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A detailed description of the application of the convergent beam electron diffractionsCBEDd
technique for studying strain propagation in the Si1−xGex/Si blanket wafers as well as silicon-based
metal–oxide–semiconductor field-effect transistors is presented. Specifically, a simple and robust
experimental procedure and analysis for silicon lattice strain measurement using the CBED
technique is detailed in this article. The use of focused ion beam milling allows for better control of
the thickness and site-specific analysis, especially for nanoscaled devices. A pictorial representation
of the analytical conditions for the higher order Laue zone lines in CBED patterns is also reported
in this work. Based on the Si lattice strain measurement results, we determined that a thin buffer
layer of SiOxNy incorporated below the Si3N4 overlay film could render the uniaxial channel strain
less compressive. Stress studied on Si1−xGex/Si blanket wafers reveals that a steeper SiGe
compositional gradient would induce larger biaxial strain in the underlying Si substrate and hence
a smaller amount of misfit dislocations.© 2005 American Vacuum Society.
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I. INTRODUCTION

To have a better understanding of the interfacial stres
the underlying substrate, there is a need for strain chara
ization down to the nanoscale volume of the sample. C
ventional stress measurement tools such as micro-R
spectroscopy and x-ray diffraction are typically concer
with the macroscopic picture and give us an averaged v
Point-to-point quantification of the strain would therefore
low a spatially resolved measurement of stress propag
in the solid. This would provide us with a means of tailor
the amount of strain in the substrate by adjusting the pro
ing conditions or the dimensions of the neighboring geo
ric structures.

Presently, a technique based on analyzing the sh
higher order Laue zonesHOLZd lines in convergent bea
electron diffractionsCBEDd patterns is the only strain me
surement method capable of determining localized s
fields. The positions of these lines are very sensitiv
changes in lattice parameters.1 Using this technique, Tod
et al. analyzed the stress induced by the shallow trench
lation sSTId in nanoscaled devices and obtained a good
relation between the strain distribution in the channel re
and the electrical characteristics.2 On the other hand, Stu
et al. reported the influence of processing conditions on
strain distribution at different layers before the devices
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processed fully, and showed that wet pregate oxida
coupled with small structures increased the stress aroun
STI structures.3,4

Despite the increasing interest and reports on C
strain measurement, little attention was paid in the past t
experimental and the analytical procedures. There are
inherent technical problems associated with the CBED s
measurement technique which are not explicitly mentio
in the past reports. For instance, conventional sample p
ration standard procedures which include sawing, gluing
trasonic drilling, mechanical lapping, dimpling, and
beam milling to perforation, if used for nanoscaled devi
may not allow precise control of the location and sam
geometry. Moreover, the methods may not allow good
trol of the thickness of the sample and are time consum
Furthermore, the diffraction pattern quality depends on
thickness of the sample in the analyzed region. If the s
men is too thin, the HOLZ lines become broad and t
contrast is reduced markedly. On the contrary, if the sp
men is too thick, there is too little intensity in the CBE
pattern. In addition to technical difficulties in sample pre
ration, the basis for the underlying assumptions used i
analysis of the CBED patterns is not clearly stated. In
ticular, the differences in the analytical conditions betw
uniaxial and biaxial strain have not been clearly elucida

In this article, we describe a simple and robust sam
preparation procedure for CBED strain measurement. A
tionally, we also provide pictorial representation of the a

lytical conditions for uniaxial and biaxial stress effect during

940/23 „3…/940/7/$22.00 ©2005 American Vacuum Society
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the simulation. The uniaxial strain analysis was applie
quantify the mechanical strain induced by different ove
nitride films along the channel region in which the ove
film was assumed to exert a one-dimensional strain ont
channel.5,6 On the other hand, the biaxial analysis was im
mented on the Si1−xGex/Si heterostructures to obtain the
trinsic strain values in which the top SiGe film exerts a
axial stress on the underlying silicon substrate due to la
mismatch.7 The localized strain results obtained for the
ferent nitride films correlate well with other characteriza
data like macroscopic wafer curvature stress measure
and electrical performance. The biaxial strain results
tained for Si1−xGex/Si heterostructures allows us to look in
the effect of the compositional gradient of the SiGe on
equilibrium conditions of the Si substrate.

II. EXPERIMENTAL PROCEDURES FOR CBED
STRAIN MEASUREMENT

A. Sample description

The effect of the uniaxial stress was investigated
n-channel metal–oxide–semiconductor field-effect transi
sMOSFETsd with channel width/length sW/Ld of
10/0.12mm, fabricated using 0.13mm complementar
MOS technology. In the study, a comparison was made
tween two overlay nitride films:sad a single 300 Å layer o
Si3N4 and sbd a stacked layer comprising of a thin layer
silicon oxynitridesSiOxNyd capped with 300 Å Si3N4 depos
ited by plasma-enhanced chemical vapor deposition. O
other hand, the biaxial stress analysis was carried out o
Si1−xGex/Si heterostructures deposited by low-pres
chemical vapor deposition. The Ge composition in
graded layer increased from the buffer layer to the sil
substrate. A comparative study was made between two t
nesses of the graded layersG1 andG2d and hence differen
grading gradients, in whichG1 andG2 samples referred
thin and thick graded layers, respectively.

B. CBED sample preparation

The use of focused ion beamsFIBd milling for sample
preparation provides greater ease of aiming at the pr
sample location, hence allows for site-specific analysis
offers a more robust technique of controlling the uniform
of the sample thickness. This is necessary to ensure re
CBED strain analysis but is difficult to control using
conventional polishing method. The specimens were
prepared by manually polishing the sample to a thickne
30 mm in thef110g direction. After polishing, the prethinne
sample was glued onto a copper grid and FIB milling
applied until the area of interest was about 0.25mm thick.8

The relaxed fraction for a sufficiently homogeneou
strained volume of the crystal, although present, is assu
to be negligible if distinct HOLZ lines are obtained.9 This
method permits a direct electron beam through the spec
and thereby aids greatly in enhancing the contrast o
HOLZ lines obtained. A copper grid that contains car

film as is often used to contain FIB-cut transmission electron
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microscopesTEMd specimens, however, would reduce
resolution of the CBED patterns obtained. Additionally,
above procedure also allows the use of plasma cleani
the specimens before loading into the microscope. This
to clean the specimen’s surface effectively and further
hance the clarity of the patterns.

C. CBED measurements

The diffraction patterns were captured using a Tecnai
TEM equipped with a field-emission gun and a Gatan im
ing filter at an electron acceleration voltage of 200 kV in
k230l zone axis. The scanning transmission electron mic
copy mode was used to collect the CBED patterns at sp
locations with a probe beam size of about 2 nm. The s
convergence angle of the beam was about 18 mrad an
spatial resolution was estimated to be about 10 nm. U
CBED, the standard deviation of the measured strain
1.8310−4.1 The strain is measured by finding the bes
sminimizing x2 valued between the HOLZ line intersectio
in the experimental and the simulated diffraction patt
using the kinematical approach.10,11 Typically, a measure
ment line was drawn across the region to be analyzed an
number of points to be investigated along the line was
fined. An automation mode could then be set to captur
patterns and this helped to ease the process of CBED p
acquisition. The use of energy filtering for zero-energy-
imaging helped to reduce the background inelastic scatt
considerably so that the contrast in the CBED patterns
enhanced when taken at room temperature.k230l beam di-
rection was chosen as it requires a tilt angle of only 1
from the k110l orientation and the projection effect induc
along the direction normal to the wafer axis is much sm
than that for the alternativek130l zone axis.9 However, the
above analysis is only carried out in regions where dis
HOLZ line patterns are captured and the deformation ma
relatively weak. To determine the initial stress state of
bulk structure, the stress relaxation at the surface of a s
men especially near the interfacial region, cannot
neglected.12

D. Strain tensor determination

For TEM analysis,u is very small and the Bragg’s d
fraction law can be approximated as

2dhklu < l, s1d

where dhkl is the interplanar spacing for thehhklj set of
planes andu is the Bragg angle. Sincedhkl=a/Îh2+k2+ l2 for
silicon which has a cubic structure andl~E−1/2, the follow-
ing relation can be obtained:

au ~ E−1/2, s2d

wherea is the lattice constant of silicon andE is the electro
acceleration voltage.

Differentiating Eq.s2d with respect toa andu but keeping

the electron acceleration voltage constant, we get
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Du

u
= −

Da

a
. s3d

Differentiating Eq.s2d with respect tou and E but keeping
the lattice parameter constantsunstrainedd, we get

Du

u
= −

DE

2E
. s4d

From Eqs.s3d ands4d, we can see that both lattice strain a
variation in the electron acceleration voltage can ind
changes in the position of the HOLZ lines. A small shif
the electron acceleration voltage can thus be misinterp
as strain. To correct for this, it is essential to determine
effective acceleration voltage initially. This is done by sim
lating the CBED pattern taken from the unstrained part o
silicon substrate using theJEMS software package o
Stadelmann.13 The lattice parameters of the region to be a
lyzed were determined by comparison with simulations
were then used to calculate the strain components. The
tensor components can be calculated from the crystal la
parameterssaX, aY, aZ, a, b, andgd as follows:

eii =
ai − aSi

aSi

with i =X,Y,Z

FIG. 1. Sign convention for the strains.

FIG. 2. Schematic representation of the orientation of the device. Two
tallographic systems are shown:sid crystal axessXf100g, Yf010g, and

Zf001gd, and sii d device structure axessxf1̄10g, yf1̄1̄0g, and zf001gd. The
¯̄
beam is alongyf110g.

J. Vac. Sci. Technol. B, Vol. 23, No. 3, May/Jun 2005
d

in
e

eXY =

p

2
− g

2
, eXZ =

p

2
− b

2
, eYZ=

p

2
− a

2
, s5d

with aSi=0.54309 nm, the lattice parameter of per
silicon.

Since the majority of MOSFETs are fabricated on Sis001d
substrates along thek110l direction, the strain tensor valu
obtained from Eq.s5d are subsequently transformed from
original crystallographic axessXf100g, Yf010g, andZf001gd
about theZ axis to those in a device axis to allow for be
understanding of the influence of different material layer
the electrical performance of the devices so that a direc
relation between the strain tensors and the electrical ch
teristics can be established. A pictorial representation fo
analytical conditions will be illustrated in Figs. 1–4. T
expressions for theex and ey strain tensors for the devi
structure in thex–y plane are as shown in Eqs.s6d and s7d,
where the angleu is defined as the deviation from theXf100g
axis ssee Fig. 1d:14

ex =
eXX + eYY

2
+

eXX − eYY

2
cos 2u + eXX sin 2u, s6d

-

FIG. 3. Schematic representation of the device in which there is strain
the s110d plane. The relation:DaX/aX=DaY/aY=−sDg /2d can be derived.

FIG. 4. Schematic representation of the device in which there is an an
distortion along thes110d plane by u. The relation:a=180°−b can be

derived.
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ey =
eXX + eYY

2
−

eXX − eYY

2
cos 2su + 180 °d

− eXYsin 2su + 180 °d. s7d

For device structure, the axes system is defined asxf1̄10g,
yf1̄1̄0g, andzf001g as shown in Fig. 2. Thex andy axes are
rotated by 135° about theZ axis from theXY axes position
suggestingu=135° and the strain tensors for the real st
ture would be as follows:

ex = 1
2eXX + 1

2eYY− eYY, s8d

ey = 1
2eXX + 1

2eYY+ eXY, s9d

ez = eZ. s10d

Usually, the number of independent parameters to be d
mined can be reduced and this would facilitate the ana
of the CBED patterns. Two different types of strain phen
ena: biaxial and uniaxial, will be discussed in the next
tion.

1. Biaxial strain analysis

When SiGe is grown epitaxially on the Si substrate, th
atoms underneath are described as being subjected to b
tension and distorted tetragonally in the macrosc
framework.7,15 Small microscopical strains in the lattice m
exist depending on the distance from the stressors. The
would incur changes in the tetrahedral angle in the pl

both parallelsalong xf1̄10g and yf1̄1̄0g directionsd and per
pendicularsalong f001g directiond to the interfacessee Fig
2d. Under the above condition, the same amount of disto
would be induced along theXf100g and Yf010g crystallo-
graphic directions and the angleg depends on the coheren
between the Si substrate and the SiGe layer.7 For these, th
following relations can be obtainedssee Fig. 3d:

aX = aY s11d

DaX

aSi
=

DaY

aSi
= −

Dg

2
, s12d

with Dai =ai −aSi, i =X,Y. A further reduction in the numb
of independent parameters can be obtained by the follo
condition in which the orthogonality of the angles along
edges of the unit cell is preserved:7

a = b =
p

2
. s13d

Thus, under biaxial stress, the number of independent pa
eters can be reduced from six to twosaX andaZd.

2. Uniaxial strain analysis

Incorporation of the nitride capping film exerts a long
dinal mechanical compressive strain onto the gate elect

hence creating a uniaxial strain channel along thexf1̄10g
5,6
direction. This would again generate the same amount of
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distortion along theXf100g and Yf010g crystallographic di
rections and Eqs.s11d and s12d still apply. To obtain th
strain components for the device structure, Eqs.s8d and s9d
can therefore be further simplified into

ex = eXX − eXY, s14d

ey = eXX + eXY. s15d

Additionally, under uniaxial stress conditions, planar st
approximation in which only strain in thex–z plane is non
zero ssee Fig. 2d, is assumed and the following relationssee
Fig. 4d can be derived:9,16

a = p − b. s16d

Subjected to the above conditions, the number of inde
dent parameters to be determined can only be reduced f
to 3 saX, aZ, and ad. However, because of the constra
imposed by the planar strain approximation, the«y strain

component which is in theyf1̄1̄0g direction is assumed to
zero. For all the above strain analysis, a positive sign o
strain component is associated with a tensile strain a
negative sign with a compressive strain in the sili
substrate.

III. RESULTS AND DISCUSSIONS

A. Uniaxial stress case study: Overlay film stress

Figure 5 shows a cross-sectional bright field TEM im
of a MOSFET with a stacked nitride overlay film. The fi
CBED measurement positionssnumbered 1–5d from the
source to the drain contacts are indicated and the C
patterns are as shown in Fig. 5. Thex axis is taken to b
along the channel while thez axis is normal to the substra
surface. Distinct HOLZ line patterns were obtained at a
tance of about 150 nm from the gate oxide/silicon subs
interface. Figure 6sad compares the longitudinalex strain
variation of the Si3N4/SiOxNy and Si3N4 overlay nitride film
samples, measured from the source to the drain contact
positions below the source and drain contactsspositions 1
and 5d, the horizontal lattice strain of both samples dep
tensile characteristicssex.0d. This is attributed to the com
pressive overlying nitride film which exerts a tensile strai
the substrate underneath. However, at position 3, whi
directly below the gate electrode, a compressive s
sex,0d is observed. This agrees well with a previous st
which asserted the phenomenon to the geometric effe
which the lattice strain below the gate electrode for a s
channel MOSFET was determined predominantly by
stress exerted onto the sidewall of the gate electrode b
nitride film.2 Besides these, we can also see that the s
stacked Si3N4 overlay film sample exhibited a larger spa
variation for the horizontalex strain component when com
pared to the dual stacked Si3N4/SiOxNy film sample. Con
trary to Fig. 6sad, the magnitude of the verticalez strain com
ponent is opposite to that ofex as shown in Fig. 6sbd.

Our strain results from CBED therefore suggest tha

thin SiOxNy beneath the Si3N4 layer offers a cushioning ef-
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944 Toh et al. : Strain analysis in silicon substrate under uniaxial and biaxial stress 944
fect to the compressive stress induced by the Si3N4 overlay
nitride film. Furthermore, these results obtained are in g
agreement with the stress measurements obtained fro
blanket wafers using the wafer bowing technique liste
Fig. 6sad. The relief in the compressive stress for the d
stacked sample can be rationalized by the more rel
structural configuration of the SiOxNy in which the presenc
of the oxygen atom helps to add flexibility to the nitride fi
As a consequence of the reduced compressive strain,
further been shown in the electrical characterization tha

FIG. 6. sad Lateral lattice strainex, and sbd transverse lattice strain«z, ob-
tained after simulation usingJEMS software for Si3N4 and Si3N4/SiOxNy

ESL samples measured from the CBED patterns taken from the Si su
at positions marked by the numbers 1–5 in Fig. 5. The inset tablesad
shows the blanket film stress measurement for Si3N4 and Si3N4/SiOxNy
films obtained by the wafer bowing method.

J. Vac. Sci. Technol. B, Vol. 23, No. 3, May/Jun 2005
e

d

s

corporating a thin layer of SiOxNy underneath the Si3N4

overlay film has resulted in an improvement in the elec
mobility and drive current inn-channel MOSFETs but with
out much impact on thep-channel MOSFETs.

B. Biaxial stress case study: Si 1−xGex /Si
heterostructures

Figure 7sad depicts a sketch of the Ge profile in the gra
layer for the two samples and Fig. 7sbd shows a high-ang
annular dark-fieldsHAADFd TEM micrograph of theG1
sample. Twenty CBED images were captured from the m
surement line as shown in the figure. The line was displ

FIG. 5. Cross-sectional bright-fie
TEM image of ann-channel MOSFET
with Si3N4/SiOxNy overlay nitride
films. The CBED patterns, number
1–5, were taken from the measurem
line marked on the bright-field imag

te
FIG. 7. sad Sketch of the Ge profile in the graded layer forG1 and G2
samples.sbd HAADF TEM micrograph of theG1 sample. Examples
CBED patterns obtained for:scd G1 and sdd G2 samples when the pro
beam was placed at a distance of about 150 nm from the graded laye

Si interface.
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945 Toh et al. : Strain analysis in silicon substrate under uniaxial and biaxial stress 945
progressively at a small step away from the graded la
bulk Si interface and detection was carried out continuo
When the measurement line was placed about 150 nm
the graded layer/bulk Si interface, distinct HOLZ pattern
which the stress is nearly constant within the probed a
can be obtained for sampleG1 as shown in Fig. 7scd. How-
ever, when the probe beam was placed at the same dis
away from the interface, HOLZ bands in which the HO
lines split into bands, were obtained for sampleG2. An ex-
ample of the CBED pattern of sampleG2 obtained from th
measurement line is depicted in Fig. 7sdd. The above obse
vation was related to the homogeneity of the analyzed
ume near the interface. A poor quality diffraction pattern m
be associated with a nanoregion consisting of different t
of deformationssurface relaxation, strain field gradient,
geometry boundary effects of the dislocationsd while a good
quality diffraction pattern is attributed to a large homo
neously strained nanovolume of the crystal. This sugg
that for G2, a greater amount of distortions are generate
the silicon lattice near the interface and this is probably
lated to the Ge compositional gradient in the graded la
The CBED patterns obtained therefore provide an ins
into the relaxation mechanism of the silicon lattice near
interface. Since the CBED technique is very sensitive to
localized behavior of the analyzed volume, a good si
obtained for the CBED patterns can be attributed to a re
which is free of defects or steep field gradient.

Figures 8 and 9 show theeXX and eZZ strain profiles ob
tained forG1 andG2, respectively, in the crystallograph
orientations and the horizontal axis indicates the positio
the electron probe beam from the graded layer/bulk Si
strate interface. For each sample, five diffraction patt
were simulated at a particular distance away from the i
face. From both Figs. 8 and 9, we can see that«XX.0 and
«ZZ,0. The observations obtained suggest that the si
layer near the interface of the lattice-mismatched films
subjected to small local lattice distortion. Comparing the
samples, we can see thatG1 depicts a largereXX strain mag
nitude, suggesting that the silicon lattice is highly strai
underneath the compositionally graded SiGe films. Fur

FIG. 8. Strain distribution for the componentseXX andeZZ in the Si substrate
obtained by CBED for sampleG1. The position is the distance measu
from the graded layer/bulk Si interface.
more, it requires a longer distance away from the graded
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layer/bulk Si substrate interface before the silicon lattic
completely undistorted. Based on the strain distribution
file obtained, sampleG1 is associated with a steeper str
slope, which hence suggests that the lattice distortion
tained in the interfacial region is predominantly due to m
dislocations rather than steep strain field gradient. In add
to these, for bothG1 andG2 samples, we do not observe a
significant variation foreZZ strain along thef001g direction.
Hence, the use of Poisson ratio, a macroscopic quantit
understanding strain distribution, may not be applicabl
the localized behavior of a few nanometer volume eleme17

We suggest that the CBED results obtained for the
samples may be attributed to the minimum free energy
terion based on the theoretical predictions proposed by
thews in which the total energy of a film material above
critical thickness is given by:18–20

E = Ee + Ed. s17d

The first term is the elastic strain energyEe and the secon
term is the energy of the dislocation networkEd. The energ
of the heteroepitaxial systems aims to reach the minim
value at the thermodynamic equilibrium condition in wh
the lattice misfitf at the interface is accommodated betw
dislocationsd and straine in such a way thatf =e+d.21 In
this case, elastic distortion seems to be more energet
favorable for sampleG1 than for sampleG2, which has
thicker graded layer and hence a more gentle composi
gradient. However, the exact explanation for the observa
obtained need further investigation.

IV. CONCLUSIONS

In this article, we have outlined a detailed descriptio
strain analysis using the CBED technique for advanced
nological applications. We have shown that the methodo
works on both the device structures and blanket wafers u
uniaxial and biaxial stress, respectively. From the results
can see that CBED measurements permit us to tailo
channel strain by making modifications to the capping l
of the MOSFETs and study the influence of compositi

FIG. 9. Strain distribution for the componentseXX andeZZ in the Si substrate
obtained by CBED for sampleG2. The position is the distance measu
from the graded layer/bulk Si interface.
gradient of SiGe on the equilibrium structural condition of
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946 Toh et al. : Strain analysis in silicon substrate under uniaxial and biaxial stress 946
the underlying Si substrate. Hence, the CBED techniqu
conjunction with the implemented experimental proced
could allow us to design high performance devices and
into the relaxation mechanism for heteroepitaxial syst
with greater ease and efficiency.

ACKNOWLEDGMENTS

The authors would like to thank Dr. Lee Pooi See
Dr. Liu Jinping for the device wafers and SiGe blanket
fers, respectively; Luona Goh for providing the blanket fi
stress measurement data; and Cambridge Kon for his
tance in the sample preparation.

1A. Toda, N. Ikarashi, and H. Ono, J. Cryst. Growth210, 341 s2000d.
2A. Toda, N. Ikarashi, H. Ono, S. Ito, T. Toda, and K. Imai, Appl. Ph
Lett. 79, 4243s2001d.

3C. Stuer, J. Van Landuyt, H. Bender, R. Rooyackers, and G. Bad
Mater. Sci. Semicond. Process.4, 117 s2001d.

4C. Stuer, J. Van Landuyt, H. Bender, I. De Wolf, R. Rooyackers, an
Badenes, J. Electrochem. Soc.148, G597s2001d.

5S. Ito, H. Namba, T. Hirata, K. Ando, S. Koyama, N. Ikezawa, T. Suz
T. Saitoh, and T. Horiuchi, Microelectron. Reliab.42, 201 s2002d.

6A. Shimizu, K. Hachimine, N. Ohki, H. Ohta, M. Koguchi, Y. Nonaka,
J. Vac. Sci. Technol. B, Vol. 23, No. 3, May/Jun 2005
,

s-

,

Sato, and F. Ootsuka, Tech. Dig. - Int. Electron Devices Meet. 1
s2001d.

7S. Frabboni, F. Gambetta, A. Armigliato, R. Balboni, S. Balboni, an
Cembali, Phys. Rev. B60, 13750s1999d.

8S. Krämer, C. A. Volkert, and J. Mayer, Microsc. Microanal.9, 390
s2003d.

9V. Senez, A. Armigliato, I. De Wolf, G. Carnevale, R. Balboni, S. F
boni, and A. Benedetti, J. Appl. Phys.94, 5574s2003d.

10J. M. Zuo, Ultramicroscopy41, 211 s1992d.
11S. Krämer and J. Mayer, J. Microsc.194, 2 s1999d.
12L. Clément, R. Pantel, L. F. Tz. Kwakman, and J. L. Rouvière, A

Phys. Lett. 85, 651 s2004d.
13P. Stadelmann, Microsc. Microanal.9, 60 s2003d.
14R. C. Hibbeler,Mechanics of Materials, 3rd ed.sPrentice Hall, Engle

wood Cliffs, N. J., 1997d, p. 491.
15V. Holý, U. Pietsch, and T. Baumbach,High-Resolution X-Ray Scatteri

from Thin Films and MultilayerssSpringer, New York, 1999d, Chap. 8.
16A. Armigliato, R. Balboni, S. Frabboni, A. Benedetti, A. G. Cullis, G

Carnevale, P. Colpani, and G. Pavia, Mater. Sci. Semicond. Process4, 97
s2001d.

17D. W. Moon and H. I. Lee, Current Appl. Phys.3, 45 s2003d.
18Jan H. Van Der Merwe and N. G. Van Der Berg, Surf. Sci.32, 1 s1972d.
19G. Heigl, G. Span, and E. Kasper, Thin Solid Films222, 184 s1992d.
20J. W. Matthews, inEpitaxial Growth Part B, edited by J. W. Matthew

sAcademic, New York, 1975d, Chap. 8, pp. 560–607.
21E. Kasper and H.-J. Herzog, Thin Solid Films44, 357 s1977d.


