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This paper explores the mechanisms of the residual stress generation in thin film systems with large lat-
tice mismatch strain, aiming to underpin the key mechanism for the observed variation of residual stress
with the film thickness. Thermal mismatch, lattice mismatch and interface misfit dislocations caused by
the disparity of the material layers were investigated in detail. The study revealed that the thickness-
dependence of the residual stresses found in experiments cannot be elucidated by thermal mismatch, lat-
tice mismatch, or their coupled effect. Instead, the interface misfit dislocations play the key role, leading
to the variation of residual stresses in the films of thickness ranging from 100 nm to 500 nm. The agree-
ment between the theoretical analysis and experimental results indicates that the effect of misfit dislo-
cation is far-reaching and that the elastic analysis of dislocation, resolved by the finite element method, is
sensible in predicting the residual stress distribution. It was quantitatively confirmed that dislocation
density has a significant effect on the overall film stresses, but dislocation distribution has a negligible
influence. Since the lattice mismatch strain varies with temperature, it was finally confirmed that the
critical dislocation density that leads to the measured residual stress variation with film thickness should
be determined from the lattice mismatch strain at the deposition temperature.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Driven by the increasing demand for faster microprocessors and
packing more transistors on a single chip, silicon-on-insulator (SOI)
systems have been found a technology to extend the Moore’s law
in the coming decades (Celler and Cristoloveanu, 2003). However,
due to the difference in thermal and mechanical properties of sili-
con and insulating substrate, residual stresses in vapor deposited
layers, by either physical or chemical methods, are inevitable. Such
stresses could induce crystallographic defects, leading to higher
resistance to the transportation of carriers or phonons, or macro-
scopic defects, such as buckling, cracking, and delamination, lead-
ing to the failure. Hence, understanding the origin of the residual
stress variations in such systems is essential.

There are two primary causes of residual stresses in an SOI thin
film system. The first is thermal mismatch. When a system is
cooled down from a deposition temperature to room temperature,
the mismatch of the coefficients of thermal expansion (CTE) of the
thin film and the substrate leads to residual stresses in the system.
The second cause is the dissimilar lattice structures of the materi-
als, which leads to residual stresses and lattice defects.
Some theoretical and experimental methods have been pro-
posed in the literature to calculate the residual stresses induced
by lattice and thermal mismatches and to investigate the stress re-
lease by dislocations. Experimentally, these include the methods
with the aid of beam curvature (Dumin, 1965), Raman (Englert
et al., 1980; Wang et al., 2005) spectroscopy and X-ray diffraction
(Liu et al., 2010; Vreeland and Paine, 1986). However, the total
residual stresses measured by the experimental methods cannot
distinguish the contributions by the mismatches of CTE and lattice
structures as well as by the relaxation due to lattice defects.

After the first analytical model developed by Stoney in the early
1900s (Stoney, 1909), a great number of theoretical studies have
been conducted, trying to improve the Stoney’s equation for calcu-
lating the residual stresses in a thin film system. For instance,
Timoshenko (1925), Rich (1934) and Klein (2000) relaxed the
assumption of negligible film thickness. Freund (2000) considered
the effect of finite strain and rotation. Freund and Suresh (2003) re-
moved the assumption of a uniform stress distribution in a thin
film. Hu and Huang (2004) investigated the elastic and elastoplas-
tic multilayer thin film systems, and Huang and Rosakis (2005)
further extended the Stoney’s formula to be applicable to a non-
uniform temperature distribution in a thin film substrate system.

Many analytical solutions have also been proposed for
calculating the stresses due to misfit dislocations. Vandermerwe
(1950) solved the stresses, atomic displacement and energies due
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Fig. 1. Coordinate systems in the sapphire crystal and in the (1 �102) plane.
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to a single misfit dislocation on the interface of two crystals of
different lattice spacing. Further developments have afterwards
been made to calculate distributions of elastic strains and internal
stresses in thin epitaxial films deposited on dissimilar substrates
(Ball, 1970; Ball and Van der Merve, 1970; Bonnet, 1996; Jesser
and Matthews, 1967, 1968a,b; Matthews, 1968; Matthews and
Crawford, 1970; Nakahara, 1989; van der Merwe, 1964; Yao
et al., 1999). Gutkin and Romanov (Gutkin et al., 1993; Gutkin
and Romanov, 1991, 1992a,b) considered the effects of dislocation
interactions, free surface and far field stresses, which were
neglected in previous theories and presented a continuum
mechanics solution for the stress field around a straight edge
dislocation in the interface of two heteroepitaxial materials, appli-
cable directly to a film-on-substrate system. Such analytical
models are often complicated in mathematical formulation.

Making use of the stress or strain field surrounding dislocations,
the thickness-dependent lattice relaxation was considered (Ayers,
2007). Matthews and Blakeslee (1974) considered the force equi-
librium of a threading dislocation and resulted in that the lattice
relaxation was inversely proportional to the film thickness. Mat-
thews et al. (1970) included the Peierls force (lattice friction force)
in the model and resulted in the kinetic relaxation of lattice strain.
Dodson and Tsao (1987) later included the effect of dislocation
multiplication and resulted in a more empirical model. All these
models, however, were on small lattice mismatch strain (less than
1%), which makes the assumption of small deformation valid and
the analytical treatments possible. For the epitaxial thin film sys-
tem of relatively large mismatch strains, including the silicon-on-
sapphire (SOS) system to be considered in the present work, the
thickness-dependent lattice relaxation has not been explored. This
could be due to the difficulty when the strain is large and when the
change of growth mode from layer-by-layer growth to island
growth comes into play. It was also noted that for the large mis-
match strain in the SOS system, the critical film thickness (at which
the first misfit dislocation nucleates) is much less than 10 nanome-
tres according to the theory (cf. e.g., ‘‘Heteroepitaxy of Semicon-
ductors’’ by Ayers). In this case, the film actually grows through
domain epitaxy (cf. e.g., Narayan and Larson, 2003; Bayati et al.,
2012) and island coalescence (cf. e.g., Hamarthibault and Trilhe,
1981). The misfit dislocations form spontaneously inside islands
or during island coalescence (cf. e.g., Legoues et al., 1994; Qian
et al., 1997). The classical models based on kinetics of dislocations
may not be necessary. Instead, one may directly model the misfit
dislocations at the interface and study their influence through elas-
tic analysis of dislocations.

Owing to the fast increase of computational capacity, the finite
element (FE) method has become an efficient tool to study the
residual stresses attributed to the combined effects of CTE and lat-
tice mismatches as well as the relaxation due to lattice defects. A
number of studies have been carried out using the FE method to
understand the residual stresses in film-on-substrate systems
due to CTE mismatch (Gu and Phelan, 1998; Han et al., 2009;
Wright et al., 1994). The focus of these studies was on the effect
of deposition temperature, but the simulations were based on
two dimensional (2D) models considering only isotropic tempera-
ture-independent material properties. A more comprehensive
investigation was conducted by Pramanik and Zhang (2011) who
carried out a three dimensional (3D) finite element analysis of
the thin film residual stresses. In their study, however, the effects
of lattice mismatch and dislocations were not included. In our pre-
vious study (Liu et al., 2012), it was experimentally found that the
residual stress in the silicon film for a silicon-on-sapphire system
depends on the film thickness even when the film thickness was
of hundreds of nanometres. This result cannot be explained by
merely the CTE mismatch. Therefore, a more thorough study is
necessary to clarify the origin of residual stress in the thin film.
The aim of this paper is to make a major step forward to reveal
the origin of residual stress variation in film-substrate systems
when thermal and lattice mismatches and multiple lattice defects
come into play all together. To explore the effect of the individuals,
and hence to uncover the variation mechanisms of the residual
stresses, the contributions of CTE and lattice mismatches and mis-
fit dislocations will be investigated step-by-step.
2. FE modeling

Among the various insulating materials practiced by the semi-
conductor industry, we consider sapphire in this study. This is be-
cause sapphire has recently won a broad acceptance in commercial
applications due to its low power consumption and efficient insu-
lating properties. In the silicon-on-sapphire (SOS) technology, a
thin hetero-epitaxial silicon layer grows on sapphire at a high tem-
perature. A mono-crystalline sapphire structure has been shown in
Fig. 1. To minimize the effect of lattice mismatch between silicon
and sapphire, the (100) silicon layer is normally deposited on to
the (1 �102) plane (R-plane) of sapphire (Nakamura et al., 2004).
The silicon properties are considered to be orthotropic, whereas
the sapphire is regarded as an anisotropic material whose stiffness
matrix (Goto et al., 1989) can be converted to the coordinate sys-
tem indicated in Fig. 1 (i.e., the x, y, z axes are respectively
[�1101], [11 �20] and [1 �102]). The thermal and mechanical proper-
ties of silicon and sapphire are listed in Appendix A.

A schematic of the 3D FE model for investigating the residual
stresses in an SOS system is shown in Fig. 2. The model shape
resembles an SOS wafer to include all the possible geometrical ef-
fects (Moridi et al., 2011). A volume of interest (VOI) is defined in
the centre of the model with the finest mesh as shown in Fig. 2. To
avoid the boundary effect, the radial dimension of the model was
30 times the thickness of the thin film. Overall, the VOI contained
4440 elements, and the whole model consisted of 34,628 elements.
A mesh sensitivity test confirmed that this mesh density was suf-
ficient. The finite element model was solved by ANSYS V12.1 with
the 10-noded SOLID 98 elements which can cope with both ther-
mal and mechanical responses.



Fig. 2. Geometry of an SOS thin film system: (a) full model (b) VOI.

Fig. 3. FE simulation results of stress distribution due to thermal and lattice
mismatch.
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To simulate the effect of CTE mismatch, the model was cooled
down from 900 �C to 25 �C by convection from all the surrounding
surfaces with the film coefficient of convection of 10.45 W/m2 �C
(Vodenitcharova et al., 2007). The bottom of the model was fixed
in z-direction and a node at a bottom corner of the model was fixed
in x-, y- and z-axes to eliminate the rigid body motion. The steady-
state simulation was separated into 100 sub-steps for resolving the
influence of temperature-dependent properties.

To calculate the stresses induced by lattice mismatch, a virtual
cooling process was introduced to incur the lattice misfit strains
(Dexx = 5.9% and Deyy = 14.1% at room temperature along sapphire
½�1101� and ½11�20� directions, respectively). In this case, the coeffi-
cients of thermal expansion of the film are afx(y) = Dex(y)/DT, where
DT is the virtual temperature change, the subscript ‘‘f’’ pertains to
the film and ‘‘x’’ and ‘‘y’’ designate sapphire ½�1101� and ½11�20�
directions respectively.

3. Results and discussion

3.1. Effects of thermal and lattice mismatches

Fig. 3 shows the in-plane normal residual stresses rxx and ryy

resulted from thermal and lattice mismatches in a 280 nm thick
film. Both rxx and ryy are compressive inside the thin film and ten-
sile in the sapphire substrate. rzz is negligible in comparison with
the in-plane normal stresses rxx and ryy, which is consistent with
experimental findings (Liu et al., 2010) and theoretical calculations
(Stoney, 1909). It is interesting to note that the residual stresses do
not vary with the depth.

The average in-plane residual stresses rxx and ryy for a thin film
of 280 nm thickness are �658 MPa and �609 MPa, respectively,
due to thermal mismatch, and �7938 MPa and �12,872 MPa,
respectively, owing to lattice mismatch, as shown in Fig. 3. The dif-
ference between rxx and ryy is owing to the anisotropy of sapphire.
The calculated thermal and lattice mismatch stresses show that the
stress gradient in the thin film is negligible. This is because of the
zero shear stress at the centre of the interface. The significant shear
stress only occurs near the boundary, which causes the gradient of
normal residual stresses in the thin film near the boundary, and
may lead to shear failure (Kitamura et al., 2003; Wiklund et al.,
1999). At the centre, the shear stresses vanish, which brings about
the negligible gradients of the normal residual stresses.

It can be seen that the residual stresses are independent of film
thicknesses in the range of 0.280–5 lm. This independency can be
rationalized by expressing the residual stresses in non-dimen-
sional form. Invoking the Buckingham’s Pi (P) Theorem (Chen
et al., 2009; Fleck et al., 1992; Sun et al., 2000; Wang et al.,
2011) and constructing the non-dimensional groups for the three
fundamental variables of length, mass, and temperature, the non-
dimensional form is obtained:

rf

Ef
¼ f

Es

Ef
; vs;v f ;

ts

tf
;De

� �
ð1Þ

where E, m, t are elastic modulus, poisons ratio and thickness,
respectively, the subscripts s and f pertain to substrate and film
thicknesses respectively, and De is the misfit strain. Eq. (1) clearly
indicates that the residual stress only depends on ratio ts/tf provid-
ing that other thermo-mechanical properties are constants. The var-
iation of the non-dimensional residual stresses with the thickness
ratio ts/tf is shown in Fig. 4. It is noted that if ts=tf P 20, the curve
levels off. Using the same method, it could be observed that the
residual stresses due to lattice mismatch are constant for various
film thicknesses if ts/tf is larger than 20, as shown in Fig. 4. In most
SOS system, ts/tf is larger than 100. Therefore the above calculation
considering lattice and thermal mismatches shows that the residual
stress in the silicon film is independent of film thickness.

In summary, the above analysis indicates that lattice and ther-
mal mismatches are not the cause of residual stress variation with
film thickness. Lattice defects must be incorporated into the anal-
ysis to understand the thickness-dependent residual stress unam-
biguously observed in experiments (Liu et al., 2011).
3.2. Effect of interface dislocation

3.2.1. Treatment of interface misfit dislocations
Lattice defects mitigate the residual stress by invoking localized

deformation field. Misfit dislocations at interface are the most
effective defects in accommodating the mismatch strains (Hull
and Bean, 1992). In the present FE model, the effect of edge dislo-
cation was treated by feeding the strain to the elements where an
extra plane of atoms is added (Subramaniam and Ramakrishnan,
2003), as shown in Fig. 5. The element size near the interface
was taken to be the same as the substrate lattice constants. The
burgers vector b is equal to the spacing as of sapphire (�1101) or



Fig. 4. Effect of ts
tf

on normal residual stress.

Fig. 5. Schematic of an edge dislocation at the interface.

Fig. 6. A comparison between Gutkin and Romanov analytical model and FEA
results.
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(11 �20) planes and in the direction parallel to the interface. The lo-
cal strain component exx corresponding to an edge dislocation is:

exx ¼ b=2as ¼ 1=2 ð2Þ

Therefore, the introduction of dislocations will cause local ten-
sion in the film but compression in the substrate, as indicated in
Fig. 5.

The stress field around an edge dislocation in the interface of
two dissimilar elastic solids has been analytical solved by Gutkin
and Romanov (1992a), which is given by:

rd
ijðx; yÞ ¼ r0

ijðx; yÞ þ
Z þ1

�1
eisy
X
m¼1;2
n¼x;y

UmnðsÞr̂mn
ij ðx; sÞds ð3Þ

where the first term is the stress field around the dislocation being
analyzed and the second term is to account for the effect of far field
dislocations. Umn(s) are Fourier transforms of the distributions of
the far field dislocations and r̂mn

ij ðx; sÞ are the stress fields due to
far field dislocations (see (Gutkin and Romanov, 1991, 1992a) for
more explanation). Fig. 6 demonstrates the comparison between
the analytical and FE results for the uniformly distributed edge dis-
location in an isotropic thin film material. It can be seen that
although there is a very small discrepancy between the two solu-
tions in the vicinity of the interface, the overall agreement is very
good.

It should be noted that only the 2D plane-strain FE model can be
established to investigate the misfit dislocation in a particular
atomic plane (e.g., Silicon (100), (010) and (110)) since the 3D
model is too demanding and the interaction of two perpendicular
misfit dislocations is difficult to be verified. In this plane-strain
case, the effect of misfit dislocation on the residual stress may be
overestimated due to the additional constrain exerted by the
plane-strain condition. For the uniaxial tension under the plane-
strain condition, the tensile stress is about 10% larger than that
without the constraint. It is therefore expected that the 2D FE mod-
el of dislocation also lead to maximum 10% overestimation.
3.2.2. Critical spacing in multiple dislocation system
Having multiple dislocations, the density of dislocations is crit-

ical in relaxing the stress due to thermal and lattice mismatches. In
order to obtain the critical dislocation density we calculated the
strain energy density of the thin film system vs the dislocation
spacing in terms of number of lattices between two dislocations
n using the FE method. Therefore, the particular dislocation density
minimizing the strain energy density of the system should most
likely be formed during the material growth and subsequent cool-
ing, which could be called the critical dislocation spacing nc. How-
ever, since the lattice constants and other material properties
change with temperature, the critical dislocation spacing may vary.
The calculated variation of strain energy density with dislocation
spacing is shown in Fig. 7, which gave rise to nc = 18 and 17.8 in
the sapphire ½�1101� direction for room and deposition tempera-
tures (25 �C and 900 �C) respectively and 7.1 and 7.25 in the sap-
phire ½11�20� direction.



Fig. 7. Strain energy density of the system at room and deposition temperature for
different dislocation densities at [�1101] direction and [11 �20] direction.

Fig. 8. Effect of dislocation density on the SOS system at [11 �20] direction.

Table 1
Various dislocation distribution cases.

L1 L2 L3 L4 L5 L6 L7 L8 L9

Case 0 18 18 18 18 18 18 18 18 18
Case 1 18 19 17 18 17 20 17 19 17
Case 2 18 17 20 17 14 22 18 17 19
Case 3 18 19 15 20 15 21 17 19 18

Fig. 9. Effect of dislocation distribution on stress levels of the system.
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3.2.3. Effects of dislocation density and distribution
The interface dislocation density, which is inversely propor-

tional to n, significantly affects residual stresses. To study the sen-
sitivity of residual stresses to n, the average dislocation spacing n
in the present numerical model was varied. Fig. 8 demonstrates
the residual stress vs film thickness for different n in Si[100] and
[010] planes, respectively. It can be seen that dislocations signifi-
cantly reduce the compressive residual stresses caused by lattice
mismatch in the thin film, that the residual stress can change from
compressive to tensile in the thin film if the dislocation density is
too large, and that a slight change in the density of dislocations, say
from 6 to 7 lattice constants between dislocations, can bring about
a remarkable change of the residual stresses in the thin film. This
great dependency allow us to identify the critical dislocation spac-
ing that lead to the experimental results of thickness-dependent
residual stresses and compare it with experimental observation
through a high-resolution transmission electron microscopy
(HRTEM).

Since the distribution of dislocations is not necessarily uniform,
it is worthwhile to study the effect of dislocation distribution. The
effect of three different distributions (280 nm film thickness) with
the random spacing of dislocations (generated by Gaussian random
number generator), as shown in Table 1, is investigated, where L is
the number of lattice constants between two adjacent dislocations.
As shown in Fig. 9, different distributions of dislocations do not sig-
nificantly change the residual stress of the system. Although the
average stress near the interface is slightly affected by the distribu-
tion of dislocations, the stresses at 100 nm far from the interface
converge to the value very close to that of the uniform distribution.
The inset in Fig. 9 shows the average residual stress due to disloca-
tions throughout the film thickness. This result indicates that the
effect of dislocation distribution is insignificant.
3.3. Coupled effect

The calculated residual stresses due to thermal misfit, lattice
misfit and dislocations are superposed to have a complete descrip-
tion of the thickness-dependent residual stress in the thin silicon
film. Fig. 10 plots the variation of the measured residual stresses
with film thickness as well as the results from finite element sim-
ulations. It is noted that the residual stresses in a thinner film are



Fig. 10. A comparison between FEA and experimental results based on the
minimum energy due to (a) room temperature and (b) deposition temperature
lattice constant.

Fig. 11. The calculated residual distributions for n = 10.1 and 10.3.

Table A1
Orthotropic elastic modulus (MPa).

Temperature
(�C)

Stiffness matrix
(Cij = elastic constants)

25 1.65E5 63900 63900 0 0 0
63900 1.65E5 63900 0 0 0
63900 63900 1.65E5 0 0 0
0 0 0 79500 0 0
0 0 0 0 79500 0
0 0 0 0 0 79500

300 1.61E5 62200 62200 0 0 0
62200 1.61E5 62200 0 0 0
62200 62200 1.61E5 0 0 0
0 0 0 77700 0 0
0 0 0 0 77700 0
0 0 0 0 0 77700

600 1.56E5 60300 60300 0 0 0
60300 1.56E5 60300 0 0 0
60300 60300 1.56E5 0 0 0
0 0 0 75700 0 0
0 0 0 0 75700 0
0 0 0 0 0 75700

900 1.51E5 58400 58400 0 0 0
58400 1.51E5 58400 0 0 0
58400 58400 1.51E5 0 0 0
0 0 0 73700 0 0
0 0 0 0 73700 0
0 0 0 0 0 73700
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much larger than those in a thicker film due to the effects of lattice
defect. In experiment, chemical etching is employed to reduce the
thickness of the silicon film. The Micro-Raman Spectroscopy (Ren-
ishaw Invia unit equipped with backscattering configuration), with
a spatial resolution of �10 lm, was employed to measure the local
equi-biaxial stress based on the shift of the silicon peak and the lo-
cal film thickness based on the intensity ratio between silicon peak
and the sapphire. A standard setup of 514 nm Argon ion laser and
1800 l/mm grating were utilized to detect the silicon band at
around 520 cm�1 and the sapphire band at 417 cm�1 with the lat-
eral resolution of several microns peak (Liu et al., 2012). The equi-
biaxial stress was calculated from the shift of Raman band Dx
(cm�1), i.e., r = �249Dx (MPa) in case of silicon (Englert et al.,
1980). The equi-biaxial state was confirmed by XRD residual stress
measurement, which gave the full stress tensor (Liu et al., 2011).

Involving the effects of the thermal and lattice mismatches and
the edge dislocations, the present finite element simulations result
in the similar thickness dependence to the experimental findings.
Since the lattice constants vary with temperature, the critical dis-
location spacing that minimizes the strain energy density varies
from the deposition temperature to room temperature. It is noted
that the critical dislocation spacing (nc = 17.8 along ½�1101� and 7.8
along ½11�20�) at the deposition temperature (900 �C) leads to the
consistency with the experimental results. Therefore, we are prone
to the assertion that the dislocation structure formed at the depo-
sition process does not vary in the subsequent cooling. Although
lattice mismatch in sapphire [11 �20] is more significant than that
in [�1101], the higher density of dislocations in [11 �20] cause more
relaxation of stress in that direction. It is noted that the calculated
residual stresses at two different directions based on the critical
dislocation spacing all agrees with the experimental result very



Table A2
Specific heat, thermal conductivity and coefficient of thermal expansion (CTE).

Temperature (�C) Specific
heat
(J/g �C)

Thermal
conductivity
(W/m �C)

Coefficient of thermal
expansion (10E�6/�C)

25 0.710 156.9 2.55
300 0.844 68.3 3.78
600 0.895 37.88 4.16
900 0.945 26.54 4.37

Table A4
Specific heat, thermal conductivity.

Temperature (�C) Specific heat
(J/g �C)

Thermal conductivity
(W/m �C)

25 0.75 46
300 1.06 18
600 1.19 11
900 1.26 9.6

Table A5
Coefficient of thermal expansion (CTE).

Temperature (�C) Coefficient of thermal expansion (10E�6/�C)

x y z

27 5.705 5.147 5.372
77 6.376 5.824 6.046
127 6.904 6.361 6.58
227 7.666 7.131 7.347
327 8.184 7.641 7.859
427 8.568 8.008 8.233
527 8.882 8.298 8.533
627 9.157 8.545 8.791
727 9.407 8.766 9.024
927 9.852 9.155 9.436
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well, as shown in Fig. 10, explaining why the residual stresses in
the silicon film are almost equi-biaxial (Liu et al., 2011) even
through the lattice mismatch strains differ significantly along the
two orthogonal directions.

The present model can be further extended to account for the
thermal and lattice mismatches in the Si(110) plane. This is be-
cause the high-resolution transmission electron microscope
(HRTEM) images that clearly reveal the misfit dislocations can only
be obtained for this plane (Liu et al., 2012). Since the interface
structure forms at the deposition temperature, we use the lattice
constants at the corresponding temperature (af = 3.854 Å and
as = 3.507 Å) to calculate the critical dislocation spacing based on
energy minimization, which gives nc = 10.1, close to the experi-
mentally measured value of 10.3 ± 0.5. In experiment, the disloca-
tion spacing was measured from different HRTEM images. One of
them is shown in the inset of Fig. 11. The calculated residual distri-
butions for n = 10.1 and 10.3 are both shown in Fig. 11. It is noted
that the distribution resulted from n = 10.3 is more consistent with
the experimental data.
4. Conclusions

The investigation in this paper has presented a comprehensive
picture of the influence of thermal and lattice mismatches and mis-
fit dislocations on the residual stress distribution in thin film sub-
strate systems. This study has led to the following conclusions:
Table A3
Anisotropic elastic modulus (MPa).

Temperature (�C) Stiffness matrix (Cij = elastic constants) in (1 �102) pl

22.85 4.7461E5 1.0962E5 1.6
.0962E5 4.973E5 1.6
1.6107E5 1.6918E5 4.3
0 0 0
0 0 0
0 0 0

326.85 4.6099E5 1.0633E5 1.6
1.0962E5 4.86E5 1.6
1.6133E5 1.6977E5 4.1
0 0 0
0 0 0
0 0 0

626.85 4.4556E5 1.0311E5 1.6
1.0311E5 4.723E5 1.6
1.6062E5 1.6889E5 4.0
0 0 0
0 0 0
0 0 0

926.85 4.2869E5 0.9927E5 1.5
0.9927E5 4.573E5 1.6
1.5873E5 1.6683E5 3.8
0 0 0
0 0 0
0 0 0
(1) Thermal and lattice mismatches do not lead to thickness-
dependence of residual stress but interface misfit disloca-
tions do.

(2) The density of interface misfit dislocations significantly
affects the overall film residual stresses. However, the distri-
bution of dislocations, which could be random, have a negli-
gible influence on the average residual stress in a thin film
system. It is the density of interface misfit dislocations that
brings about the residual stress variation with film
thickness.

(3) The critical dislocation spacing is determined by the princi-
ple of minimal elastic strain energy. The critical spacing thus
determined is consistent with direct TEM observations.
ane (R-plane)

107E5 0 0 0
918E5 0 0 0
345E5 0 0 0

1.3286E5 0 0
0 1.8119E5 0
0 0 1.9187E5

133E5 0 0 0
977E5 0 0 0
754E5 0 0 0

1.2454E5 0 0
0 1.7611E5 0
0 0 1.8753E5

062E5 0 0 0
889E5 0 0 0
07E5 0 0 0

1.1638E5 0 0
0 1.6977E5 0
0 0 1.8222E5

873E5 0 0 0
683E5 0 0 0
306E5 0 0 0

1.084E5 0 0
0 1.631E5 0
0 0 1.7653E5
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(4) The FE model coupling the effects of thermal mismatch, lat-
tice mismatch and interface dislocations can satisfactorily
predict the residual stresses in thin film systems, as firmly
supported by the relevant experimental measurements.
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Appendix A

Thin. film (Silicon) material model

Lattice constant in 25 �C: 0.543 nm.
Lattice constant in 900 �C: 0.545 nm (see Tables A1 and A2).

Substrate. (Sapphire) material model

Lattice constant in 25 �C: 0.513 nm at [�1101] and 0.476 nm at
[11 �20].

Lattice constant in 900 �C: 0.516 nm at [�1101] and 0.479 nm at
[11 �20] (see Tables A3-A5).
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