
 

ABSTRACT 

 

WARE, MORGAN ELLISON. Effects of Strain Relaxation in SiGe Growth on 

Uniquely Oriented Si Substrates.  (Under the direction of Robert J. Nemanich) 

 

The growth of SiGe epitaxial layers on Si has become the model system for 

studies of strain layer epitaxy.  In this research solid source molecular beam epitaxy was 

employed to prepare the epitaxial films, and we have employed methods to quantitatively 

measure the strain in the film (Raman spectroscopy), the interface misfit structure 

(transmission electron microscopy), and the surface morphology (atomic force 

microscopy).  This thesis explores the formation and subsequent relaxation of strain in 

SiGe films grown on substrates, which were identified to have unique stable surface 

structures.  The substrates, with crystallographic surface orientations between (001) and 

(111), are characterized by atomic steps and facets aligned with the [1̄10] direction.  

Specifically, the substrates studied have surface normals rotated by 10 and 22 degrees 

from [001] representing a (118), and (114) - (113) faceted surface respectively.    

The interface misfit array on the (001) surface that is characterized by two 

orthogonal arrays was found to form in three unique directions on substrates with a large 

off-axis tilt.  These dislocations align with the predicted intersections of the {111} planes 

with the substrates, and we derived an expression that describes the observations.  We 

estimated the relaxation of a layer by determining dislocation densities in the TEM 



 

images.  Notably, the relaxation will vary depending on the Burgers vector chosen to 

represent the dislocation arrays.  A direct correlation was found with the pattern of misfit 

dislocations and the surface morphology of relaxed films grown on these off-axis 

substrates.  The long range surface corrugations align well with the same three directions 

as the dislocations indicating that the formation of the misfit dislocations cause this 

alignment. Our studies of the strain showed that the strain relaxation increased linearly 

with film thickness indicating a kinetic process as opposed to a sudden plastic relaxation 

by misfit dislocation formation.  In combining these results, we find that only a fraction 

of the observed strain relaxation can be accounted for with the observed density of misfit 

arrays.  The organization and presence of the surface morphology indicates that the 

surface morphology also significantly contributes to the strain relaxation both in the 

coherently strained films and in the partially relaxed structures. 

 



 

Effects of Strain Relaxation in SiGe Growth on Uniquely 
Oriented Si Substrates 

 
 
 
 
 

By 
Morgan Ellison Ware 

 
 
 

A dissertation submitted to the Graduate Faculty of 
North Carolina State University 

in partial fulfillment of the requirements for the Degree of 
Doctor of Philosophy 

 
 
 

Physics 
 

Raleigh 
North Carolina 

 
2002 

 
 

Approved by: 
 
 
 _________________________  _________________________  
 J. Krim  C. Roland  
     

 _________________________  _________________________  
 D. M. Maher  R. J. Nemanich  
   Chair of Advisory Committee  
 



 ii

Biography 

 

 Morgan E. Ware was born on May 21, 1973 in Jacksonville, Florida.  He is the 

younger of two children born to John and Barbara Ware.  He resided in Jacksonville, 

Florida until he was 5 years old and then moved to Tampa, Florida where his parents still 

live today.  As a child and teenager he dedicated his free time to competitive swimming 

and playing the piano. 

 He continued his studies after high school at Florida State University in 

Tallahassee, Florida.  While there he worked on superconductor materials and attended 

the NSF sponsored REU program.  He graduated in December 1995 Phi Beta Kappa 

magna cum laude with a B.S. in Physics and Mathematics.  In May of 1996, he married 

his high school sweetheart Sandra Borowiec.  He then pursued an internship at the 

Argonne National Laboratories in Argonne, Il. for 3 months.   

 Morgan furthered his education by entering graduate school at North Carolina 

State University in Raleigh, North Carolina in August of 1996.  He began working with 

Professor R.J. Nemanich in May 1997 in the Surface Science Laboratory.  For the next 

four and a half years he studied Silicon Germanium Strained Layer Heteroepitaxy.  He 

was the president of the NCSU chapter of the MRS. He welcomed the birth of his 

daughter Emily Marie on November 10, 2001 while writing his thesis.  He completed his 

Ph.D. in Physics on January 28, 2002.  



 iii

Table of Contents 

List of Tables ...................................................................................................................... v 

List of Figures .................................................................................................................... vi 

Chapter 1 Introduction..................................................................................................... 1 
1.1 Motivation........................................................................................................... 1 
1.2 Scope of the Thesis ............................................................................................. 2 
1.3 References........................................................................................................... 5 

Chapter 2 Background ..................................................................................................... 6 
2.1 Survey of Si Substrates in the (001)-(111) Family ............................................. 6 
2.2 Burgers Vectors ................................................................................................ 12 
2.3 References......................................................................................................... 17 

Chapter 3 Surface Preparation and Cleaning of Substrates ........................................... 20 
3.1 References......................................................................................................... 27 

Chapter 4 Observation of a non-Orthogonal Pattern of Misfit Dislocation Arrays in 
SiGe Epitaxy on Uniquely Oriented Si Substrates ........................................................... 28 

4.1 Abstract............................................................................................................. 28 
4.2 Introduction....................................................................................................... 28 
4.3 Experimental ..................................................................................................... 32 
4.4 Results and Discussion ..................................................................................... 33 

4.4.1 TEM results............................................................................................... 33 
4.4.2 The Question of Burgers Vectors ............................................................. 36 
4.4.3 Relaxation Determined by Dislocation Density ....................................... 38 

4.5 Conclusion ........................................................................................................ 39 
4.6 Acknowledgements........................................................................................... 40 
4.7 References......................................................................................................... 51 

Chapter 5 Morphology of Strained and Relaxed SiGe Layers Grown on Uniquely 
Oriented Substrates ........................................................................................................... 53 

5.1 Abstract............................................................................................................. 53 
5.2 Introduction....................................................................................................... 53 
5.3 Experimental ..................................................................................................... 54 
5.4 Results and Discussion ..................................................................................... 55 
5.5 Summary........................................................................................................... 57 
5.6 References......................................................................................................... 62 

Chapter 6 Observation of Relaxation in SiGe Layers Grown on Uniquely Oriented Si 
Substrates with Raman Spectroscopy ............................................................................... 63 

6.1 Abstract............................................................................................................. 63 
6.2 Introduction and Theory ................................................................................... 63 

6.2.1 Equilibrium Relaxation Theory For Off-Axis Substrates......................... 63 
6.2.1.1 Pseudomorphic Deposition and Source of Strain ................................. 63 



 iv

6.2.1.2 Accommodation of Stress (Relaxation) by Dislocations...................... 65 
6.2.2 Deformation Potential Calculation of Raman Peaks ................................ 68 

6.2.2.1 Biaxial Strain on a (001) Interface........................................................ 68 
6.2.2.2 Si1-xGex Deposition on Si(001) ............................................................. 73 
6.2.2.3 Si1-xGex Deposition on Off-Axis Substrates ......................................... 73 

6.3 Experimental ..................................................................................................... 76 
6.4 Results and Discussion ..................................................................................... 77 

6.4.1 AFM.......................................................................................................... 77 
6.4.2 Raman ....................................................................................................... 78 

6.5 Conclusion ........................................................................................................ 79 
6.6 Acknowlegdements........................................................................................... 79 
6.7 References......................................................................................................... 92 

Chapter 7 Temperature Dependence of the Surface Morphology of Relaxed SiGe 
Layers Grown on Uniquely Oriented Si Substrates.......................................................... 94 

7.1 Abstract............................................................................................................. 94 
7.2 Introduction....................................................................................................... 94 
7.3 Experimental ..................................................................................................... 95 
7.4 Results and Discussion ..................................................................................... 96 

7.4.1 General Results ......................................................................................... 96 
7.4.2 Comment on Organization of Surface Morphology ............................... 101 

7.5 Conclusion ...................................................................................................... 101 
7.6 References....................................................................................................... 106 

Chapter 8 Summary ..................................................................................................... 108 

Appendix A. Tensor Notation Contraction In Crystals ............................................ 112 

Appendix B. Calculation of the Component of the Burgers Vectors in the Plane of the 
Off-Axis Substrates......................................................................................................... 115 
 



 v

List of Tables 

Table 4.1  Summary of the family of surfaces between (001) and (111) and their major 
surface features.  The A subscript indicates that the dimerization axis of the higher 
terrace is perpendicular to the step edge and the B subscript that the dimerization 
axis is parallel to the step edge. ................................................................................ 41 

Table 4.2  Calculated, for x = 0.3, and measured dislocation densities, p, for the samples 
in this experiment.  The minimum calculated p in the first two columns are taken as 
the density due to that Burgers vector that will provide the most relaxation between 
the pair of intersecting {111} planes.  The measured data was taken along the 
different directions and was the same in each case................................................... 42 

Table 6.1  Material constants for pure Si and Ge.  The lattice constants, a, and elastic 
stiffness coefficients, Cij, are from ref. , and the normalized deformation potentials, 
Kij, are from ref. 12. .................................................................................................. 80 

Table 6.2  Second order polynomial fits to all curves in Figure 6.4 and Figure 6.5 for two 
representative substrates, given as:  f(x)=A+Bx+Cx2, where x is the Ge 
concentration.  Entries under Mode describe the eigenvector representing the mode 
which the listed f(x) details, where m and n vary with Ge concentration, x, on each 
substrate. ................................................................................................................... 81 

Table 6.3  This table summarizes the deformation potential calculations for Si0.7Ge0.3.  
Shown are the Raman peak positions for the Si-Si mode in a film that is coherently 
strained to the Si substrate.  All peak positions are in units of Rcm-1, and the values 
for m and n are unitless.  Here, m and n define the direction of the Raman scattered 
phonon by determining [1̄1̄m] and [11n].  Also shown is the bulk relaxed value as 
given by reference 14................................................................................................ 82 

Table B.1  Lists the three allowable Burgers vectors for each {111} glide plane 
intersecting the (001) surface.  Note that a factor of a/2 has been left off each vector, 
and an undetermined sign is left off which will not effect the following discussion.
................................................................................................................................. 119 

 
 



 vi

List of Figures 

Figure 1.1:  Diagram showing clean surface morphology of uniquely oriented substrates.  
The page is the (11̄0) plane, so any surface features, i.e., steps and facets run straight 
along the [11̄0] direction. ............................................................................................ 4 

Figure 2.1  From reference 14.  Ball-and-stick model of the Si(001) surface.  (a) shows 
the cross-section and plan view, on which the (2 × 1) reconstructed surface unit cell 
is outlined.  (b) shows a perspective view diagramming the rotation of the dimer axis 
across a single atomic height step.  The SA (SB) step has the dimer axis 
perpendicular (parallel) to the step edge. .................................................................. 14 

Figure 2.2  From reference 13.  (a) Cross-sectional view of a (001) surface, looking down 
the [1̄10] direction at a double atomic height, DB, step.  The dashed line is the 
dimerized (001) surface with the dimer axis in the [1̄10] direction.  (b) Cross-section 
and (c) plan view showing the rebonded step edge. ................................................. 15 

Figure 2.3  From reference .  (a) Illustration of the Burgers vector of total dislocation.  In 
this case the dislocation is going into the page at X, and the vector that completes the 
Burgers circuit, b, is the Burgers vector.  (b) Illustration of the misfit dislocation 
(AB) with threading dislocation (BC)....................................................................... 16 

Figure 3.1  Atomic Force Micrographs showing the progression of the surface through 
the stages of sample preparation for the (001) surface. ............................................ 23 

Figure 3.2  Example Auger spectra from various stages of pre-prosessing.  The spectra 
have been normalized such that the Si peak at 92 has a deflection of unity.  The 
peaks at ~270 and ~515 are due to carbon and oxygen contamination respectively.24 

Figure 3.3  Atomic Force Micrographs showing the surface morphology for Si growth of 
20nm, a and b, and 40nm, c and d.  The substrates are 10°, a and c, and 22°, b and d, 
off-axis. ..................................................................................................................... 25 

Figure 3.4  LEED image from the different substrate orientations.  (a) – (c) are “as-
loaded” after the wet clean, and (d) – (f) are after 20nm Si deposition.  The columns 
are, from left to right, (001), 10° off-axis, and 22° off-axis. .................................... 26 

Figure 4.1  Diagram of (111) planes intersecting the off-axis surfaces indicated by the 
shaded region.  This demonstrates how the intersection of the (1̄11) and (11̄1) glide 
planes with the substrate no longer occurs along parallel lines but along lines 
separated by an angle φ as the substrate is rotated off of the [001] axis about the [1̄
10] direction by an angle θ.  Similarly, the (111) and (111̄) planes are no longer both 
inclined to the substrate at the same angle................................................................ 43 

Figure 4.2  Plan view TEM of 100 nm Si0.7Ge0.3 on (001) Si with g=[400] and the [1̄10] 
direction to the right showing orthogonal arrays of misfit dislocations.  The curved 
features at the dislocation intersections are moiré fringes due to diffraction from the 
layer and the substrate imaged together.................................................................... 44 

Figure 4.3  Plan view TEM of 100 nm Si0.7Ge0.3 on 10° off-axis Si with g=[400] and the 
[1̄10] direction to the right in the image. .................................................................. 45 



 vii

Figure 4.4  Plan view TEM of 100 nm Si0.7Ge0.3 on 22° off-axis Si with g=[220] and the 
[1̄10] direction to the right in the image. .................................................................. 46 

Figure 4.5  Diagram showing the predicted configuration of misfit dislocations for (a) on-
axis, (b) 10°, and (c) 22° off-axis Si substrates......................................................... 47 

Figure 4.6  Plot showing the angular separation of the oblique misfit dislocations.  The 
different measurements: A, B, and C, were found by measuring the angles as 
diagramed in the inset.  The angle A is the direct measurement of the separation, and 
B and C are used to find the angle of separation assuming that a line bisecting A is 
normal to the line BC.  Different measurements were deemed more accurate do to 
the relative visibility of the different dislocation arrays, i.e., B for the 10° off-axis 
substrates and C for the 22° off-axis substrates.  The line labeled φ is a plot of 
equation ( 4.2 ). ......................................................................................................... 48 

Figure 4.7  Plot showing the effective length for the various Burgers vectors which may 
be involved in the relaxation of off-axis SiGe on Si.  The long dash, medium dash 
and short dash curves are the Burgers vectors in the [1̄01], [011] and [110] 
directions, respectively, in the (11̄1) glide plane and the [01̄1], [101] and [110] 
directions, respectively, in the (1̄11) glide plane.  The dash dot and the dot curves 
are the allowable Burgers vectors in the (1̄1̄1) and the (111) glide planes 
respectively. .............................................................................................................. 49 

Figure 4.8  Plot showing the misfit dislocation density for the various Burgers vectors 
which may be involved in the relaxation of off-axis SiGe on Si.  The long dash, 
medium dash and short dash curves are the Burgers vectors in the [1̄01], [011] and 
[110] directions, respectively, in the (11̄1) glide plane and the [01̄1], [101] and [110] 
directions, respectively, in the (1̄11) glide plane.  The dash dot and the dot curves 
are the allowable Burgers vectors in the (1̄1̄1) and the (111) glide planes 
respectively. .............................................................................................................. 50 

Figure 5.1  AFM micrographs of 10 nm thick films of Si0.7Ge0.3 grown on (001) Si, a, 10° 
off-axis, b, and 22° off-axis, c.  Average peak to valley values for a and b are ~10 
nm indicating near three dimensional growth.  The average depth of a trench in c is 
~6 to ~8 nm.  For all images the [1̄10] is to the right. .............................................. 59 

Figure 5.2  AFM micrographs of 100 nm thick films of Si0.7Ge0.3 grown on (001) Si, a 
and d, 10° off-axis, b and e, and 22° off-axis c and f.  Images on the same substrate 
are different magnifications of the same sample to show different features.  Average 
peak to valley values for all images except c and f are ~5 nm.  c and f have values of 
~2 nm.  For all images the [1̄10] is to the right......................................................... 60 

Figure 5.3  Plot showing the angle of intersection, φ, of the (1̄11) and (11̄1) planes within 
the surface for the family of substrates off-axis from (001) towards (111) by some 
angle, θ, given by the inset equation.  The two plotted points are average values of 
the separation in the corrugation directions taken from the AFM images in Figure 
5.2.............................................................................................................................. 61 

Figure 6.1  Schematic illustration of pseudomorphic, strained deposition and possible 
mechanisms for relaxation.  (a) Initial growth of lattice mismatched materials will 
deposit pseudomorphically strained to the substrate (b) for small misfits.  (c) Partial 



 viii

relaxation is alotted for by corrugation of the surface.  (d) Large scale relaxation is 
only possible through the formation of misfit dislocations at the interface.............. 83 

Figure 6.2  Top plot shows critical thickness of Si1-xGex for deposition on various 
substrate orientations. Bottom plot shows critical thickness of Si1-xGex for x = 0.3 as 
a function of substrate orientation............................................................................. 84 

Figure 6.3  Plot showing the Raman phonon frequency of the Si mode in Si1-xGex for the 
triply degenerate bulk-relaxed alloy and the singlet and doublet modes for strained 
pseudomorphic alloy growth on Si(001).  The relaxed fit is adapted from Shin, et. 
al., and is given by ω = -67.91x+521.2.  The shifts due to strain are calculated from 
a first order correction of the effective crystal spring constant using deformation 
potentials compiled by Anastassakis. ....................................................................... 85 

Figure 6.4  Plot showing Raman shifted phonon frequencies for strain epitaxy of Si1-xGex 
on Si substrates with surface normals rotated from [001] towards [111] by 10 
degrees.  The legend describes the propagation direction of the phonon as 
determined by the eigenvector with components plotted in the inset. ...................... 86 

Figure 6.5  Same as Figure 6.4 for substrate angle of 22 degrees. ................................... 87 
Figure 6.6  AFM of Si0.7Ge0.3 on studied substrates:  a – d is (001), e – h is 10° off-axis, 

and i – l is 22° off-axis.  The thicknesses are as follows:  a, e, and i = 10 nm growth; 
b, f, and j = 60 nm growth; c, g, and k = 110 nm growth; d, h, and l = 160 nm 
growth.  Each frame is a (5 µm)2 image and the [1̄10] direction is towards the top of 
the page. .................................................................................................................... 88 

Figure 6.7  Larger field of view of the samples in Figure 6.6d, h, and l, the 160 nm film.  
At this magnification the ordering of the surface is more evident for these samples.
................................................................................................................................... 89 

Figure 6.8  Raman Si-Si mode position at different film thicknesses.  Linear fits to the 
data are given in the legend. ..................................................................................... 90 

Figure 6.9  Plot shows the fraction or percent of expected relaxation in a film of 
Si0.7Ge0.3.  Linear fits to the values from Raman data were extrapolated between the 
bulk relaxed value and the calculated pseudomorphically strained values............... 91 

Figure 7.1  Atomic force micrographs of 100 nm Si0.7Ge0.3 thick films grown on (001) 
Si at (a) 600°C and (b) 500°C.  The [1̄10] direction is nominally to the right in these 
images. .................................................................................................................... 103 

Figure 7.2  Atomic force micrographs of 100 nm Si0.7Ge0.3 thick films grown on 10° 
off-axis Si at (a) 600°C and (b) 500°C.  The [1̄10] direction is nominally to the right 
in these images. ....................................................................................................... 104 

Figure 7.3  Atomic force micrographs of 100 nm Si0.7Ge0.3 thick films grown on 22° 
off-axis Si at (a) 600°C and (b) 500°C.  The [1̄10] direction is nominally to the right 
in these images. ....................................................................................................... 105 

 

 



 1

Chapter 1 Introduction 

1.1 Motivation 

Strained and relaxed epitaxial layers of SiGe alloys on Si(001) have been 

examined as an alternative to homojunction silicon devices.1  The predominate restriction 

to embracing this heterojunction technology is that the inherent strain in the SiGe layer 

relaxes after growth to some critical thickness by the formation of misfit dislocations at 

the interface.  These dislocations form by threading to the surface and gliding along the 

interface, drastically degrading the electrical properties of a device.  So, use has been 

restricted to very thin layers with low germanium content or applications which can 

tolerate the interfacial defects.2,3 

Much work has been done to understand and control the relaxation process.  

Studies have concentrated on the formation of defects at the interface,4 surface and 

interface roughening,5 and island or hut formation.6  The final relaxed SiGe layer evolves 

through a combination of these mechanisms. 

The possibility exists that a prepatterned substrate could ease the relaxation 

process, making it less destructive to the SiGe layer.  This thesis will explore the 

formation of strain and subsequent relaxation on substrates which have unique stable 

surface morphologies.  The substrates used are Si(001), for reference, and off-axis with 

the surface normal tilted from [001] to [111] by 10° and 22°.  As can be seen in Figure 

1.1 which is adapted from reference 7, the 10° off-axis substrates form (001) terraces 

separated by double height atomic steps.  The 22° off-axis substrates form stable (113) 
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and (114) facets.  Each of these off-axis substrates have been documented in reference 7 

to have steps and facets respectively which are oriented in the [11̄0] direction.  Since this 

is one of the directions in which misfit dislocations are known to form on (001) 

substrates, the possibility exists that these structures could provide pathways along which 

dislocations could form.  Understanding the process by which these layers relax would 

aid in their usefulness in device structures.  The goal of the research is to gain a broad 

understanding of the relaxation process in growth on the off-axis substrates as it pertains 

to the morphology of the surface and the interface dislocation structure. 

1.2 Scope of the Thesis 

In Chapter 2, we give an overview of the current data on the stable atomic 

structure of Si surfaces contained in the family of surfaces between (001) and (111).  

Throughout, Chapter 2 and following, it should be kept in mind that the crystallographic 

[1̄10] direction is contained in all surfaces, as that is the direction about which the 

substrate is rotated.  Continuing in Chapter 2, we introduce some key concepts that will 

aid in the following discussions. 

In Chapter 3, we document the cleaning and preparation of the substrates showing 

the effectiveness of each step in removal of contamination and the production of a flat 

surface. 

The remaining chapters are each centered around an experiment.  In Chapter 4 we 

directly examine the structure of the dislocation array at the interface and draw 

conclusions regarding the relaxation by cataloging the possible Burgers vectors for each 

of the possible dislocation directions in the plane of the interface. 
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Chapter 5 deals with the relaxation of the film through surface corrugations, 

comparing strained and relaxed films. 

In Chapter 6 we bring together ideas and concepts from the previous chapters to 

examine the relaxation of the strain within the layer using Raman spectroscopy.  Here we 

derive expressions to predict the peak position of the Raman scattered phonon on the off-

axis samples.  We then relate this to the formation of long range order in the surface 

morphology through plastic relaxation of interface. 

Chapter 7 examines the effects of different temperatures on the growth and 

subsequent morphology of the films demonstrating two very different regimes of growth 

within a variance of 100°C in the growth temperature. 
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Figure 1.1:  Diagram showing clean surface morphology of uniquely oriented substrates.  
The page is the (11̄0) plane, so any surface features, i.e., steps and facets run straight 
along the [11̄0] direction. 
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Chapter 2 Background 

2.1 Survey of Si Substrates in the (001)-(111) Family 

Any discussion of Si surfaces almost ubiquitously starts out with the (001) 

surface.  We, too shall begin here by describing the equilibrium structure of the (001) and 

closely vicinal surfaces.  It is well known that a clean, atomically flat Si(001) surface 

should reconstruct at room temperature into a (2 × 1) unit cell.  This reconstruction is 

formed when adjacent surface atoms bond creating parallel rows of dimers, halving the 

number of dangling bonds.  See Figure 2.1a.  At temperatures only slightly lower, 

though, as high as 200K, the dimers “freeze out” by buckling such that one of the 

dimerized atoms remains slightly lower than the other.  Energy minimization leads to 

alternate buckling directions along the dimer rows, giving rise to a c(4 × 2) 

reconstruction.1  Studies of the (001) surface abound (see reference 1) but the scope of 

this discussion will be limited to surfaces vicinal to the (001) surface. 

A large scale, single domain, atomically flat (001) surface is, however, very 

difficult if not impossible to produce.  The dimerization creates an inherent anisotropy in 

the surface by weakly deforming the bonds in the atomic layer below.  This has the effect 

of creating a tensile stress parallel to the dimer axis and compressive stress perpendicular 

to it.2  In order to relieve this inherent stress the (001) surface will spontaneously form 

separate domains of (2 × 1) and (1 × 2) reconstructions.  Each domain is in fact a terrace 

separated by a single atomic height step which allows the dimer axis to rotate by 90°.3  
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This leads very naturally into a discussion of surfaces vicinal to the (001) surface, since 

all (001) surfaces are inherently vicinal to some extent if only on a local scale.  Low-

energy electron microscopy (LEEM) studies by Tromp and Reuter4,5 on Si(001) with 

local off-axis tilts as low as 0.03° and approaching 0.0° have shown a large density of 

single height atomic steps separated by wide, non-directional terraces on the order of 

hundreds of nanometers wide.  The single height atomic steps are characterized by a 

rotation of the surface reconstruction by 90° from (2 × 1) to (1 × 2) on each successive 

terrace.  See Figure 2.1b.  These steps are generally distinguished by labeling them as 

type SA when the dimerization axis of the higher terrace is perpendicular to the step edge 

and type SB when the dimerization axis is parallel to the step edge.  As the local tilt 

approaches 0°, these meandering steps tend to wrap around and close upon themselves 

forming virtually concentric terraced loops which seem to be tens of single atomic height 

steps in height.  High temperature studies4 have shown these island formations to be quite 

stable.  After evaporation of Si from the surface in amounts equivalent to many times the 

thickness of the terraced islands, a very discernible island structure remains in the surface 

atomic layers, i.e, each terrace on the island evaporated at a similar rate keeping the 

island structure throughout the evaporation. 

The step edges begin to take on a well-defined preferential direction along the 

substrate tilt axis, [1̄10], when the tilt angle is ~0.1° as is seen by LEEM.5  Although, the 

step edges, both SA and SB type, have a randomness locally to their direction.  The terrace 

sizes varies greatly about an average of ~200nm, and the undulations in successive steps 

are seen to be locally coherent.  On a larger scale though, greater than tens of 
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micrometers, the waving of one step edge shows no resemblance to that of its neighbors.  

At about 0.2° tilt the single height steps start to align themselves more coherently along 

the [1̄10] direction.  It is in this regime that the difference between the SA step edges and 

the SB step edges become much more pronounced.  The SA step edge aligns itself in 

straight lines with [1̄10], while the SB step edges form a very kinked line running in 

general in the [1̄10] direction between each SA step.6,7  At this point the terraces become 

smaller than is easily detectable by LEEM, about 20nm, and most surface structure data 

is obtained by tunneling microscopy methods, STM for example.8  Although, some 

groups rely extensively on Low Energy Electron Diffraction (LEED) to discern surface 

structure data.9,10  As the terraces shrink with larger tilt angle, the SA and the SB steps 

begin to bunch and merge pairwise forming double height atomic steps when the angle is 

about 1°.  Only the B type of step edge is seen for the double height, DB, i.e., the 

dimerization axis of the upper terrace is parallel to the step edge.11 

Between about 1° and 3° tilt, the different phases of the surface, SA, SB, and DB, 

are observed experimentally to coexist,2 although there is still much debate as to whether 

the change from S to D type surface should be a sharp phase transition or not.12  As the 

tilt angle reaches the 5° to 6° range, all of the steps become the DB type and the surface is 

left as a single domain (2 × 1) reconstruction with the dimer bond axis aligned parallel to 

the steps. 

The structure of these double height steps also changes as the tilt angle increases.  

As was predicted by Chadi7 and recently confirmed experimentally,13,14 these DB steps 

form as “rebonded steps” with an extra row of Si atoms along the step edge not present 
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on a bulk terminated surface.  Each atom in this rebonded row has a single dangling bond 

and is bonded to one bulk atom in the upper terrace and two bulk atoms in the lower 

terrace.  See Figure 2.2.  The two atoms from the lower terrace involved in the rebonding 

would have contributed to the dimer rows in that terrace and by being in their bulk 

configuration lower the total dimerization induced stress on the surface.  The rebonded 

step also lowers the total surface energy by introducing tensile stress perpendicular to the 

step edge to counter the compressive stress perpendicular to the dimer axis due to the 

dimerization.13  As one might expect, the interplay between the induced stress of the 

dimers and the relaxation due to the rebonding begins to affect the surface structure at 

higher tilt angles.  Up through approximately 12° tilt, most of the steps are DB rebonded 

while DB non-rebonded steps begin to appear.13  When the terraces become as narrow as 

less than only a few dimer sets wide, the relaxation afforded by the rebonding turns into 

stress again as the density of dimers decreases and the non-rebonded steps, Figure 2.2a, 

become energetically favorable.13 

Between 6 and ~12°, the ratio of step height to terrace width starts to become 

appreciable.  At 7.3°, the (1 1 11) surface, the terrace is 2.13nm wide.  A step height of 

0.272nm gives a ratio of 0.128 here.13  It is with this surface that Baski, et al.13 begin their 

extensive survey of the surface of Si between the (001) and the (111) faces assuming 

those from (001) to (1 1 11) have been studied already in sufficient detail.  No attempt 

will be made to reproduce this research, but the main points are summarized here along 

with results from others where appropriate. 
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Beginning at 13.3° tilt with the (116) surface, the simple terrace plus rebonded 

step morphology no longer accurately applies.  The surfaces in this region are complex 

combinations of the neighboring stable surfaces separated by double height rebonded and 

non-rebonded steps.  At 19.5° tilt we find the (114) surface to be stable.  Here a new type 

of structure appears.  Groupings of four atoms, tetramers, align themselves along the       

[1̄10] direction and loosely replace a double height step edge.  STM images of this 

surface reveal a well ordered periodic array of row structures consisting of a DB step, a 

row of tetramers, and a row of dimers, all oriented in the [1̄10] direction with a period of 

approximately 1.6nm in the [221̄] direction.15 

At 25.2° tilt the (113) surface is known to be energetically stable and has been 

studied both theoretically and experimentally by many groups.13,16,17,18,19  Between the 

(114) and the (113) surface orientations we find surfaces which are made up of 

“mesofacets” or “sawtooths”13 of the (113) and (114) reconstructed surfaces.  These 

mesofacets are from 50 nm to 100 nm wide and 1 nm to 2 nm high with abrupt transitions 

from one face to the other at the tops and bottoms of the sawtooths.   High temperature x-

ray scattering study of this range of surfaces20 indicates that the (113) surface is much 

more favorable above a certain temperature, ~1223K, appearing as uniform steps with the 

(114) facets suppressed forming more of a terrace plus step surface. 

Even though it has been known for some time that the (113) surface was a low 

energy stable surface16, and many people have studied it, it is still not characterized or 

understood as well as the (001) surface.  The predominant models goes back to Ranke21, 

where he proposed many different possible surface reconstructions for the (113) face of 
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Si.  One of his models produces a (3 × 1) reconstruction, while another produces a (3 × 2) 

reconstructed surface.  There has been some difficulty in sorting out the true structure of 

this surface.  There appears to be a strong dependence on temperature19,20 and possibly 

contaminants which determines which of the above reconstructions are seen 

experimentally.  The surface seems to be a complicated variation of Ranke’s original 

models consisting of dimers, rebonded DB steps, nonrebonded DB steps, and 

interstitials.13,18  Baski, et. al., go on to mention that the (3 × 2) surface is the first in the 

family of surfaces from (001) to (111) that does not form continuous rows of dimers or 

steps in the [1̄10] direction.  Instead we see rows of alternating dimers and tetramers 

resulting in a 3 × periodicity.13 

Recently, a new high index surface of silicon was characterized using STM.22  

The Si(5 5 12) surface at a tilt of 30.5° has been found to be stable having a (2 × 1) 

reconstruction with a unit cell of 0.77 by 5.35 nm.  Here again, we see row structures, 

which are oriented in the [1̄10] direction repeating in the [665̄] direction.  And, as with 

the surfaces between (114) and (113), those between (113) and (5 5 12) form in facets of 

the surrounding stable surfaces, although here we see (5 5 12)-like facets, (7 7 17) to be 

exact.13  It has similarly been observed in this family of surfaces that at high 

temperatures, >~1200K, the (5 5 12) facets are suppressed in favor steps consisting of 

(113) terraces.23 

At these extreme tilt angles the surface structures become increasingly complex 

and the reconstructions within individual facets/terraces become highly dependent on 

surface preparation.  As we move through the final range towards (111), 30.5° to 54.7°, 
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we start to find (5 5 12)-like and (111)-(7 × 7) facets.  The (111) facets start to dominate, 

and at approximately 43° tilt the surface is primarily comprised of  (111)-(7 × 7) terraces 

separated by single and triple height steps.  The ratio of single to triple height steps 

increases with increasing angle until around 54.7° where we see the large scale (7 × 7) 

reconstruction13 which is described by the widely accepted and very complex dimer-

adatom-stacking-fault (DAS) model.24 

To continue on along the same axis of rotation we find STM studies of silicon 

surfaces cut vicinal to (111) at 4° and 10° tilt towards [110].25,26  These correspond to 

58.7° and 64.7° tilt from [001] to [110] in our previous scheme.  In this region the surface 

is found to form facets aligned along the [1̄10] direction consisting of (111), seen with 

both the (7 × 7) and (5 × 5) reconstructions and of (331), which had been seen to 

reconstruct to (6 × 3)25 and (12 × 1)26.  It is surprising to note here that the (331) plane is 

inclined 22° with respect to the (111) plane forming very steep facets by comparison with 

those facets found on the lower tilt surfaces. 

2.2 Burgers Vectors 

In order to understand the properties of the dislocations in the layer we use a 

construct known as a Burgers vector.  Figure 2.3 demonstrates this.  In part a of that 

figure we have a square lattice with a perfect edge dislocation running perpendicular to 

the plane of the page.  To determine the Burgers vector we trace a circuit around the 

dislocation.  This would ideally be far away from the dislocation where the lattice would 

be considered perfect.  The circuit consists of paths that would be followed if there were 

no dislocation there.  For example, in the case of Figure 2.3a the circuit consists of 5 
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steps down, 5 steps right, 5 steps up, and 5 steps left.  In a perfect crystal this would lead 

back to the starting point, but in this case there is some left over.  That amount which is 

left over is considered the Burgers vector. 

In a 3 dimensional crystal, the Burgers vector is most commonly found to be the 

shortest primitive translational vector allowed.  This corresponds to the lattice shearing 

along planes with the largest possible spacing to form the dislocation.  For the diamond 

structure this is the a/2<110> type vectors, where a is the cubic lattice constant, which 

shear along the {111} planes.  These are the most common found, but others are of 

course possible. 

Figure 2.3b shows a forming misfit dislocation with its associated threading 

dislocation segment running to the surface.  It is this segment that “moves” through the 

lattice leaving the imperfect, dislocated lattice behind.  Ideally, the segment will glide 

until it reaches the edge of the sample or is pinned by some imperfection in the crystal. 
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Figure 2.1  From reference 14.  Ball-and-stick model of the Si(001) surface.  (a) shows 
the cross-section and plan view, on which the (2 × 1) reconstructed surface unit cell is 
outlined.  (b) shows a perspective view diagramming the rotation of the dimer axis across 
a single atomic height step.  The SA (SB) step has the dimer axis perpendicular (parallel) 
to the step edge. 
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Figure 2.2  From reference 13.  (a) Cross-sectional view of a (001) surface, looking down 
the [1̄10] direction at a double atomic height, DB, step.  The dashed line is the dimerized 
(001) surface with the dimer axis in the [1̄10] direction.  (b) Cross-section and (c) plan 
view showing the rebonded step edge. 
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Figure 2.3  From reference 27.  (a) Illustration of the Burgers vector of total dislocation.  
In this case the dislocation is going into the page at X, and the vector that completes the 
Burgers circuit, b, is the Burgers vector.  (b) Illustration of the misfit dislocation (AB) 
with threading dislocation (BC). 
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Chapter 3 Surface Preparation and Cleaning of Substrates 

In this chapter, we will briefly document the methods of preparing the sample 

substrates used in the present studies.  No attempt at an exhaustive research effort into 

this area has been made, as this has been done extensively and documented by several 

researchers.  Although, adjustments and adaptations to well known procedures have been 

made.  Good references on the subject of silicon wafer cleaning have been written and 

compiled by Kern and Hattori.1,2 

The method used for preparing the substrates is based in the fact that 

commercially available silicon wafers are shipped in an almost “ready to use” state.  As 

can be seen in Figure 3.1a, the “off the shelf” wafer is virtually flat on the angstrom scale, 

but there remain bumps at a density of ~109 cm-2.  These are assumed to be 

contamination or “dirt” on the surface.  The affects of these points of contamination are 

evidently far reaching, in that bumps of the same aerial density are observed after 

performing a chemical clean of the surface, Figure 3.1b.  The chemical clean consisted of 

the following: 

1) Rinsing in de-ionized water with resistivity of  ~50*106 Ω cm for several 

minutes to remove any particulates. 

2) Five minutes UV-ozone clean to remove hydrocarbons and grow a layer of 

SiO2 several angstroms thick. 

3) One minute dip in hydrofluoric acid with a 10 to 1 volume ratio of H2O to HF.  

This strips the oxide layer and anything embedded in it from the surface. 
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4) Repeat steps 2 and 3 once more then load into a UHV interlock within 20 

minutes. 

 

Following the UHV load, the wafers undergo a thermal treatment at 950°C for 10 

minutes in an atmosphere of ~10-10 torr  Figure 3.1c shows this surface to be uniformly 

rough with no evidence of the bumps seen previously.  This step is designed to remove 

any terminating hydrogen and residual SiO2, but has the drawback of forming SiC from 

any remaining carbon atoms which would not be removed until ~1200°C.  It is evident 

from the Auger spectra, Figure 3.2, that the heat treatment does reduce both the carbon 

and oxygen surface concentrations, but upon subsequent silicon deposition we see 

evidence of the original surface contamination.  Figure 3.1d and e shows pits in the 

surface after 20 nm silicon deposition with an aerial density similar to the original bumps.  

Several possibilities for the cause of these pits are presented by Chen,3 but the most likely 

is due to the C contamination on the surface causing a retardation of the Si growth front 

and possibly creating a threading dislocation through the layer.  Figure 3.1d is the result 

of only one UV-ozone, HF cycle, i.e., leaving out step 4 above.  It was postulated that a 

thicker Si layer would essentially bury all remaining contamination, leaving a large scale 

atomically flat surface on which to deposit subsequent films.  Doubling the Si buffer 

layer to 40 nm achieved this result and it is seen in Figure 3.1f to be virtually featureless 

on a sub-nanometer scale.  All Si depostion was done at a substrate surface temperature 

of 550°C and a Si flux of 0.04 nm per second. 
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With this 40nm buffer layer as a basis on the (001), on-axis substrates, the off-

axis substrates were examined under the same parameters.  Figure 3.3 shows the AFM of 

the 10° and 22° off-axis substrates following 20 and 40 nm Si deposition.  Notably, the 

10° off-axis deposition leaves the surface with several large pits extending through to the 

substrate superimposed on the smaller pits which have an aerial density similar to that of 

the pits on the on-axis substrates, Figure 3.3a.  Also, after deposition of the 40 nm buffer 

layer the 10° surface seems free of pits, but is characterized by a waviness, Figure 3.3c.  

This may be due to post-deposition heating, so quenching experiments would be 

necessary to determine their nature.  The 22° off-axis buffer layer, Figure 3.3b and d, 

shows little change between the 20 and 40 nm thicknesses, save for a slight reduction in 

roughness. 

Figure 3.4 shows LEED patterns of the various surfaces after the wet clean and 

after 20 nm Si deposition.  The sharp reconstructions in the deposited images, which were 

not considerably different from the 40 nm layers, indicate an atomically flat surface.  

Therefore, since the AFM of the 20 nm layers shows an unacceptable amount of pitting 

and surface roughness for subsequent deposition, this suggests that our LEED alone is not 

sufficient to determine surface flatness.  For instance, large defects in the surface are not 

easily detectable in a LEED diffraction pattern. 

Several of these methods of surface preparation were used in the current studies. 
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Figure 3.1  Atomic Force Micrographs showing the progression of the surface through 
the stages of sample preparation for the (001) surface. 
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Figure 3.2  Example Auger spectra from various stages of pre-prosessing.  The spectra 
have been normalized such that the Si peak at 92 has a deflection of unity.  The peaks at 
~270 and ~515 are due to carbon and oxygen contamination respectively. 
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Figure 3.3  Atomic Force Micrographs showing the surface morphology for Si growth of 
20nm, a and b, and 40nm, c and d.  The substrates are 10°, a and c, and 22°, b and d, off-
axis. 
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Figure 3.4  LEED image from the different substrate orientations.  (a) – (c) are “as-
loaded” after the wet clean, and (d) – (f) are after 20nm Si deposition.  The columns are, 
from left to right, (001), 10° off-axis, and 22° off-axis. 
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Chapter 4 Observation of a non-Orthogonal Pattern of Misfit 

Dislocation Arrays in SiGe Epitaxy on Uniquely Oriented Si 

Substrates 

4.1 Abstract 

We have investigated the formation of misfit dislocations during the growth of 

partially strained Si0.7Ge0.3 epitaxial films on Si substrates with surface normals rotated 

off of the [001] axis towards [111] by 0, 10, and 22 degrees.  Transmission electron 

microscopy has shown that the dislocations form in a modified cross-hatch pattern with 

the 10 and 22 degree off-axis substrates.  This modified cross-hatch consists of three 

directions of symmetry instead of the two orthogonal directions as seen with the on-axis 

(001) substrates.  It has been determined that these dislocations correspond to the (111) 

slip planes intersecting the respective surfaces.  We present a simple analysis of the 

amount of relaxation due to all possible Burgers vectors of these dislocations which 

reveals the most likely directions for these vectors. 

4.2 Introduction 

The low index surfaces of silicon are well understood,1 and technological 

applications of SiGe epitaxy on those substrates, mainly (001), are starting to become 

commercially available.2,3  Recent developments, though, in the understanding of a large 

class of high index Si surfaces4 has paved the way for the study of SiGe epitaxy on those 

surfaces. 
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Specifically, we are referring to the family of Si surfaces with surface normals 

lying in the plane containing and between the [001] and [111] directions.  We will label 

each surface with an angle, θ, of rotation of its normal off of the [001] axis towards the 

[111] direction.  Distinguishing this family are surface features, either steps or facets, 

which are aligned in the [1̄10] direction.  These features are summarized in Table 4.1.  

Very little is known about SiGe epitaxy on most of these surfaces.  Only the surfaces 

very near (001) or (111) have been studied to any extent, and there exists only a limited 

number of experiments of SiGe epitaxy on Si surfaces other than (001), (011), or (111), 

or low vicinalities of those.  Lapena and coworkers have grown SiGe on Si surfaces up to 

10° off (111) towards (001), i.e., θ=44.7°-54.7° in our notation.  They have found the 

surface morphology to be characterized by large scale coherent undulations which vary 

with the substrate orientation.5  Berbezier and coworkers investigated the surface 

morphology of samples up to 10° in our notation and also found unique surface structures 

similarly characterized by varying surface ripples.6  Both groups used coherently strained 

samples that were assumed to be dislocation free.  The (113) surface at 25.2° is 

exceptional in that it has been known for many years that stable reconstructions form on 

this surface of Si.7  A 5-8 monolayer film of Ge on this surface of Si at between 400°C 

and 500°C produces nanowires in the [332̄] direction which are about 20 nm wide by 150 

nm long with facetted sides.8  Notably, two groups have investigated growth of Ge on 

SiGe multilayers which were grown on Si (113) substrates.9,10  They found that the 

multilayers helped form more uniform wires, dots in some cases, and aided in their 

organization. 
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An aspect that has not been extensively studied is the process by which SiGe 

layers grown on theses high index surfaces relax plastically due to dislocation formation.  

Excellent reviews on misfit dislocations in low index systems are given by van der 

Merwe,11 and Hull.12  As they explain, lattice mismatched epitaxy has classically been 

characterized by a critical thickness, i.e., that thickness above which it is energetically 

favorable to form misfit dislocations to relax the strain in the layer.13  The SiGe/Si 

heteroepitaxial system is ideal to study lattice mismatched epitaxy.  This is mainly 

because Si processing, which is portable to SiGe, is so well developed due to the 

semiconductor industry that imperfections in the substrates and the growth can in many 

cases be excluded from consideration.  This system can also exhibit a relatively wide 

range of mismatch by varying the Ge concentration which is useful in studying lattice 

mismatched epitaxy.  This mismatch, defined as the strain, ε, in a coherent layer of Si1-

xGex can be shown to be proportional to the Ge concentration, x, as14 

 xx 0409.0)( =ε . ( 4.1 )

Accordingly, upon growth to the critical thickness, dislocations would be 

predicted to form at existing nucleation sites by various processes15 and glide along slip 

planes which are known in the diamond lattice to be the {111} planes.14  Following this 

initial relaxation step are several stages of dislocation motion, multiplication, and 

interaction which are all kinetically driven and are only recently being explored 

theoretically and experimentally.14,16,17  In this chapter we will mainly focus our 

discussion on static properties, i.e., the dislocation either exists or does not.  We will 
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make a brief comment on dislocation motion, but only as is dictated by equilibrium 

properties. 

As shown in Figure 4.1, there are four {111} planes which intersect this family of 

surfaces.  On the (001) surface (θ  = 0) two {111} planes each intersect along the [110] 

and [1̄10] directions.  As the surface is rotated off axis, i.e., θ > 0, the two planes which 

intersected along [110] begin to split in the plane of the surface.  Specifically, the lines of 

intersection of the (1̄11) and (11̄1) planes with the surface now intersect at an angle, φ, 

given by 

 2
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Since the [1̄10] direction is contained in all surfaces in this family, the intersection of the 

two planes, (111) and (111̄) remain in the surface along the [1̄10] direction. 

If we assume that dislocations form in all four of these glide planes, then we 

would expect to find a triangular pattern of intersecting misfit dislocations in a lattice 

mismatched heteroepitaxial thin film grown above the critical thickness on this family of 

off-axis substrates.  We would also expect that as θ approaches zero the two arrays of 

dislocations which are oriented at angle φ with respect to each other will align and 

become indistinguishable from the [110] direction. 

Until recently, this does not seem to have been observed experimentally.  

Kightley and coworkers found this type of dislocation network in GaInAs grown on off-

axis GaAs substrates.18  The substrates in their experiments were (001) tilted off-axis 

toward (010) by ~2°.  Since the substrates in their experiments had tilt components in 
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both the [110] and [1̄10], the splitting of the dislocation lines occurred in both directions.  

They found a separation of ~2.5° for the dislocation network in both the [110] and [1̄10] 

surface directions.  This loosely corresponds with equation ( 4.2 ) which gives a value of 

~1.8°.  To our knowledge this phenomenon has never been observed in SiGe systems, 

and moreover has not been confirmed for large angles. 

In this chapter, we will show that these dislocations appear along directions as 

predicted by ( 4.2 ) in SiGe films deposited on off-axis substrates with large θ. 

4.3 Experimental 

Commercially prepared Si substrates were obtained with surface orientations off-

axis from (001) to (111) by 0, 10 and 22 degrees.  The 0° off-axis samples were 

nominally (001) substrates.  The substrates were subjected to a wet chemical clean for 

approximately 60 seconds using a 10:1 hydrofluoric acid solution diluted in de-ionized 

water.  Following loading into the UHV system with base pressures in the 10-10 torr range 

the substrates were submitted to a thermal treatment at 950°C for 10 minutes to desorb 

any residual contaminants.  After cooling to 550°C, and immediately prior to deposition 

of the experimental layer a 20nm Si buffer layer was deposited.  Auger electron 

spectroscopy (AES) and low energy electron diffraction (LEED) were used on a 

sacrificial substrate after deposition of the buffer layer to confirm that the preparation 

techniques were sufficient.  The AES showed only Si within its sensitivity, and the LEED 

showed a sharp (2 × 1) + (1 × 2) reconstruction on the (001) substrates.  The tilted 

surfaces showed sharp LEED patterns as well indicating atomically clean surfaces. 



 33

Immediately following the buffer layer deposition the heteroepitaxial layers were 

formed by codepositing Si and Ge in a UHV solid source MBE at 550°C at a combined 

rate of 0.04 nm/s.  Layers of Si1-xGex, x = 0.3, were grown to 100 nm on each of the three 

differently oriented substrates.  The deposition is controlled and monitored with dual 

6Mhz gold-coated quartz oscillators which have been calibrated by profilometry. 

Samples for transmission electron microscopy (TEM) were cleaved and thinned 

by hand grinding and glued to a copper grid using silver paste.  Final thinning was done 

using an ion mill operated at 6kV accelerating voltage, 0.5mA current, and an angle of 

17° for initial milling and 14° for final milling.  Samples typically required about two 

hours of ion milling until they became electron transparent.  TEM was performed using a 

JEOL 2000FX microscope. 

4.4 Results and Discussion 

4.4.1 TEM results 

Shown in Figure 4.2 is a plan view TEM image showing the two orthogonal 

misfit dislocation arrays that form for SiGe growth on on-axis, (001), Si.  This is the 

familiar pattern of dislocations reported often for this surface.12  These structures have 

been analyzed and have been found to be formed by a complex combination of kinetic 

effects,17,19 which are influenced by the morphology of the surface.20 

The dislocations, characterized by their Burgers vectors, which are given by 

b=a/2<110> with a being the lattice constant, are the so-called 60° type.14  So-called 

because the Burgers vector is inclined to the interface at some angle, λ, which for the 
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(001) surface is 60°, i.e., the angle between b and a direction in the interface 

perpendicular to the dislocation is 60°.  As a result, the 60° type only relaxes half the 

strain that its full magnitude suggests it would. 

Having Burgers vectors with an angle λ<90° gives these dislocations a mixed 

screw and edge character.  The screw part gives the dislocation the ability to glide with a 

low energy barrier along the {111} planes, and the edge part allows for relaxation of the 

layer at a fraction, equal to cos(λ), of the relaxation of a perfect edge dislocation with the 

same magnitude Burgers vector.21 

As an example consider a dislocation lying in the [110] direction in the (1̄11) 

plane on the (001) surface.  There are four possible Burgers vectors which are:  

b=a/2[110], a/2[11̄0], a/2[101], or a/2[01̄1].  Of these, only the last two produce glide 

sufficient to lie down the dislocation in the system.  The first of the four is pure screw 

type, and in the same direction as the dislocation with λ=0°, thus it can propagate quickly 

but provides no relaxation, and thus has no driving force for it to form.  The second of the 

four is pure edge type with λ=90°, thus it propagates by a slow climb process, but it 

would provide a maximum amount of relaxation if it were to form.14  So, it is expected 

that dislocations with b=a/2[101] or a/2[01̄1] will form in SiGe heteroepitaxial systems 

for the [110] dislocations in the (1̄11) glide plane.  It has been proposed though, that pure 

edge dislocations can form by the reaction of two 60° type dislocations,14 but we will not 

consider that here.  Similar results hold for the other three {111} planes shown in Figure 

4.1. 
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The TEM images for the 10° and 22° substrates are shown in Figure 4.3 and 

Figure 4.4 respectively.  Noticeably, the dislocations in the surface [110] directions, i.e., 

vertical in the plane of the paper, have separated and now intersect at some angle, φ, 

which increases with the off-axis angle, θ.  This pattern of dislocations is diagramed in 

Figure 4.5 along with that for the (001) surface for reference. 

Figure 4.6 summarizes the measurements of φ for several locations within each of 

the TEM images.  It is evident from the images that three sets of dislocations exist, but 

notably, one set of dislocations is only faintly visible due to diffraction conditions in the 

microscope.  This, along with the apparent fringing in the images makes an accurate 

measurement of φ difficult.  So, we obtained a value for φ from a measurement of the 

other intersection angles as described in the caption for Figure 4.6.  First, φ was measured 

directly.  This is angel A in the figure.  Then the angle the horizontal dislocation made 

with each of the oblique dislocations was measured.  These are angles B and C in the 

figure.  B and C were used to determine φ for that intersection by assuming that the line 

bisecting angle A was perpendicular to the horizontal dislocation. 

The three different measurements should, of course, all give the same result, or at 

least randomly distributed about some average.  This seems to be the case for the 10° off-

axis sample with the average of 17.3° which is slightly higher than the 14° that is 

predicted by ( 4.2 ).  This indicates a possible uncertainty in the substrate orientation.  

According to these data, the off-axis angle is closer to 12-13°. 

The 22° off-axis sample, in contrast, shows three distinct clusters of 

measurements.  What this indicates is that the intersection of the three different 
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dislocation directions do not form an isosceles triangle, as they should.  Instead, the 

triangle they form has three unique angles indicating that the substrate is not only off-axis 

towards the [110] direction, but towards the [1̄10] as well.  And, in fact upon closer 

examination of the data from the 10° off-axis sample finds the averages of the separate 

methods of measuring φ spread similarly to those for the 22° sample.  This also indicates 

a possible tilt for the 10° sample in the [1̄10]. 

If these indications are true then the question arises as to why we do not see a 

second array of dislocations in the horizontal direction in the TEM images inclined at an 

angle of 2-4° to the other.  This remains an unanswered question which might be resolved 

with higher resolution images or a higher Ge concentration.  And, we assert that the ideas 

put forth by equation ( 4.2 ) are still well represented by the data. 

4.4.2 The Question of Burgers Vectors 

The exact Burgers vector for these systems is still not completely understood.  In 

general, there is no reason to expect that they would consist of any type other than the 

a/2<110> type.  But, as the surface is rotated off axis the various <110> Burgers vectors 

contribute differently to the relaxation of misfit strain.  Effectively the angle λ is no 

longer the same for all directions.  Refering to Figure 4.1 in the following, each of the 

glide planes, (111) and (1̄1̄1) now have unique λ’s which we will label λ(111) and λ(1̄1̄1).  

And, between the (1̄11) and (11̄1) planes there are three unique λ’s.  We will label these 

with subscripts a and b, representing the two directions of Burgers vectors which formed 

in each of the {111} planes on the on-axis substrate, and the subscript c representing the 
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Burgers vector which would have formed a screw dislocation on the on-axis substrate, 

i.e., b=a/2[110].  We include the c type, since this dislocation gains some edge character 

as the substrate is rotated off axis.  The results for calculating cos(λ) for each of these 

cases assuming the off-axis surface is the (11m) surface are derived in Appendix B and 

summarized here as follows: 
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where m is given by 
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A plot showing the effective Burgers vector lengths in the plane of the interface, 

given by 

 λcosb=effb , ( 4.5 )

is shown in Figure 4.7.  Here the magnitude of the vector b is given as 2/a , where the 

lattice constant, a, is that of the film as determined by Vegard’s law.  This beff is 

essentially the amount of strain that will be relaxed by the formation of a dislocation in 

the interfacial plane with the given Burgers vector. 
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The implications of this plot are drawn by assuming that the dislocation that will 

relax the strained film the most is the dislocation that will form and the others will be 

suppressed.  In most cases this should be the energetically favorable situation.  For the 

array of dislocations which form in the [1̄10] directions, this results in all of the 

dislocations gliding in the (1̄1̄1) glide plane, since the Burgers vector for this dislocation 

provides the largest beff throughout the entire range of θ.  For the oblique array of 

dislocations we see a crossover from one type of dislocation to another as the surface 

passes through the (111) orientation.  What would have been a screw dislocation on the 

(001) surface would then be the dominant dislocation providing relaxation in the 

interface.  Also, we see that for the (11̄1) glide plane the [011] Burgers vector dominates 

for θ < 54.7, i.e., m > 1, and for the (1̄11) glide plane the [101] is the dominant 

dislocation.  This has an interesting implication in that along these glide planes there 

appears to be a preferential direction for the motion, or glide of the forming dislocations.  

This would mean that if we could watch the dislocations form in real-time, with the [110] 

direction down from our perspective, we would see most of the oblique array of 

dislocations forming from top to bottom.  This direction would correspond to moving 

from a higher step to a lower step in the interface. 

4.4.3 Relaxation Determined by Dislocation Density 

In a fully relaxed interface we would expect to find an array of dislocations with 

some regular spacing.  We define the following: 
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where ε is the elastic misfit, using lattice constants for the overlayer, a0 = aSi(1-x)+aGex 

and substrate, as = aSi, we can write the dislocation spacing, p, for a layer that is 100% 

relaxed due to dislocations with beff.  Then the linear density of dislocations would be 

given by 1/p. 

Figure 4.8 is a plot of this density of dislocations for the different Burgers vectors 

as calculated in ( 4.5 ).  In this case we are looking for the smallest density, as would be 

given by the inverse of the largest beff.  Table 4.2 summarizes the results of this 

calculations and compares it to data obtained by counting dislocations in the TEM 

images. 

4.5 Conclusion 

We have shown that misfit dislocations form in three unique directions on 

substrates with a large off-axis tilt from [001] to [111].  The dislocations align well with 

the predicted intersections of the {111} planes with the substrates as given by equation ( 

4.2 ).  And, if we consider this relation exact, we can accurately measure small deviations 

in the substrate orientation by cataloging the intersection angles of misfit dislocations 

seen in TEM micrographs.  This should be very useful in the confirmation of orientation 

within the TEM images. 
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We have also shown that the expected Burgers vectors for dislocation in this 

system varies with the substrate orientation.  There also seems to be a preferential glide 

direction for the oblique dislocations, which could provide for interesting real-time 

studies of these surfaces. 
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Table 4.1  Summary of the family of surfaces between (001) and (111) and their major 
surface features.  The A subscript indicates that the dimerization axis of the higher terrace 
is perpendicular to the step edge and the B subscript that the dimerization axis is parallel 
to the step edge. 

Surface:  (hkl) or {θ} Terraces Step or Facet Structure Ref.

(001)  to ~1° (001) 2x1 terraces Steps: single, SA and SB 22,23

~1° to ~6° (001) 2x1 terraces  Steps: SA, SB, double DB (rebonded)4 

~6° to ~11° (001) 2x1 terraces 

single domain 

Steps: DB (rebonded) 4 

~11° to (116) {13.3°} (001) 2x1 terraces 

single domain 

Steps: DB rebonded and non-

rebonded  

4 

(116) to (114) (001) and (114) Steps: DB rebonded and non-

rebonded  

4 

(114) {19.5°} (114) tetramers  4 

(114) to (113) (114) and (113)  Facets: saw tooth mesoscale  4 

(113) {25.2°} (113) 3x2  4 

(113) to (5,5,12) (113) and (7,7,17)  Facets: saw tooth mesoscale  4 

(5,5,12) {30.5°} (5,5,12) 2x1 terraces  4 

(5,5,12) to ~43° (5,5,12) and (111)  Facets: nanoscale  4 

~43° to (111) {54.7°} (111) 7x7 terraces Steps: single and triple 4 
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Table 4.2  Calculated, for x = 0.3, and measured dislocation densities, p, for the samples 
in this experiment.  The minimum calculated p in the first two columns are taken as the 
density due to that Burgers vector that will provide the most relaxation between the pair 
of intersecting {111} planes.  The measured data was taken along the different directions 
and was the same in each case. 

 Minimum 

Oblique p 

Minimum          

[1̄10] p 

Measured p 

(from TEM) 

 (µm-1) (µm-1) (µm-1) 

Percent 

relaxation 

θ = 0° 65.4 65.4 7 11%, 11% 

θ = 10° 60.4 53.1 14 23%, 26% 

θ = 22° 61.2 44.9 20 33%, 45% 
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Figure 4.1  Diagram of (111) planes intersecting the off-axis surfaces indicated by the 
shaded region.  This demonstrates how the intersection of the (1̄11) and (11̄1) glide 
planes with the substrate no longer occurs along parallel lines but along lines separated 
by an angle φ as the substrate is rotated off of the [001] axis about the [1̄10] direction by 
an angle θ.  Similarly, the (111) and (111̄) planes are no longer both inclined to the 
substrate at the same angle. 
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200 nm 
 

Figure 4.2  Plan view TEM of 100 nm Si0.7Ge0.3 on (001) Si with g=[400] and the [1̄10] 
direction to the right showing orthogonal arrays of misfit dislocations.  The curved 
features at the dislocation intersections are moiré fringes due to diffraction from the layer 
and the substrate imaged together. 
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200 nm 
 

Figure 4.3  Plan view TEM of 100 nm Si0.7Ge0.3 on 10° off-axis Si with g=[400] and the 
[1̄10] direction to the right in the image. 



 46

 

200 nm 
 

Figure 4.4  Plan view TEM of 100 nm Si0.7Ge0.3 on 22° off-axis Si with g=[220] and the 
[1̄10] direction to the right in the image. 
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Figure 4.5  Diagram showing the predicted configuration of misfit dislocations for (a) on-
axis, (b) 10°, and (c) 22° off-axis Si substrates. 
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Figure 4.6  Plot showing the angular separation of the oblique misfit dislocations.  The 
different measurements: A, B, and C, were found by measuring the angles as diagramed 
in the inset.  The angle A is the direct measurement of the separation, and B and C are 
used to find the angle of separation assuming that a line bisecting A is normal to the line 
BC.  Different measurements were deemed more accurate do to the relative visibility of 
the different dislocation arrays, i.e., B for the 10° off-axis substrates and C for the 22° 
off-axis substrates.  The line labeled φ is a plot of equation ( 4.2 ). 
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Figure 4.7  Plot showing the effective length for the various Burgers vectors which may 
be involved in the relaxation of off-axis SiGe on Si.  The long dash, medium dash and 
short dash curves are the Burgers vectors in the [1̄01], [011] and [110] directions, 
respectively, in the (11̄1) glide plane and the [01̄1], [101] and [110] directions, 
respectively, in the (1̄11) glide plane.  The dash dot and the dot curves are the allowable 
Burgers vectors in the (1̄1̄1) and the (111) glide planes respectively. 
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Figure 4.8  Plot showing the misfit dislocation density for the various Burgers vectors 
which may be involved in the relaxation of off-axis SiGe on Si.  The long dash, medium 
dash and short dash curves are the Burgers vectors in the [1̄01], [011] and [110] 
directions, respectively, in the (11̄1) glide plane and the [01̄1], [101] and [110] directions, 
respectively, in the (1̄11) glide plane.  The dash dot and the dot curves are the allowable 
Burgers vectors in the (1̄1̄1) and the (111) glide planes respectively. 
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Chapter 5 Morphology of Strained and Relaxed SiGe Layers 

Grown on Uniquely Oriented Substrates 

5.1 Abstract 

We have investigated the surface morphology of strained and relaxed SiGe layers 

on Si substrates with surface normals rotated off of the [001] axis towards [111] by 0, 10, 

and 22 degrees.  The peak shift in the Raman spectra of the layers was used to determine 

the strain state of the samples.  Topographic atomic force microscope images have 

revealed surface corrugations in partially relaxed samples.  These corrugations are 

aligned with known directions along which misfit dislocations lie in the substrate layer 

interface.  This pattern of surface ripples or lines of organization of the surface structures 

form a modified cross-hatch pattern on the off-axis substrates.  Topographs of the 

unrelaxed surfaces show no such organization indicating a direct link between the misfit 

dislocations and the surface corrugations. 

5.2 Introduction 

Any discussion of epitaxial strained film surface morphology will normally be 

split between two different phenomena.  The first, and probably the most well understood 

and documented is the rippling or corrugation of the surface as a result of coherent strain 

elastically driving an unstable “seed” ripple into a large scale deformation of the 

surface.1,2,3  This happens without the plastic relaxation of the film, but it does allow for a 

fraction of the strain to be relieved.  A second phenomenon which seems to be very 
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important to the morphology of a strain relaxed surface is that which results in the so-

called cross-hatch morphology.  It is widely accepted that this cross-hatch, which is 

normally manifest on (001) surfaces as two orthogonal arrays of lines in the topography, 

is due in some way to the misfit dislocations that form in the interface.4  Although, how 

the misfits influence the topography still does not seem to be clear.  There is also, 

evidence which indicates that the rippling caused by the first effect can in some cases 

become so great that the valleys in these surface undulations tend to “pinch” off and 

induce the formation of a misfit dislocation.5  Much of the theoretical and experimental 

work in this area has been carried out using the (001) surface of Si as a substrate.  In this 

chapter we will extend these ideas and examine the surfaces of SiGe films grown on 

different high index orientations of Si substrates. 

5.3 Experimental 

Commercially prepared Si substrates were obtained with surface orientations off-

axis from (001) to (111) by 0, 10 and 22 degrees.  The 0° off-axis samples were 

nominally (001) substrates.  The substrates were subjected to a wet chemical clean for 

approximately 60 seconds using a 10:1 hydrofluoric acid solution diluted in de-ionized 

water.  Following loading into the UHV system with base pressures in the 10-10 torr range 

the substrates were submitted to a thermal treatment at 950°C for 10 minutes to desorb 

any residual contaminants.  After cooling to 550°C, and immediately prior to deposition 

of the experimental layer a 20nm Si buffer layer was deposited.  Auger electron 

spectroscopy (AES) and low energy electron diffraction (LEED) were used on a 

sacrificial substrate after deposition of the buffer layer to characterize the surface.  The 
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AES showed only Si within its sensitivity, and the LEED showed a sharp                        

(2 × 1) + (1 × 2) reconstruction on the (001) substrates.  The tilted surfaces showed sharp 

LEED patterns as well indicating atomically clean surfaces. 

Immediately following the buffer layer deposition the heteroepitaxial layers were 

formed by codepositing Si and Ge in a UHV solid source MBE at 550°C at a combined 

rate of 0.04 nm/s.  Layers of Si1-xGex, x = 0.3, were grown to 10 and 100 nm on each of 

the three differently oriented substrates.  The deposition is controlled and monitored with 

dual 6Mhz gold-coated quartz oscillators which have been calibrated by profilometry. 

Raman scattering was conducted using the 488 nm line of an Ar+ laser.  The laser 

light was focused to an approximate 2 × 0.1 mm line image on the sample and was 

incident at ~45° with the polarization parallel to the scattering plane and approximately 

perpendicular to the [1̄10] direction which is identical for all substrate orientations used 

in this experiment.  The unpolarized backscattered light was collected and focused onto 

the entrance slit of a Jobin-Yvon U1000 double spectrometer.  For all samples the Si-Si 

Raman peak position from the layer was used to determine wether a sample was strained 

or relaxed.  Atomic force microscopy (AFM) was performed using a Park Scientific 

Instruments model M5. 

5.4 Results and Discussion 

Shown in Figure 5.1 are AFM images of 10 nm strained films.  Very well defined 

structures are evident on all three substrate orientations, but the structures are very 

noticeably different between substrates.  The hut-like structures which grow on the (001) 

surface, seen in Figure 5.1a, have been reported frequently in the literature for these 
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conditions.6  The irregular extended ridges seen on the 10° off-axis surface in Figure 5.1b 

appear to be a non-equilibrium formation.  Similar formations have been reported, and 

were shown to make a transition to regularly shaped extended pyramids after several 

hours of annealing at the growth temperature.7  These pyramidal structures were also 

found in our experiment on the 100 nm, relaxed samples, Figure 5.2e.  The growth on the 

22° off-axis substrate has not to our knowledge been reported.  The closest representative 

of substrates near this surface is the (113) for which there is still limited data.  The data 

that is available is of pure Ge growth on (113), and the results show the formation of 

short nanowires in the [332̄] direction.  This is the surface [110] direction and would be 

towards the bottom of the page with respect to Figure 5.1c in which there are initial hints 

of alignment in that direction.  This alignment indicates an anisotropy on this surface 

similar to the 10° off-axis surface, but why we see trenches instead of ridges or wires is 

still not evident. 

The thick relaxed, 100 nm samples are characterized by their cross-hatch 

morphology, or the modified cross-hatch seen on the off-axis substrates (See Figure 5.2.)  

We will term the pattern of lines on the off-axis substrates by the cross-hatch name since 

we have concluded that they are formed through the same process that might form the 

cross-hatch on the (001) surface.  We can calculate the angle, φ, that we would expect the 

two vertical lines to intersect at if they were due to the intersection of the {111} planes 

with the substrate surface.  If the substrate is labeled by its off-axis angle, θ, then φ is 

given by 
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Figure 5.3 shows a plot of this relation, and the relative values for φ as measured from 

Figure 5.2b and c.  Relatively good agreement is found, and we will attribute most of the 

disagreement to uncertainty in the substrate orientation. 

Examining the 100 nm relaxed surfaces at a higher magnification, Figure 5.2d-f, 

reveals that the lines of organization observable in the large scans, Figure 5.2a-c, are 

rows of the known equilibrium structures.  These structures being huts on the (001) 

surface, and elongated pyramids on the 10° off-axis surface.  By analogy, we conclude 

that the relaxed 22° surface also consists of the equilibrium structure, i.e., planar regions 

with low amplitude ripples aligned in the [332̄] direction.  This implies that the structures 

found on the 22° strained surface, Figure 5.1c, were not the lowest energy configuration 

for that surface. 

5.5 Summary 

We have observed the surfaces of strained and relaxed Si0.7Ge0.3 films grown on 

Si substrates rotated off-axis from (001) to (111) by 0, 10, and 22 degrees.  We have 

ascertained from these observations that the surface of the off-axis samples are organized 

along the directions of the misfit dislocation lines in the interface.  It has been previously 

proposed that these dislocations ultimately cause the cross-hatch pattern to appear for 

growth on the (001) surface.  We have also found that for the relaxed samples we obtain 

alignment of small characteristic features from each surface along these dislocation lines.  
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These features, which are huts on the (001) surface, become elongated pyramids on the 

10° off-axis surface, and elongated ridges on the 22° off-axis surface. 
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Figure 5.1  AFM micrographs of 10 nm thick films of Si0.7Ge0.3 grown on (001) Si, a, 10° 
off-axis, b, and 22° off-axis, c.  Average peak to valley values for a and b are ~10 nm 
indicating near three dimensional growth.  The average depth of a trench in c is ~6 to ~8 
nm.  For all images the [1̄10] is to the right. 
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Figure 5.2  AFM micrographs of 100 nm thick films of Si0.7Ge0.3 grown on (001) Si, a 
and d, 10° off-axis, b and e, and 22° off-axis c and f.  Images on the same substrate are 
different magnifications of the same sample to show different features.  Average peak to 
valley values for all images except c and f are ~5 nm.  c and f have values of ~2 nm.  For 
all images the [1̄10] is to the right. 
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Figure 5.3  Plot showing the angle of intersection, φ, of the (1̄11) and (11̄1) planes within 
the surface for the family of substrates off-axis from (001) towards (111) by some angle, 
θ, given by the inset equation.  The two plotted points are average values of the 
separation in the corrugation directions taken from the AFM images in Figure 5.2. 
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Chapter 6 Observation of Relaxation in SiGe Layers Grown on 

Uniquely Oriented Si Substrates with Raman Spectroscopy 

6.1 Abstract 

We have investigated the growth and subsequent relaxation of SiGe alloy layers 

on uniquely oriented Si substrates with surface normals rotated from [001] towards [111] 

by up to 22 degrees.  Using deformation potential calculations, we predict the value of 

the Raman peaks for Si-Si mode in strained and relaxed films.  We have found in general 

good agreement for all substrates.  Using an equilibrium model to predict the critical 

thickness for the off-axis substrates we show a general trend towards smaller values as 

the substrate is rotated off-axis.  Notably, though, we have found that the off-axis 

substrates retain more of the strain in the layer at lower thicknesses than do the (001), on-

axis substrate, and subsequently relax through a narrower window of thicknesses than the 

(001) substrate. 

6.2 Introduction and Theory 

6.2.1 Equilibrium Relaxation Theory For Off-Axis Substrates 

6.2.1.1 Pseudomorphic Deposition and Source of Strain 

Using silicon as a substrate, growth of Si1-xGex is most commonly studied on the 

(001) surface.  There have been several review articles1,2,3 and books4,5,6 documenting the 

growth and physical properties of this system.  It is well known that the first few atomic 
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layers of pure germanium will deposit stressed to the in-plane lattice spacing of the 

silicon substrate, Figure 6.1a and b, before relaxation mechanisms, Figure 6.1c and d, 

affect the perfect crystalinity of the epilayer.7  Depositing a Si1-xGex alloy layer with 

decreasing x will allow for thicker coherent films, but the governing quantity is the 

amount of elastic strain in the layer.  Assuming a semi-infinite substrate, this strain is 

given by, 
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=0ε , ( 6.1 )

where af is the bulk relaxed lattice constant of the film, and as is the bulk lattice constant 

of the substrate.8  For the Si1-xGex system, it has been shown8 that deviations from 

linearity for the lattice constant of the alloy are only about 0.1%.  Therefore, we will 

assume a linear extrapolation for the film lattice constant between that of Si and of Ge 

giving us, 
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where the subscripts denote the elemental lattice constants.  This relation is in general 

true for interfaces at all crystal faces in a cubic system, assuming the crystallographic 

direction is the same on both sides of the interface.  For example, if two cubes of 

different edge length, one greater than the other by some factor s, are sliced in the same 

fashion, the newly exposed edges of one cube will be a factor of s longer than the newly 
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exposed edges of the other cube.  In other words, the interfacial strain of a lattice 

mismatched cubic system will be the same regardless of the plane of the interface. 

6.2.1.2 Accommodation of Stress (Relaxation) by Dislocations 

Studies indicate that the strain in such a pseudomorphic film can be 

accommodated by way of two particular mechanisms.8  See Figure 6.1.  Those 

mechanisms being the formation of misfit dislocations at the interface, and the self 

corrugation of the surface of the film.  We will focus here on the plastic relaxation by 

misfit dislocation. 

The following treatment, due primarily to Matthews, is adapted from reference 9.  

Here we will modify Matthews’s treatment slightly to take into account different Burgers 

vectors for different slip planes intersecting other than the (001) surface.  We will 

proceed by writing down the energy of the elastic misfit strain, Eε, and the energy of an 

array of misfit dislocations, Eδ, then finding the value of the strain, ε, that minimizes the 

total energy, Eε + Eδ.  The strain energy is given by 

 BhE 2εε = , ( 6.3 )

where h is the film thickness and  
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where the Cij are elastic constants, and l, m, and n are the direction cosines that relate the 

direction normal to the interface to the cube axes.  B is exact for the low index interfaces, 

(001), (110), and (111), and is a very good approximation for all other indices.  We note 
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here that for an isotropic solid, 2C44-C11+C12=0.  We will not make this assumption a 

priori. 

For the energy of the strain field due to a single edge dislocation with Burgers 

vector b running along the interface between film and substrate crystals with shear 

moduli Gf and Gs respectively we have 

 ( )[ ]1ln2
2
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1 += b
RDbEδ , ( 6.5 )
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b will be the component of the Burgers vector in the plane of the interface, or the 

effective relaxation per dislocation given by 

 λcosb=b , ( 6.6 )

ν is the Poisson ratio (taken as that for the film), and R is considered the distance to the 

outermost boundary of the dislocation’s strain field.  In ( 6.6 ), λ is the angle between b 

and a direction perpendicular to the direction of the dislocation.8  Many authors use the 

value of R as an unknown parameter.10  Eδ1, as given in ( 6.5 ) is an isotropic 

approximation, but we will use the values of these isotropic constants as given by their 

elastic stiffness coefficient counterparts.  These are defined on page 143 in reference 11 

as 
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Since quantities which vanish in isotropic elasticity theory are not restored, this is not 

ideal, but it should suffice for the approximation presented here.  Now, if ε is the strain in 

the film and the total misfit strain is given by ( 6.1 ), then we have 

 δεε +=0 , ( 6.8 )

where δ is the misfit accommodated by dislocations, so that if δ=0, the film is in register 

with the substrate.  The separation of a parallel array of dislocations characterized by b is 

now given by 

 
δ
bS = , ( 6.9 )

and the dislocations per distance given by 1/S.  So, now we can write the energy of a 

parallel array of dislocations as 
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The value of R must now be set.  It is common to use h as an approximation.9  The final 

component to the energy of all the dislocations in the layer that we will now include is 

the affect of different Burgers vectors.  We will assume that there are multiple Burgers 

vectors acting to relax the layer, but that they add in complementary pairs.  So, we will 

include a factor of 1/2 for each array of dislocations containing a unique b.  With that, we 

have for the total contribution to the film energy from the dislocations as 
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where n is an even number.  Now, the value of ε which minimizes the total energy, 

Eε+Eδ, is given by 
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which can be confirmed as a minimum as long a B>0.  The onset of relaxation is when δ 

gains some non-zero value.  So, the thickness at which it becomes energetically favorable 

for misfit dislocations to form, hc, is obtained by setting ε*=ε0 in ( 6.12 ), or 
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Figure 6.2 shows the result of this calculation for the substrates used in this study. 

The results of this calculation indicate that we should see the onset of relaxation 

earlier in the growth for the off-axis samples, and indeed, for a substrate with off-axis tilt 

of ~37° the film is predicted to be relaxed at zero thickness. 

6.2.2 Deformation Potential Calculation of Raman Peaks 

6.2.2.1 Biaxial Strain on a (001) Interface 

Theoretical descriptions of phonon excitations in a lattice are based on 

approximating the atomic interactions as quadratic attractive potentials.  This leads to a 

harmonic model of the lattice which allows us to define natural mode oscillation 

frequencies, ω, based completely on the effective spring constant of the lattice potential 
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and the atomic masses.  Now, in a completely classical sense, the natural frequencies 

would have no dependence on the equilibrium lattice spacing if the spring constant did 

not change with the lattice constant.  But, it is known that the lattice potential is not a 

perfect quadratic, and the effective spring constant, which is related to the second 

derivative of that potential, will be dependent on the equilibrium lattice spacing.  So, 

following Anastassakis12 and Cerdeira13, we will add a correction term to the effective 

spring constant which will be linear in the strain.  Then we will examine how a biaxial 

stress, as would be applied during epitaxial growth of lattice mismatched layers which are 

pseudomorphically strained to the substrate lattice spacing, would affect the q ≈ 0 or 

Raman phonon.  And finally, we will examine how growth on high index substrates will 

affect the Raman phonon. 

Formally, we have to solve the following dynamical equations: 

 βαβα ukum −=&& , ( 6.14 )

where m̄ is the reduced mass of neighboring atoms, uα is the αth component of the 

relative displacement of neighboring atoms, and kαβ are components of a second rank 

tensor containing the effective spring constants.  Here and in all that follows, repeated 

indices are summed.  Now, we want to expand the effective spring constants writing, kαβ 

= koαβ + ∆kαβ, where the k0 are the unstrained spring constants with known natural 

coordinates uα and natural frequency ω2, and the ∆k are the first order corrections linear 

in the strain, defined as 
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where the εκρ are the components of the strain and the Kαβκρ are components of a fourth 

rank tensor and known as the deformation potentials of the material.  So, we can rewrite ( 

6.14 ) using ( 6.15 ), and get, 

 ( )βκραβκρβαβα ε uKukum o +−=&& , ( 6.16 )

Now, we know the natural frequencies for the unstrained problem, ω, and if we assume 

an oscillating solution with frequency Ω for ( 6.16 ), we can write, 

 ( )βκραβκραα εω uKuu +−−=Ω 22 , ( 6.17 )

where we have normalized the deformation potential to the mass.  Or, if we define λ = Ω2 

- ω2, then we are left with the eigenvalue problem for the deformation potentials, 

 ( ) uuK λε = , ( 6.18 )

where tensor multiplication is understood.  Now, if we limit ourselves to the symmetry of 

a cubic system with triply degenerate Raman phonons and use the contracted index 

notation described in Appendix A, we are left with only three independent components of 

K, which are written as13 
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The newly defined set of indices is six dimensional and the matrices defined can not be 

rotated as a tensor.  This system will be used in what follows unless otherwise stated.  

Now, we can write the full secular equation which must be solved as the determinant 
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In general, the three solutions to this equation will define the threefold splitting of the 

degeneracy, 
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Where, in the last step we have assumed the deformation potentials to be normalized to 

the square of the normal frequencies, ω2.  So, now the deformation potentials contain 

both the mass and the normal frequencies.  But, in many practical applications the 

degeneracy is only reduced by one, creating a singlet and a doublet state.  We will now 

examine one of these cases. 

We will break the degeneracy, as in epitaxy of small lattice mismatch systems on, 

for example, the (001) surface, by applying a biaxial strain, ε, given by, 
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where the a subscript is for the in-plane strain given by the lattice mismatch, and the b 

denotes the out of plane strain, the growth direction, which is to be determined from the 
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boundary condition that the out of plane stress, σ3, is zero.  The stress is then written as 

the product of the 6 × 6 matrix containing the elastic stiffness coefficients, C, and the 

strain, ε, 

 jiji C εσ = , ( 6.24 )

where the stiffness coefficients, like the deformation potentials, comprise a fourth rank 

tensor, and due to symmetry only have 3 unique nonzero terms.  These terms are C11, C12, 

and C44, and are identified exactly like the deformation potentials in ( 6.19 ) and ( 6.20 ).  

Then, using the boundary conditions along with ( 6.24 ), we can determine εb in terms of 

εa and the stiffness coefficients to be, 

 ab C
C εε

11

122−= , ( 6.25 )

Now, we have all factors necessary to solve for the shifted phonon frequencies.  Using ( 

6.23 ) in  ( 6.21 ) with ( 6.25 ) and ( 6.22 ) the matrix becomes diagonal, with two unique 

roots.  One root gives the singlet state, 

 ( )( )12112 221
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12 KKC
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s
a +−+≈Ω εω , ( 6.26 )

with eigenvector perpendicular to the applied stress, and the other root gives a doublet 

with frequency 

 ( )( )( )12112 11

12211 KK C
C

d
a −++≈Ω εω , ( 6.27 )

and with eigenvectors parallel to the axes of the applied stress. 
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6.2.2.2 Si1-xGex Deposition on Si(001) 

Using the material constants given in Table 6.1 along with the Raman phonon 

frequencies for the bulk relaxed alloy with x percent germanium given by, ω = -

67.91x+521.2,14 we can write down the equations for the singlet and doublet states, given 

by equations ( 6.26 ) and ( 6.27 ) as a function of x, the Ge concentration, for deposition 

on (001) Si.  The singlet is given by, 

92.105x1222.19x
6.55205x13361x28.1130x325.379x5921.16

2

234

−+
−++− , ( 6.28 ) 

and the doublet is 

92.105x1222.19x
6.55205x14396x557.669x432.317x0592.14

2

234

−+
−++− , ( 6.29 ) 

where all material properties are assumed to vary linearly with alloy composition.  These 

are plotted in Figure 6.3 

6.2.2.3 Si1-xGex Deposition on Off-Axis Substrates 

 

In this section we present the splitting of the phonon degeneracy due to strain in 

films deposited on substrates off-axis from the (001) surface by some angle, θ, towards 

the (111) surface, that is, in the cubic system rotating the (001) plane about the [1̄10] 

direction by an angle, θ.  We begin, as before, by applying a biaxial strain.  This time, 

though, we apply it in the rotated frame of reference which is aligned with the off-axis 

surface.  We will call this the primed frame and label quantities which are with respect to 
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the primed frame with a superscripted hatch mark.  Thus the strain in the layer is given 

by, 
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where the εa’s are the in plane strain and the εb is the out of plane strain.  In this section 

we will work with the 3 dimensional rotateable tensor representation of all quantities 

instead of the 6 dimensional non-rotateable representation.  This will allow us to rotate 

the tensors from the principle axis in which they are defined into axes in the plane of the 

off-axis substrates.  The rotation matrix, A, given by 
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is derived by applying the euler angles as defined in Goldstein15 of φ = 135°, θ = θ, and  

ψ = -135°, where θ  is the angle of rotation about the [1̄10] direction which defines the 

amount off-axis. 

We must now determine the unknown, εb, by use of the fact that the system is 

unrestricted in the growth direction, that is, the out of plane stress, 33σ ′ , vanishes.  Now in 

the primed frame we have, 

 klijklij C εσ ′′=′ , ( 6.32 )

where ijklC′  are the components of the fourth rank elastic stiffness tensor rotated in to the 

primed frame and given by 
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 mnoplpkojnimijkl CAAAAC =′ , ( 6.33 )

with the mnopC  defined in section 6.2.2.1.  Solving for εb in terms of εa by setting 033 =′σ  

we obtain, 
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which reduces to ( 6.25 ) for θ = 0. 

Now, to solve the eigenvalue problem for the deformation potentials we must 

rotate the strain tensor back into the unprimed frame.  This is given by, 

 mnnjmiij AA εε ′= , ( 6.35 )

noting the reverse in indices for the components to rotate from primed to unprimed.  

Now, the absolute strain applied biaxially for lattice matched epitaxy is the same on an 

off-axis surface as for the (001), on-axis surface.  The in plane lattice constant is likely to 

be different, but the strain will remain the same.  So, with that, we can formally follow 

through with equation ( 6.21 ), by contracting the indices of the strain tensor as described 

in Appendix A and finding the eigenvalues and eigenvectors of Kε.  This has been done 

numerically using code in Mathematica,16 and the results, using the material constants 

from Table 6.1 varied linearly with Ge concentration, are shown in Figure 6.4 and Figure 

6.5.  Each of these plots, both eigenvalues and eigenvectors, are approximated well by 

second order polynomials.  The results of second order least squares fitting to these 

conditions are shown in Table 6.2.  In all cases the fits have R2 values of greater than 

0.999. 
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6.3 Experimental 

Commercially prepared Si substrates were obtained with surface orientations off-

axis from (001) to (111) by 0, 10 and 22 degrees.  The 0° off-axis samples were 

nominally (001) substrates.  The substrates were subjected to two cycles of a UV-ozone 

treatment for ~5 minutes and a wet chemical clean using 10:1 hydrofluoric acid solution 

diluted in de-ionized water for approximately 60 seconds.  Following loading into the 

UHV system with base pressures in the 10-10 torr range the substrates were submitted to a 

thermal treatment at 950°C for 10 minutes to desorb any residual contaminants.  After 

cooling to 550°C, and immediately prior to deposition of the experimental layer a 40nm 

Si buffer layer was deposited.  Auger electron spectroscopy (AES) and low energy 

electron diffraction (LEED) were used on a sacrificial substrate after deposition of the 

buffer layer to confirm that the preparation techniques were sufficient.  The AES showed 

only Si within its sensitivity, and the LEED showed a sharp (2 × 1) + (1 × 2) 

reconstruction on the (001) substrates.  The tilted surfaces showed sharp LEED patterns 

as well indicating atomically clean surfaces. 

Immediately following the buffer layer deposition the heteroepitaxial layers were 

formed by codepositing Si and Ge in a UHV solid source MBE at 550°C at a combined 

rate of 0.04 nm/s.  Layers of Si1-xGex, x = 0.3, were grown to 10, 60, 110, and 160 nm on 

each of the three differently oriented substrates.  The deposition is controlled and 

monitored with dual 6Mhz gold-coated quartz oscillators which have been calibrated by 

profilometry. 
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Raman scattering was conducted using the 488 nm line of an Ar+ laser.  The laser 

light was focused down to an approximate 2 × 0.1 mm line image on the sample and was 

incident at ~45° with the polarization parallel to the scattering plane and approximately 

perpendicular to the [1̄10] direction which is identical for all substrate orientations used 

in this experiment.  The unpolarized backscattered light was collected and focused onto 

the entrance slit of a Jobin-Yvon U1000 double spectrometer.  For all samples the Si-Si 

Raman peak position from the layer was used as an indicator of stress.  Atomic force 

microscopy (AFM) was performed using a Park Scientific Instruments model CPR. 

The amount of relaxation derived from Raman data was compared to misfit 

dislocation densities as determined from transmission electron microscopy (TEM). 

 

6.4 Results and Discussion 

6.4.1 AFM 

Observation of the surface morphology throughout the growth shows the effects 

of the build-up of strain, and subsequent relaxation.  Figure 6.6 shows the evolution of 

the film surfaces through a series of thicknesses.  We can with generality describe the 

process as follows: 

1) The thin strained film deposits and forms small scale corrugations. 

2) As the film grows thicker, the corrugations increase in size as the stress 

increases. 
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3) Thicker samples begin to show large scale organization in the form of lines 

stretching across the surface. 

4) The thickest samples are characterized by their long range order as the film 

relaxes plastically and forms misfit dislocations. 

Notably the 22° off-axis surface seems to follow this pattern the most reluctantly, 

but the wide planar regions on that sample are similar to the planar growth that is 

observed on the (111) substrate.17  Figure 6.7 displays a larger field of view on the thick 

samples to show obvious patterning of the surface of the film, which have shown in the 

previous chapters to be directly related to misfit dislocations in the interface. 

6.4.2 Raman 

Shown in Figure 6.8 is a chart showing the Si-Si Raman mode for the various 

samples in this experiment.  The data shows a linear trend, and there are no apparent 

thickness at which the film suddenly relaxes.  This would indicate that the relaxation 

process is not governed by the equilibrium conditions set forth in the Introduction. 

What we do find, though, is that the off-axis samples appear more strained to 

begin with, and subsequently relax more rapidly in the growth regime. 

The scattering geometry in our experiment forbids the observation of the [1̄10] 

phonon, but it is unclear how to separate the effects of the other two in our data.  We will 

assume that the [1̄1̄m] mode is the dominant one, and therefore will be the strongest 

signal in the data. 

We can determine the amount of relaxation in our layers by taking a linear 

extrapolation between the bulk relaxed Raman peak position and the calculated 
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pseudomorphically strained values summarized in Table 6.3.  If we do this using the 

linear fits to our data given in Figure 6.8 we can determine how much relaxation should 

have occurred in a film of any thickness.  This is shown in Figure 6.9.  It can be seen 

from that plot that all of the substrates show an equivalent amount of relaxation at about 

120 nm and by 250 nm all layers should be about 100% relaxed. 

6.5 Conclusion 

We have demonstrated that SiGe films grown on largely off-axis substrates relax 

by prodominantly the same pathways.  In other words, rippling to plastic dislocation to 

organization.  And, as was determined by the Raman data, the films on the off-axis 

substrates relax at approximately the same thicknesses.  Small fluctuations in the 

expected relaxation point are inevitabe and would need to be investigated in more detail, 

but using the Raman extrapolation we can predict a thickness by which the films would 

be 100% relaxed.  Those thicknesses being as follows:  ~230 nm on the (001) surface, 

~190 nm on the 10° off-axis surface, and ~200 nm on the 22° off-axis surface. 
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Table 6.1  Material constants for pure Si and Ge.  The lattice constants, a, and elastic 
stiffness coefficients, Cij, are from ref. 18, and the normalized deformation potentials, Kij, 
are from ref. 12. 

 a C11 C12 C44 K11 K12 K44 

 (nm) (GPa)    

Si 0.543 166 64 80 -1.83 -2.33 -0.71 

Ge 0.566 129 48 67 -1.47 -1.93 -1.11 
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Table 6.2  Second order polynomial fits to all curves in Figure 6.4 and Figure 6.5 for two 
representative substrates, given as:  f(x)=A+Bx+Cx2, where x is the Ge concentration.  
Entries under Mode describe the eigenvector representing the mode which the listed f(x) 
details, where m and n vary with Ge concentration, x, on each substrate. 

Substrate Mode A B C 

10° off [1̄1̄m] 521.2 -30.28 -8.581 

 [1̄10] 521.2 -40.88 -7.652 

 [11n] 521.3 -43.74 -9.173 

 m 3.463 -1.353 0.4422 

 n 0.5751 0.2505 -0.04029 

22° off [1̄1̄m] 521.2 -25.21 -7.920 

 [1̄10] 521.2 -36.22 -8.041 

 [11n] 521.3 -45.89 -11.06 

 m 2.285 -0.4640 0.1493 

 n 0.8742 0.1886 -0.04715 
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Table 6.3  This table summarizes the deformation potential calculations for Si0.7Ge0.3.  
Shown are the Raman peak positions for the Si-Si mode in a film that is coherently 
strained to the Si substrate.  All peak positions are in units of Rcm-1, and the values for m 
and n are unitless.  Here, m and n define the direction of the Raman scattered phonon by 
determining [1̄1̄m] and [11n].  Also shown is the bulk relaxed value as given by reference 
14. 

Surface [1̄1̄m] [1̄10] [11n] m n 

(001) 511 

(singlet) 

508 

(doublet) 

n/a ~infinity n/a 

10° 511 508 507 3.10 0.647 

22° 513 510 507 5.16 0.935 

      

all surfaces relaxed 501    
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(d)

(c)

(b)

(a)

 

Figure 6.1  Schematic illustration of pseudomorphic, strained deposition and possible 
mechanisms for relaxation.  (a) Initial growth of lattice mismatched materials will deposit 
pseudomorphically strained to the substrate (b) for small misfits.  (c) Partial relaxation is 
alotted for by corrugation of the surface.  (d) Large scale relaxation is only possible 
through the formation of misfit dislocations at the interface. 
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Figure 6.2  Top plot shows critical thickness of Si1-xGex for deposition on various 
substrate orientations. Bottom plot shows critical thickness of Si1-xGex for x = 0.3 as a 
function of substrate orientation. 
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Figure 6.3  Plot showing the Raman phonon frequency of the Si mode in Si1-xGex for the 
triply degenerate bulk-relaxed alloy and the singlet and doublet modes for strained 
pseudomorphic alloy growth on Si(001).  The relaxed fit is adapted from Shin, et. al.14, 
and is given by ω = -67.91x+521.2.  The shifts due to strain are calculated from a first 
order correction of the effective crystal spring constant13 using deformation potentials 
compiled by Anastassakis12. 
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Figure 6.4  Plot showing Raman shifted phonon frequencies for strain epitaxy of Si1-xGex 
on Si substrates with surface normals rotated from [001] towards [111] by 10 degrees.  
The legend describes the propagation direction of the phonon as determined by the 
eigenvector with components plotted in the inset. 
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Figure 6.5  Same as Figure 6.4 for substrate angle of 22 degrees. 
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Figure 6.6  AFM of Si0.7Ge0.3 on studied substrates:  a – d is (001), e – h is 10° off-axis, 
and i – l is 22° off-axis.  The thicknesses are as follows:  a, e, and i = 10 nm growth; b, f, 
and j = 60 nm growth; c, g, and k = 110 nm growth; d, h, and l = 160 nm growth.  Each 
frame is a (5 µm)2 image and the [1̄10] direction is towards the top of the page. 
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Figure 6.7  Larger field of view of the samples in Figure 6.6d, h, and l, the 160 nm film.  
At this magnification the ordering of the surface is more evident for these samples. 
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Figure 6.8  Raman Si-Si mode position at different film thicknesses.  Linear fits to the 
data are given in the legend. 
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Figure 6.9  Plot shows the fraction or percent of expected relaxation in a film of 
Si0.7Ge0.3.  Linear fits to the values from Raman data were extrapolated between the bulk 
relaxed value and the calculated pseudomorphically strained values. 
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Chapter 7 Temperature Dependence of the Surface Morphology 

of Relaxed SiGe Layers Grown on Uniquely Oriented Si 

Substrates 

7.1 Abstract 

We have investigated the surface morphology of partially relaxed SiGe layers 

grown at different temperatures on Si substrates with surface normals rotated off of the 

[001] axis towards [111] by 0, 10, and 22 degrees.  Peak shifts in the Raman spectra of 

the layers showed that the samples were relaxed.  Atomic force microscopy was used to 

image the surface topography.  We found that at the higher temperatures the ordering or 

cross-hatch morphology and similar structures on off-axis substrates is not present, 

whereas on the lower temperature growth we find an enhanced ordering of the surface.  

The amplitude of surface undulations was also found to be approximately a factor of five 

greater on the higher temperature samples.  A phenomenological model is proposed 

which explains this effect. 

7.2 Introduction 

Recent studies of strained layer epitaxy have gone beyond the equilibrium model 

presented by Matthews1,2 and have investigated the dynamics of relaxation.  It had 

become obvious that the equilibrium model was insufficient in predicting accurate critical 

thicknesses at all temperatures.3  Dodson and Tsao applied a kinetic theory to determine 

the critical thickness of an epitaxial layer.4  They solved for the time dependent strain 
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relaxation assuming a functional form for the velocity of a dislocation in a strain field.  

Their models showed good agreement with experimental data for critical thickness at 

different temperatures. 

Currently, research is focused on two main problems in the kinetic evolution of a 

strained film.  The first is the study of the evolution of the surface under strain with 

minimal regard for dislocations.5  And, the other is the study of the evolution and 

propagation of the misfit dislocations in the film.6  In this chapter we focus on the role of 

dislocations in the evolution of the surface morphology. 

7.3 Experimental 

Commercially prepared Si substrates were obtained with surface orientations off-

axis from (001) to (111) by 0, 10 and 22 degrees.  The 0° off-axis samples were 

nominally (001) substrates.  The substrates were subjected to a wet chemical clean for 

approximately 60 seconds using a 10:1 hydrofluoric acid solution diluted in de-ionized 

water.  Following loading into the UHV system with base pressures in the 10-10 torr range 

the substrates were submitted to a thermal treatment at 950°C for 10 minutes to desorb 

any residual contaminants.  After cooling to 550°C, and immediately prior to deposition 

of the experimental layer a 20nm Si buffer layer was deposited.  Auger electron 

spectroscopy (AES) and low energy electron diffraction (LEED) were used on a 

sacrificial substrate after deposition of the buffer layer to confirm that the preparation 

techniques were sufficient.  The AES showed only Si within its sensitivity, and the LEED 

showed a sharp (2 × 1) + (1 × 2) reconstruction on the (001) substrates.  The tilted 

surfaces showed sharp LEED patterns as well indicating atomically clean surfaces. 
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Immediately following the buffer layer deposition the heteroepitaxial layers were 

formed by codeposition of Si and Ge in a UHV solid source MBE at 500°C and 600°C at 

a combined rate of 0.04 nm/s.  Layers of Si1-xGex, x = 0.3, were grown to 100 nm on each 

of the three differently oriented substrates.  The deposition is controlled and monitored 

with dual 6Mhz gold-coated quartz oscillators which have been calibrated by 

profilometry. 

Raman scattering was conducted using the 488 nm line of an Ar+ laser.  The laser 

light was focused to an approximate 2 × 0.1 mm line image on the sample and was 

incident at ~45° with the polarization parallel to the scattering plane and approximately 

perpendicular to the [1̄10] direction.  The [1̄10] direction is the axis of rotation about 

which the substrates are tilted, and thus is contained in the surface plane of all of the 

substrate orientations used in this experiment.  The unpolarized backscattered light was 

collected and focused onto the entrance slit of a Jobin-Yvon U1000 double spectrometer.  

For all samples the Si-Si Raman peak position from the layer was used as an indicator of 

stress.  Atomic force microscopy (AFM) was performed using a Park Scientific 

Instruments model M5. 

7.4 Results and Discussion 

7.4.1 General Results 

Shown in Figure 7.1 are AFM images of the samples grown on the on-axis 

substrates.  It is evident that the long range organization which is present on the 500°C 

samples in not present in the 600°C samples.  We see also that the scale of the surface 
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rippling has increased significantly.  The amplitude of the ripple has increased by a factor 

of ~5, and the wavelength which was determined by fourier analysis increased by a factor 

of ~2.4.  Cullis reports in his brief review7 that these two values are related to the strain in 

the layer, ε0, by, 

 
0

max
2 ε

λ
∝






 t , ( 7.1 )

where t is the epitaxial layer’s amplitude of undulation, and λ is the wavelength of 

undulation.8  He notes that this relation approximates the observations for a wide range of 

strains.  This relation is based purely on elastic theory and makes no concessions for 

dislocations in the film.  We know from Raman spectroscopy measurements, though, that 

all of the layers in this study are relaxed to a point which would indicate misfit 

dislocations in the interface.  Notwithstanding, we would like to compare the morphology 

of the surfaces in Figure 7.1 using the relation ( 7.1 ). 

We observe that the increase in the wavelength of undulation between Figure 7.1b 

and Figure 7.1a implies that the layer in a is under less strain than the layer in b assuming 

constant amplitude in the relation ( 7.1 ).  But, we do see that the amplitude of undulation 

increases from b to a.  According to ( 7.1 ), keeping the wavelength constant, an increase 

in t implies a larger strain in a than in b.  Allowing both wavelength and amplitude to 

vary in ( 7.1 ), t and λ both increasing, we see that the strain could remain approximately 

constant depending on the proportional increases in t and λ.  Using the values cited above 

for the increases in t and λ in going from the 500°C sample to the 600°C sample we 

obtain a factor on the order of unity for the change in the strain.  Raman spectra for these 
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samples shows no difference in peak position between the two samples.  This also 

indicates that the strain is the same in both high and low temperature samples. 

We propose that the increased wavelength of surface undulations between Figure 

7.1b and Figure 7.1a is due to the reduction of stress by early formation of dislocations in 

the 600°C sample, but that the increased amplitude is due to the severe blocking of 

threading segments.  New dislocations need not nucleate at the higher temperature as 

most dislocations that form in any layer nucleate from existing imperfections in the 

substrate, i.e., both high and low temperature depositions will have the same density of 

initial dislocations.  The difference in the two samples then comes from the mobility of 

the threading segments after the initial deposition.  Hull and coworkers9 have determined 

an expression for the velocity, v, of a gliding threading dislocation.  Here v is given by, 

 




 −−

=
kT

xEvv v
ex

)6.0(exp0σ  ( 7.2 )

Where v0 is a constant, σex is the excess stress in the layer which is the driving force for 

the motion of the dislocations, Ev is of order 2.0 eV, x is the Ge concentration, k is the 

Boltzman constant, and T the temperature.  Using the temperature values from our 

experiment, we find that the glide velocity at 600°C is a factor of e3.1=22 greater than the 

glide velocity at 500°C. 

So, when it becomes energetically favorable dislocations will form.  Those in the 

lower temperature sample will then gradually relax the surface through glide as the layer 

grows and the driving strain increases, but those in the higher temperature sample will 

quickly glide along the interface until they are blocked or reach the edge of the sample. 
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It has been demonstrated recently that there is a film thickness, the epitaxial 

blocking thickness, below which a dislocation gliding in a film is critically blocked from 

further propagation by another pre-existing dislocation.  Furthermore, those dislocations 

that become blocked at this stage remain blocked upon further film growth.10  Thus, we 

are left with a situation in the higher temperature samples where the threading segments 

quickly lay down lengths of misfit dislocations but are blocked by the other rapidly 

forming dislocations. 

This process leaves the sample with a higher density of threading dislocations 

which terminate at the growth surface, and are subsequently incorporated into the growth.  

These collections of threading segments at the surface would provide local strain relief 

thus providing for preferential deposition sites for the larger Ge atoms.  This not only 

provides a pathway for kinetic roughening of the film, but it also reduces the strain 

further by localization of Ge in the film.  Bean and coworkers11 have shown that there is a 

sharp transition from two dimensional, planar growth to three dimensional, island grown 

at ~600°C for 30% Ge.  We believe we are seeing the beginning of this transition. 

A similar treatment appears to be valid for the 10° off-axis samples in Figure 7.2 

where t increases by a factor of ~10 and λ increases by a factor of ~2.9.  This, again gives 

a change of the order of unity for the strain which corresponds to Raman data also.  Since 

t and λ both increase by significantly more on for growth on this surface than on the 

(001) surface we conclude that there may be enhanced nucleation of misfit dislocations at 

step edges leading to larger densities of blocked threading segments at the surface. 
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We also find that on the the high temperature, 10° off-axis sample the undulations 

approximately match the thickness of the layer.  This indicates that the layer has grown in 

an approximate three dimensional growth regime.  This further supports the idea that we 

are seeing the transition described by Bean.11 

The 22° off-axis sample, shown in Figure 7.3, seems to follow the same general 

trend for increased surface ripple amplitude on the 600°C sample with an increase of ~5, 

but the wavelength of undulation does not seem to have changed significantly with an 

increase of only ~1.2.  Although, the structure of the ripples does change.  These values 

produce an increase in strain according to equation ( 7.1 ) of ~ 3.5, whereas the Raman 

spectra again show no significant shift in peak position, i.e., no difference in the strain 

between the two samples. 

This surface seems to be unique, also in that its features consist of aligned 

trenches whereas the other surfaces consist of aligned ripples, i.e., the surface undulates 

in a continuous manor with regular repetitions of peaks and valleys.  This indicates that 

there is a different pathway to relaxation on this surface than on the others. 

Very little experimental data is available for growth on the 22° surface or similar 

surfaces.  Ge growth on the (113) surface of Si, which is only 3.2° tilt further than the 22° 

off-axis surface has been investigated.  It turns out that Ge deposition of 5-8 monolayers 

at between 400°C and 500°C produces nanowires in the [332̄] direction which are about 

20 nm wide by 150 nm long with facetted sides.12  Noteably, two groups have 

investigated growth of Ge on SiGe multilayers grown on Si (113).13,14  They found that 

the multilayers helped form more uniform wires, dots in some cases, and aided in their 
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organization.  Although, no data seems to exist on dislocation formation in growth on the 

(113) or neighboring surfaces. 

7.4.2 Comment on Organization of Surface Morphology 

The characteristic cross-hatch pattern seen in the surface morphology of the 

500°C sample grown on the (001) on-axis substrate has been observed in other studies.15  

And, while it is widely understood, that there is a direct correlation between the pattern 

on the surface and the pattern of misfit dislocations in the interface, there seems to be 

little agreement on how the dislocations help organize the surface in such a way.  We 

suggest that these data give some insight to this ongoing problem. 

It is known that as dislocations form at the interface by the motion of threading 

segments along the glide plane a step is left on the surface of the sample along the path of 

the threading segment.16  If, as has been proposed17 it is these steps along which 

organization in the surface morphology occurs, then, since the high temperature growth 

restricts the motion of the threading segments, these steps are not formed or are formed in 

a sporadic fashion, and no organization of the high temperature surface occurs. 

7.5 Conclusion 

We have shown that samples of SiGe grown on Si substrates at different 

temperatures can have extremely different surface morphologies.  We have also proposed 

a growth pathway leading to these morphologies.  This pathway involves the pinning of 

gliding threading segments through the interaction of a high temperature thin film surface 

and a pre-existing misfit dislocation.  Low temperature dislocations are less mobile, and 
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thus do not glide until the film generates enough stress through growth to thicker layers 

leaving the dislocation relatively free to pass over pre-existing dislocations.  This 

difference in the motion of dislocations causes differences in the densities of threading 

segments left at the surface at different growth temperatures.  The proposed higher 

density of threading segments at the surface of the high temperature samples then causes 

the extreme roughness that is evident in the topography images. 

Other groups have investigated the surface morphology of SiGe growth on on-

axis substrates at lower temperatures18 and have found large scale suppression of 

undulations at 350°C while retaining a high crystalline quality up to 650 nm film 

thickness.  With this, we propose the following experiment in attempt achieve an 

enhanced ordering of the surface structures:  grow a supercritical layer at low 

temperatures, then anneal at 500 – 550°C to allow for the propagation of misfit 

dislocations.  The resulting surface should have a well organized array of ripples, and 

subsequent growth at ~550°C should enhance these ripples.  Conversely, a thin Si spacer 

layer might reduce the corrugation of the surface, and then allow for reduced strain 

growth of further SiGe layers without the threading segments throughout. 
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Figure 7.1  Atomic force micrographs of 100 nm Si0.7Ge0.3 thick films grown on (001) 
Si at (a) 600°C and (b) 500°C.  The [1̄10] direction is nominally to the right in these 
images. 
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Figure 7.2  Atomic force micrographs of 100 nm Si0.7Ge0.3 thick films grown on 10° 
off-axis Si at (a) 600°C and (b) 500°C.  The [1̄10] direction is nominally to the right in 
these images. 
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Figure 7.3  Atomic force micrographs of 100 nm Si0.7Ge0.3 thick films grown on 22° 
off-axis Si at (a) 600°C and (b) 500°C.  The [1̄10] direction is nominally to the right in 
these images. 
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Chapter 8 Summary 

The growth of SiGe epitaxial layers on Si has become the model system for 

studies of strain layer epitaxy.  A multitude of studies have addressed properties such as 

strain relaxation through misfit formation, and a critical thickness for misfit formation 

was identified by many researchers.  Studies of the initial stages of epitaxy using AFM 

and STM techniques identified unique morphological structures, yet many of these 

observations were not related to strain layer growth.  Studies of the evolution of surface 

morphology noted both strain relaxation and the long range organization of the surface 

morphology that correlated with misfit formation.  These studies were largely confined to 

a single crystallographic orientation namely the (001) surface. 

The study that I present in this thesis brings together all of the elements that have 

been studied mostly individually and separately.  My combined study of the evolution of 

strain, interface defects and surface morphology in the strain layer growth of SiGe is 

comprehensive.  Moreover, I extend this study to a new set of surfaces, and show that all-

new phenomena are observed.  These new phenomena are related to the prior 

observations on the (001) surface, but both the complexity and underlying phenomena 

become more understandable. 

In our approach we have employed solid source molecular beam epitaxy to 

prepare the high quality samples, and we have employed methods to quantitatively 

measure the strain in the film, the interface misfit structure, and the surface morphology. 

Raman spectroscopy was employed to determine the strain.  To obtain quantitative results 
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required an extensive analysis of the Raman phonons in SiGe alloys.  This analysis alone 

should prove important for future studies of these technologically important materials. 

Next I developed a collaboration with Robert Hull and Jennifer Gray of the University of 

Virginia to explore the interface defect structures.  Here we attempted to quantify the 

density and orientation of the strain relaxing misfit dislocations.  In order to extend our 

analysis to the high angle surfaces, I then developed a very general analysis of the 

crystallography of the misfit dislocations which was necessary to develop an 

understanding of how the arrays of misfit dislocations form.  In our studies of the surface 

morphology, we found that atomic force microscopy was an ideal tool.  We could readily 

identify the morphological structures often found in the initial stages of growth, while our 

larger scans displayed the long range organization associated with misfit formation. 

This thesis explored the formation of strain and subsequent relaxation of SiGe 

films grown on substrates which were identified to have unique stable surface 

morphologies.  The substrates, with crystallographic surface orientations between (001) 

and (111), are characterized by stable surface features aligned with the [1̄10] direction.  

Thus the [1̄10] direction is present in each surface.  This orientation was chosen because 

terrace steps readily form along this direction.  All of the surfaces will then share this 

aspect of the surface morphology. 

In briefly summarizing the key aspects of the results, we found the following: 

The interface misfit array on the (001) surface that is characterized as two 

orthogonal arrays along the [110] directions form in three unique directions on substrates 

with a large off-axis tilt from [001] to [111].  These dislocations align well with the 
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predicted intersections of the {111} planes with the substrates, and we derived a simple 

expression that describes the observations.  This is the first time this unique array of 

dislocations has been confirmed with such an obvious angular deflection in the oblique 

arrays.  Using the Burgers vector appropriate for each surface in each dislocation 

direction we estimated the amount of relaxation of a layer by determining dislocation 

densities in the TEM images.  Notably, these relaxation figures will be very different if a 

different Burgers vector is chosen to represent the dislocation. 

It was found, in a direct correlation with the pattern of misfit dislocations, that the 

surface morphology of relaxed films grown on these off-axis substrates have corrugations 

that align well with the same three directions as the dislocations.  This too, has never 

been detected with such an obvious angular deflection in the oblique lines of order.  The 

corrugations form structures, which are similar to those found on the films which have 

not relaxed due to plastic deformation.  Our studies indicate that the alignment of these 

structures is caused by the formation of the misfit dislocations, but further studies, both 

theoretical and experimental, would be required to support this contention. 

Our studies of the strain (using Raman spectroscopy) showed that the amount of 

relaxation of the films increased linearly with film thickness.  These results clearly 

indicate that the relaxation is a kinetic process as opposed to a sudden plastic relaxation 

by misfit dislocation formation.  Films grown on the off-axis substrates showed a quicker 

relative strain relaxation than those on the (001) substrate.  This indicates that the 

propagation of dislocations in the interface of the off-axis samples was stimulated in 

some way.  This study was facilitated by our analysis of the Raman phonon in coherently 
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strained films grown on off-axis substrates allowing us to use the Raman peak position to 

accurately determine the strain.  This is the first time this analysis has been applied to 

high-index surfaces. 

In combining our results, we find that only a fraction of the observed strain 

relaxation can be accounted for with the presence of the misfit arrays.  The organization 

and presence of the surface morphology indicates that the surface morphology also 

significantly contributes to the strain relaxation both in the coherently strained films and 

in the partially relaxed structures. 

There remains much more exciting work in this area.  Strain has been considered 

as a key element in the engineering of epitaxial heterostructures.  Our results show that 

strain can organize nanostructures into long range patterns.  Already, it is evident that 

many varieties of nanostructures can be grown on the (001) surface of Si.  And, with the 

variable patterns of surface corrugations available using the unique substrates presented 

here, there exits the possibility of creating all new templates to organize nanostructures in 

differing arrays.  The research contained in this thesis should provide a working 

framework for future studies of this materials system, but it only opens the door to the 

many possibilities available with different orientations and materials. 
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Appendix A. Tensor Notation Contraction In Crystals 

 

In this appendix we will show how to convert the notation of forth rank, three 

dimensional tensors into six dimensional matrices which are somewhat easier to work 

with.  Most commonly, these are the elastic stiffness, C, and compliance, S, tensors and 

the associated stress, σ, and strain, ε, which are second rank, three dimensional tensors.  

We will not delve into the symmetries which allow us to do this.  For an extensive 

discussion of crystals, their properties and symmetries the reader is referred to the book 

by J. F. Nye entitled, “Physical Properties of Crystal:  Their Representation by Tensors 

and Matrices.” 

From the onset, we must stress that the physical properties as represented in the 

matrix notation is not rotatable in space.  In order to rotate any of the represented 

quantities into a new reference frame the full tensor notation is required. 

We will begin by listing all of the 81 components of the elastic stiffness tensor, C, 

which are 

. 

( A.1 )

The S tensor can be written out similarly.  We will also define the stress, σ, and strain, ε, 

which essentially defines C and S.  For these, we have, by Hook’s Law, 
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3,2,1,,, =lkji  ( A.2 )

where repeated indices are summed over. 

Now, to simplify the notation we can make the following substitutions to pairs of 

indicies ij and kl: 

tensor notation 11 22 33 23, 32 31, 13 12, 21  

matrix notation 1 2 3 4 5 6 
. ( A.3 )

We also need to add factors of 2 to the strain in the following way, 
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, ( A.4 )

and factors of 2 and 4 to S as follows: 

6.or5,4,areandbothwhen4

6,or5,4,areoreitherwhen2

3,or2,1,areandwhen

nmSS

nmSS

nmSS

mnijkl

mnijkl

mnijkl

=

=

=

 ( A.5 )

No extra factors are needed for C or σ. 

As an example we will write out the full equations for ε23: 

332333322332312331

232323222322212321

13231312231211231123

σσσ
σσσ

σσσε

SSS
SSS

SSS

+++
+++

++=
. ( A.6 )

Or, in the contracted matrix notation, 
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1
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1
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1
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. ( A.7 )

Now, we can write 

)6,,2,1,( K=






=

=
ji

S

C

jiji

jiji

σε

εσ
. ( A.8 )

As a final example, we will write down the elastic stiffness constants for a cubic 

crystal in both forms using the matrix notation.  In order to do this, we must first make 

the claim that a cubic crystal only has three unique elastic stiffness constants, i.e., C11, 

C12, and C44 due to the symmetry in the system.  As the full forth rank tensor, this would 

be 

, 

( A.9 )

and in the six dimensional matrix notation we have, 

. 

( A.10 )
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Appendix B. Calculation of the Component of the Burgers 

Vectors in the Plane of the Off-Axis Substrates 

 

In this appendix we determine the cofactor used to calculate the amount of 

relaxation that a dislocation with Burgers vector, b, will produce on an interface in the 

diamond cubic lattice. 

We begin by discussing misfit dislocation relaxation in thin film deposition on the 

(001) surface.  We limit the discussion to the so-called 60° type dislocations which are 

written as 

 1102
a=b , 

( B.1 ) 

where a is the lattice constant.  The allowed b’s are required to be in the glide plane of 

the dislocation.  In the following table, possible Burgers vectors are listed for each of the 

{111} glide planes which are involved.  Note that in each case b3 is the screw dislocation 

allowable on each respective glide plane for the (001) interface.  These dislocations 

remain screw type for the (111) and (1̄1̄1) planes as the surface is rotated off axis, but for 

the remaining two {111} planes the b3 Burgers vectors gain edge character, which give 

them a driving force to form in those systems. 

Next, we need to define several vectors.  Theses are not conceptually necessary 

on the (001) surface as the labeling of the Burgers vector as 60° type tell us all we need to 

know about that dislocation, but as we move off-axis they will be required.  They are as 

follows 
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. ( B.2 )

Now, we will define the cofactor by writing the component of the Burgers vector which 

lies in the interface plane normal to the dislocation, or that part which acts to relax the 

stress.  This is the effective Burgers vector magnitude, or 

 λcosb=effb , ( B.3 )

where λ is the angle between b and ξ.  The cos(λ) is the part we will need to calculate for 

the off-axis substrates.  Here, taking the absolute value removes any ambiguity in 

choosing signs on the vectors in ( B.2 ). 

For the (001) surface, we know from ( B.1 ) that the magnitude of b is 2/a .  

And, it is well known that λ is 60° for this surface, thus we have 

 
22

1})001({ abeff = . ( B.4 )

But, we can calculate cos(λ) by taking the dot product of b and ξ.  Since all four 

glide planes are identical here we can choose the (11̄1) plane with Burgers vector, 

(a/2)[101̄].  In this case u=[110] and n=[001], thus ξ=[11̄0].  With that we have what we 

need to determine that cos(λ)=1/2. 

Now, as we move off-axis, things become slightly more complicated.  Rotating 

the substrate towards the [111] direction by some angle, θ, we can write down that 
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n=[11m], where m need not be an integer in general.  By taking the dot product of this n 

with [001] we can determine that 

 
θtan

2
=m . ( B.5 )

On these surfaces, now, we no longer have all four glide planes acting equally, so 

they will need to be treated individually to some extent.  The (111) and (1̄1̄1) planes still 

intersect the surface along the same line, so their associated u’s will not change and can 

be written as 

 
]101[

and ,]101[

)111(

)111(

=

=

u

u
. ( B.6 )

The dislocation directions for the other two glide planes can be determined as 

follows.  To find the lines of intersection of the (11̄1) and (1̄11) planes with the (11m) 

plane we must solve the following set of simultaneous equations: 
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. ( B.7 )

Those solutions result in: 
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 ( B.8 )

Now, we can write down the ξ’s for all four dislocation lines using the definition in          

( B.2 ).  Dropping any extra constants as all we need are the directions, we are left with 
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 ( B.9 )

Now, we will determine λ, or more importantly cos(λ), by taking the dot product 

of an allowed Burgers vector and its glide plane’s associated ξ.  Here we must be careful.  

We don’t need to look at each allowed b, but we must to include all of the possible 

variances.  For the each of the (111) and (1̄1̄1) planes we can choose a single Burgers 

vector, since the two in each plane are oriented similarly with respect to the interface.  

For the (11̄1) and (1̄11) planes the vectors b1 and b2 in each are oriented differently with 

respect to the interface plane, but the two glide planes are mirror images of each other 

and thus we can just take b1 and b2 from the (11̄1) plane for example.  Then we must also 

include b3 for the off-axis surfaces as it, again, gains edge character and becomes 

important.  With that, we can calculate the following: 
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 ( B.10 )
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where the a and b subscripts delimitate between the b1 and b2 Burgers vectors in each of 

the (11̄1) and (1̄11) planes, and the c subscript represents the b3 Burgers vectors in the 

(11̄1) and (1̄11) planes. 

Finally, we use ( B.10 ) in ( B.3 ) with the known magnitude of the complete 

Burgers vector to determine the effective relaxation do to a misfit dislocation in a film 

grown on one of this family of off-axis substrates.  And, using ( B.5 ) we can make this a 

function of the off-axis angle, θ. 

 

Table B.1  Lists the three allowable Burgers vectors for each {111} glide plane 
intersecting the (001) surface.  Note that a factor of a/2 has been left off each vector, and 
an undetermined sign is left off which will not effect the following discussion. 

Glide plane (111) (1̄1̄1) (1̄11) (11̄1) 

b1 [1̄01] [101] [101] [1̄01] 

b2 [01̄1] [011] [01̄1] [011] 

b3 [1̄10] [1̄10] [110] [110] 

 

 


