the finite element method. All simulations have been carried
out on a high performance IBM-AIX cluster. An intrinsic
strain curve (Figure 3), which qualitatively is predicted by
the model, was calibrated according to measurement results.
Simulated cantilever deflections show good agreement with
experimentally determined deflections (Figure 4). Figures 5
and 6 display results of three-dimensional cantilever deflection
simulations. The distribution of the peak stress values is
displayed by the red areas. After removing of middle layer,
the cantilever is released (Figure 6). The reduction of high
stress areas indicates a stress relaxation in the free standing
cantilever.

V. CONCLUSION

We presented a simulation concept which connects mi-
crostructural mechanical properties of copper films to the
overall stress distribution. The underlying model is designed
by combining several earlier models which describe different
microstructural contributions to stress build up. Simulation
results are successfully compared with a experiment.
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Figure 5: Stress distribution for fixed cantilever.

Figure 6: The build-up of intrinsic stresses induces cantilever deflec-
tion.
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