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ABSTRACT OF THE THESIS 

 

Dislocation Distribution and Ordering in Metamorphic III-V Layers 

 

By 

 

Joe Schlies 

Masters of Science in Materials Science and Engineering 

University of California, Los Angeles, 2014 

Professor Mark S. Goorsky, Chair 

 

GaAs-based compositionally graded buffer layers were investigated to determine the 

strain relaxation as a function of growth as well as whether ordering plays a role in the change in 

the strain relaxation mechanisms. A detailed analysis of reciprocal space maps was used in order 

to identify properties including lattice parameter, composition, strain and tilt of the epitaxial 

layers as a function of buffer layer depth. The existence of CuPt ordering within the samples was 

also probed using x-ray diffraction. Transmission electron microscopy was employed to 

investigate defects within the heteroepitaxial layers, and diffraction patterns taken using this 

technique were used to identify the presence of any CuPt ordering.  
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 Three different multilayer III-V structures were analyzed, all were [001] oriented and 

miscut 6° towards a [110] direction. The reference sample was a triple junction ordered -

InGaP/GaAs/Ge solar cell, which did not include a compositionally graded layer.  The structure 

was determined to have single-variant CuPt-B ordering in two of the ternary In0.5Ga0.5P layers, as 

confirmed using both  <110> and  <1 1 4> zone axis transmission electron microscopy diffraction 

patterns. Observation of the x-ray diffraction peak corresponding to the ½ (115) planes 

confirmed the single variant ordering. The other samples included compositionally graded layers. 

One was a linear-grade In0.5Ga0.5P to InP buffer structure on a GaAs substrate. No CuPt ordering 

was observed in either x-ray diffraction or TEM. Analysis of x-ray reciprocal space mapping of 

the (004) and (224) lattice points revealed the epitaxial layers have a negative tilt, towards the 

surface normal, that increased and then decreased as a function of composition. The tilts, and 

particularly changes in the tilt, represent the influence of the formation of misfit dislocations 

within the buried layer structure. While changes in the tilt at certain compositions were observed, 

the lack of any observed ordering confirms that ordering is not necessary to induce the changes 

in overall layer tilt or in strain relaxation. Another sample was a step-grade InGaAs/linear-grade 

InGaP/step-grade InGaP to InP structure on a GaAs substrate. Again, no ordering was seen in 

either X-ray diffraction or transmission electron microscopy. X-ray reciprocal space mapping of 

(004) and (224) lattice points was employed to characterize the composition, tilt, lattice 

parameter and strain state of the step-grade layers. It was found that the layers had negative tilt, 

towards the surface normal, and that the lattice had asymmetric in-plane relaxation that led to a 

slight orthorhombic distortion.  Again, the lack of observed ordering further shows that the 

changes in the strain relaxation mechanisms do not necessarily depend on ordering. 
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 Three multilayer III-V structures were successfully characterized for CuPt ordering and 

crystalline quality using non-destructive X-ray diffraction and transmission electron microscopy, 

which requires small sampling. This process is crucial to identifying new III-V multilayer 

structures with favorable properties that can be used in devices. 

  



v 
 

The thesis of Joe Schlies is approved. 

 

 

       _________________________________ 

 Dwight C. Streit 

       

    

 

    _________________________________ 

 Ya-Hong Xie 

     

     

 

   _________________________________ 

 Mark S. Goorsky, Committee Chair 

 

University of California, Los Angeles 

2014 



vi 
 

 

Table of Contents 

List of Figures .............................................................................................................................. viii 

Acknowledgements ......................................................................................................................... x 

Chapter 1: Introduction ................................................................................................................... 1 

1.1 Introduction ........................................................................................................................... 1 

1.2 Motivation ............................................................................................................................. 2 

1.3 Organization .......................................................................................................................... 4 

Chapter 2: Background and Theory ................................................................................................ 5 

2.1 High Resolution X-ray Diffraction (HRXRD) and Reciprocal Space Mapping ................... 5 

2.2 Transmission Electron Microscopy (TEM)........................................................................... 9 

2.3 Lattice Tilt and Dislocations in III-V Epitaxial Layers....................................................... 10 

2.4 Ordering in III-V Semiconductor Materials ........................................................................ 13 

Chapter 3: Triple Junction Lattice-Matched Solar Cell ................................................................ 18 

3.1 Background ......................................................................................................................... 18 

3.2 X-Ray Diffraction Measurements ....................................................................................... 18 

3.3 Transmission Electron Microscopy ..................................................................................... 20 

3.4 Results and Analysis ........................................................................................................... 21 

Chapter 4: GaAs Based Linear Grade InGaP Buffer Structure to InP .......................................... 28 

4.1 Background ......................................................................................................................... 28 

4.2 X-ray Diffraction Measurements ........................................................................................ 28 

4.3 Transmission Electron Microscopy ..................................................................................... 30 

4.4 Results and Analysis ........................................................................................................... 30 

Chapter 5: GaAs Based InGaAs/InGaP Buffer Structure to InP .................................................. 37 

5.1 Background ......................................................................................................................... 37 

5.2 X-ray Diffraction Measurements ........................................................................................ 37 

5.3 Transmission Electron Microscopy Measurements ............................................................ 40 



vii 
 

5.4 Results and Analysis ........................................................................................................... 40 

Chapter 6: Summary and Conclusions .......................................................................................... 52 

References: .................................................................................................................................... 54 

 



viii 
 

List of Figures 

Figure 1: Bede D1 high-resolution X-ray diffractometer setup showing three principal axes. .... 16 

Figure 2: Transmission electron microscope setup showing main constituents ........................... 16 

Figure 3: Representation of glide plane asymmetry on miscut substrates, showing unequal 

Burger’s vector components. ................................................................................................. 17 

Figure 4: (110) Cross section representation of a CuPt ordered zincblende lattice with ordering 

along (111) planes [27]. ......................................................................................................... 17 

Figure 5: ½ (115) ω-2θ scan showing an ordered peak. ............................................................... 24 

Figure 6: Corresponding double-axis ω-2θ scan of (115) planes containing CuPt-B ordering. ... 24 

Figure 7: SEM image of TEM sample cross section. Boxes indicate the presence of ordering in 

those layers. ........................................................................................................................... 25 

Figure 8: <110> zone axis diffraction pattern from InGaP layer nearest the substrate in Figure 7. 

Ordered spots, shown in inset, are seen as lower intensity streaks inclined several degrees 

from the g (002) direction. ..................................................................................................... 25 

Figure 9: <110> zone axis diffraction pattern from InGaP layer nearest the top of the TEM 

sample in  Figure 7. Ordered spots, one shown in inset, are seen as points with lower relative 

intensity. ................................................................................................................................ 26 

Figure 10: <110> zone axis diffraction pattern from GaAs layer with no ordered spots present. 26 

Figure 11: <114> zone axis diffraction pattern from the plan-view TEM  sample of an ordered 

InGaP layer, showing ordering along the g (131) direction. ................................................. 27 

Figure 12: <114> zone axis diffraction pattern from plan-view TEM sample of a GaAs layer with 

no ordering. ............................................................................................................................ 27 



ix 
 

Figure 13: Layer structure of InGaP linear buffer. ....................................................................... 35 

Figure 14: <110> zone axis diffraction pattern of In0.5Ga0.5P region of linearly graded buffer 

layer.  Sample warp can be seen in curvature of diffraction pattern. No ordered spots 

present. ................................................................................................................................... 35 

Figure 15: (004) symmetric reciprocal space map of linearly graded buffer structure at 0° 

azimuthal orientation. ............................................................................................................ 36 

Figure 16: (224) asymmetric glancing incidence reciprocal space map at 0°  azimuthal rotation 

showing tilt-corrected InP layer and 100% relaxation line. .................................................. 36 

Figure 17: Cross-section schematic of InGaAs/InGaP buffer structure. ...................................... 47 

Figure 18: <110> zone axis diffraction pattern from InGaP linear graded buffer region.  No 

ordering spots are seen in this image. .................................................................................... 48 

Figure 19: Composite TEM dark field image with several diffraction spots included. Layers are 

shown and diffraction pattern area from Figure 18 is indicated with a circle. Scale bar is 500 

nm. ......................................................................................................................................... 49 

Figure 20: (004) reciprocal space map of InGaAs/InGaP buffer structure taken at an azimuthal 

rotation of 0°. ......................................................................................................................... 50 

Figure 21: (224) glancing exit reciprocal space map of InGaAs/InGaP buffer structure with tilt 

correction shown, taken at an azimuthal rotation of 180°. .................................................... 50 

Figure 22: (004) reciprocal space map of InGaAs/InGaP buffer structure  taken at an azimuthal 

rotation of 90°. ....................................................................................................................... 51 

Figure 23: (224) glancing exit reciprocal space map of InGaAs/InGaP buffer structure with tilt 

correction shown, taken at an azimuthal rotation of 90°. ...................................................... 52 

 



x 
 

Acknowledgements 

 First, I would like to thank my parents Christopher and Christine Schlies for their love 

and support throughout my entire educational career. Mom and Dad, I would not have 

accomplished all that I have so far if it were not for how you raised me and how you taught me 

to live my life. I would also like to thank my other family members as well, my brother Dominic 

and Aunt Jo, for their encouragement and helping me keep things in perspective. To my 

wonderful girlfriend Emily, you have always been there for me throughout my college career 

with limitless support and love. You’ve kept me going when things have been tough and for that 

I am eternally grateful. 

 Next I would like to thank Professor Ya-Hong Xie and Professor Dwight Streit for their 

time spent and willingness to serve on my thesis committee, it is much appreciated. Thank you to 

Noah Bodzin for the TEM sample preparation, to Xialou Kou for acquiring the TEM images and 

to Jeff McKay for teaching me how to use the x-ray diffractometer. I would also like to thank the 

researchers at the Ohio State University for the samples used in this thesis. All of this would not 

have been possible without your contributions. 

 I would also like to thank all my lab mates, past and present. Thank you Mike Jackson for 

teaching me so much when I was just starting as an undergraduate. To David, King, Jeff, Xiaolu, 

Saurabh, Brett, Mark and Doug, it has been a pleasure to work with each of you and you have all 

taught me a lot through the course of my studies here. To my friends at OASA, Owen, David, 

Allison and all the counselors, thank you for your caring and support, providing me with a 

second home on campus away from my lab. Finally, I would like to thank Professor Goorsky for 

everything he has done. Thank you for giving me research opportunities as an undergraduate and 



xi 
 

for allowing me to continue this work as a graduate student. Thank you for giving me teaching 

assistant opportunities, for teaching me how to be a better presenter, how to think critically and 

to be a better overall engineer. I am grateful for all that I have learned in the past few years and I 

look forward to applying these skills every day. 

 



1 
 

Chapter 1: Introduction 

1.1 Introduction 

 III-V semiconductor materials have many advantageous properties compared to 

traditional semiconductor materials such as silicon, and their use is ubiquitous in today’s 

advanced electronic devices. Cell phones contain GaAs based high frequency, high power 

transistors, the most efficient solar cells use III-V multilayer structures to better absorb the solar 

spectrum than any silicon cell, and III-V LEDs and lasers can be tuned to emit photons of a 

desired frequency with high energy efficiency and brightness. In short, these materials have 

played a vital role in the advances of consumer, industrial and military electronics over the past 

few decades. 

 While not as mechanically robust as elemental semiconductors like silicon, III-V 

materials often have superior electronic properties such as higher electron mobilities and direct 

band gaps. These III-V materials that crystallize in the zincblende crystal structure also have the 

ability to be alloyed with one another to produce intermediate band gaps and lattice parameters, 

which allows for the band gap of the material to be tuned to specific, desired values. This is 

known as band gap engineering and has applications in solar cells as well as quantum well 

structures such as lasers and transistors. The ability to achieve desired band gaps is useful when 

attempting to emit or produce photons of a certain wavelength, but the associated change in the 

lattice constant when producing these structures must be kept in mind. Degradation of device 

performance due to defects in the bulk material associated with lattice mismatched layers, 

particularly through the existence of threading dislocations in the active layers, must be carefully 

controlled. 
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 The lattice parameter of a structure can also be intentionally be changed from one value 

to another through the use of compositionally graded buffer layers. This can be done to create 

“virtual substrates” for epitaxial growth of certain band gaps or lattice parameters if fabrication 

of a real substrate with that lattice constant is not possible or too cost prohibitive. Structures 

under investigation in this thesis are of this kind, and have been graded from a GaAs substrate to 

a top layer of InP and allow for smaller band gaps to be accessed through the use of GaAs 

substrates. 

 The epitaxial growth of such III-V multilayer structures is typically performed through 

either metalorganic vapor phase epitaxy (MOVPE) or molecular beam epitaxy (MBE). 

Heteroepitaxial lattice mismatched structures are often grown using these methods on substrates 

that are miscut several degrees from a [001] orientation, as the surface steps created by the 

miscut can improve the growth morphology and lead to better device performance [1-2]. The 

purpose of this research is to investigate how the grading profile, substrate miscut and existence 

of any atomic ordering will combine to influence the dislocation distribution and strain 

relaxation within the heteroepitaxial layers.  

1.2 Motivation 

 The foundation for the improvements in the electronic properties of semiconductors, from 

solar cells to LEDs to transistors, has been the ability to grow high quality epitaxial thin films of 

arbitrary lattice parameter using III-V semiconductors. These multilayer structures must be of 

sufficiently good quality that improvements in performance expected through new designs are 

not outweighed by losses from defects to the crystal lattice that occur during fabrication. Each 
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time a new layer structure is generated, its properties must be characterized to determine the 

quality of the material and the viability of that structure for specific applications.  

 To perform the characterization, x-ray diffraction (XRD) is utilized as the primary 

technique. Characteristic diffraction peaks of the material in the graded buffer layers as well as 

the device layers can be used to non-destructively analyze properties such as lattice parameter, 

composition, strain relaxation, dislocation distribution and lattice tilt in each of the layers of a 

given structure. The tilt behavior during growth is of particular significance, as changes in the 

magnitude and direction of the tilt are indicative of changes in the dislocation distribution and 

the strain relaxation mechanism of the lattice. The existence of atomic ordering is known to 

induce such changes, and x-ray diffraction can also be used to investigate the presence of any 

ordered regions [3]. In the absence of ordering, different second phase particles or other factors 

may influence the tilt and dislocation dynamics, and these should also be identified and 

characterized to fully understand the resultant structure. Obtaining this data is vital to 

understanding the sample as a whole, and x-ray diffraction is able to provide much of this 

information. 

 In order to probe other properties of the epitaxial structure, transmission electron 

microscopy (TEM) can be employed. Since the layers are typically on the order of several 

microns thick, they require microscopy techniques that are able to observe them. With TEM, the 

entire layer structure can be imaged to directly see things that x-ray diffraction cannot show. 

Dislocations and defects to the crystal lattice can be seen and counted through contrast in TEM, 

as well as individual layer thicknesses and the interfaces between them. 
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1.3 Organization 

 The background and theory of x-ray diffraction and transmission electron microscopy, as 

well as atomic ordering, layer tilt and dislocations in III-V materials, are described in Chapter 2. 

Chapters 3 to 5 give background, experimental procedures, and a discussion of the results and 

analysis for a triple junction InGaP/GaAs/Ge solar cell, a linear grade InGaP buffer structure to 

InP on a GaAs substrate, and a combination InGaAs step grade/InGaP linear grade/InGaP step 

grade to InP buffer structure on a GaAs substrate, respectively. Chapter 6 provides a summary 

and gives the conclusions of this research. 
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Chapter 2: Background and Theory  

2.1 High Resolution X-ray Diffraction (HRXRD) and Reciprocal Space Mapping 

 The diffraction of x-rays by crystals was first observed by Max von Laue in 1912 and 

shortly after by W.L. and W.H. Bragg in 1913, where x-rays incident at certain angles in certain 

materials produced diffracted intensities. Since x-ray wavelengths are of the same order as 

interatomic spacings in solids, they can be used to probe distances and crystal structures of 

elements and compounds. Bragg used this to derive a mathematical relationship between the 

wavelength of the x-ray, the angle of incidence and the spacing of the atomic planes of the 

crystal. This relationship, shown below, is known as Bragg’s Law and defines the conditions for 

constructive interference of x-rays in a crystal: 

2   Bn d sin    Equation 2-1 

where n is the order of diffraction, λ is the wavelength of the x-ray, d is the spacing of atomic 

planes, and θB is the Bragg angle for constructive interference.  

 Satisfying Bragg’s Law is not a guarantee that constructive interference will result. The 

arrangement of atoms within the unit cell of a crystal may cause x-rays to be reflected out of 

phase and interfere destructively even if the sample is at the Bragg condition. The atomic 

arrangement of the unit cell is known as the structure factor, Fhkl, of the crystal and can be 

described by the following equation: 

 2 ( )

1

n n n

n
i hu kv lw

hkl nF f e
  

  Equation 2-2 
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where n is the number of atoms in the unit cell, f is the atomic scattering factor of a given 

element, hkl represent the Miller indices of the diffracting plane and uvw are the coordinates of 

the atoms within the unit cell. A nonzero structure factor means that a given reflection will not 

interfere destructively, and the intensity of the diffracted beam is proportional to |F|2, the 

structure factor multiplied by its complex conjugate for imperfect crystals and is proportional to 

|F| for highly perfect crystals. 

 X-ray diffraction measurements for this research were performed on a Bede D1 high 

resolution x-ray diffractometer. The diffractometer setup is shown in Figure 1, consisting of a 

sealed x-ray tube with a Cu Kα1 radiation source operating at 40 kV and 35 mA and three 

principle axes. Axis 1 contains the initial x-ray optics, a Maxflux focusing x-ray mirror and a two 

bounce channel cut (220) Si collimator crystal in the (+,-) configuration as the beam conditioner, 

resulting in a highly parallel Cu Kα1 x-ray beam. The dimension of the beam was defined by a 

slit that was 1 mm wide by 10 mm tall. Axis 2 is the sample stage, with the ability to control the 

sample angle through the ω axis, sample tilt through the χ axis, rotate the sample azimuthally 

through the φ axis and bring the sample in and out of the x-ray beam with the Z axis. Axis 3 

consists of the analyzer and the detector. For high resolution symmetric triple-axis diffraction 

(TAD) scans, the analyzer consisted of a four bounce channel cut (220) Si crystal in the (+,-,+,-) 

configuration. Asymmetric glancing exit TAD scans used thin slits with a width of 0.14 mm 

instead of the Si crystal to limit the acceptance angle to 96 arcsec but allow for higher intensity 

to better resolve the peaks. Van der Sluis showed that using slits such as these is an effective way 

to increase the intensity of asymmetric scans while maintaining an angular resolution smaller 

than the width of the diffraction peaks for partially relaxed epitaxial structures [4]. Double-axis 
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diffraction (DAD) scans used slits with a width of 0.5 mm to define the diffracted beam, with an 

acceptance angle of 344 arcsec.  

 The technique used for acquiring most x-ray diffraction data in this research is known as 

reciprocal space mapping. Reciprocal space mapping consists of a series of looped high 

resolution ω-2θ scans, where the 2θ axis is incremented two steps for every step along ω to trace 

out a straight line in reciprocal space. By incrementing the relative ω position between each 

coupled ω-2θ scan, an area of reciprocal space can be mapped. This data can be converted to a 

2D contour map of the intensity, showing where in reciprocal space the diffraction peaks from 

certain layers lie. Units of reciprocal space are given in µm-1, and reciprocal space maps are 

adjusted such that the substrate peak intensity has Qz (out-of-plane) and Qx (in-plane) 

coordinates of (0 µm-1, 0 µm-1). All other layer peak coordinates are given in reference to the 

substrate. Reciprocal space maps of symmetric (004) reciprocal lattice points and asymmetric 

(224) reciprocal lattice points were acquired. 

 The locations of the diffraction peaks in reciprocal space of a multilayer structure allow 

for the determination of many of the crystallographic properties of the layers such as lattice 

parameters, tilts, strain states and compositions. From an (004) symmetric reciprocal space map, 

tilt of the epitaxial layers can be quantified as any variation in Qx from the substrate peak, as no 

in-plane information is provided in the (004) reflection. Therefore, this variation must be entirely 

attributed to layer tilt. After extracting the tilt magnitude from the (004) reciprocal space map, 

tilt correction can be applied to the (224) reciprocal space map, containing in-plane information, 

by moving the reciprocal lattice points along an arc, effectively a straight line in these small 

expanses of reciprocal space, that connects the locations of a fully relaxed and fully strained 
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layer in reciprocal space. Tilt correction is necessary for an accurate analysis of other materials 

properties, such as lattice parameters, strain, and composition of the layers. 

Lattice parameters can be directly calculated from the tilt-corrected (224) reciprocal 

space map. This is achieved with the inverse of the absolute (not relative) coordinates in µm-1, 

multiplying it by a factor of 104 and then multiplying by the square root of the sum of the squares 

of the Miller indices in the direction of the desired lattice constant, by 4 along the (004) axis and 

by 8  along the (220) axis. The result is the lattice parameter, in Angstroms. 

 Layer composition is another property that x-ray diffraction can be used to measure in 

III-V materials once the lattice parameters are known. For a partially relaxed zincblende lattice, 

where the in-plane and out-of-plane lattice parameters may be different from each other, the 

relaxed lattice parameter can be calculated using the following equation [5]: 

 110 110

1

1 1rel

a a a a

a a a a

 

     

            
          

          

  Equation 2-3 

where ν is the Poisson ratio of the layer, Δa is the lattice parameter difference between the given 

direction and the substrate, and a is the substrate lattice parameter. In order to calculate 

composition, the lattice parameter of the underlying layer must be known as well. For a given 

out-of-plane lattice parameter, if each of the in-plane lattice parameters are the same and the 

interplanar angles are 90°, then the distortion is tetragonal, but if the in-plane lattice parameters 

are different, then the distortion is orthorhombic. Using Vegard’s Law to interpolate the Poisson 

ratio and relaxed lattice parameter for a ternary III-V compound, assuming a linear relationship 

between these properties for ternary compounds, the composition of that layer can be calculated 

as it is the only unknown in Equation 2-3. 
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 Strain within the partially relaxed epitaxial layers is defined as the difference in the actual 

and relaxed lattice parameters divided by the relaxed value can be calculated once the relaxed 

lattice parameter of a layer is determined. There can be as many as three axial strain components 

in the zincblende system, one for out-of-plane strain and two in-plane strain components along 

orthogonal directions.  

2.2 Transmission Electron Microscopy (TEM) 

 Transmission electron microscopy (TEM) is another key characterization method used in 

the study of III-V multilayer structures. The microscope uses a field emission gun to produce 

electrons having a small energy spread and angular divergence. This beam of electrons then 

passes through a condenser system that consists of a series of two or more magnetic lenses and 

an aperture between the lenses. The first magnetic lens will control the beam demagnification 

from the electron gun, the condenser aperture will control the convergence angle of the beam, 

and the second magnetic lens is used to focus the beam onto the sample and control the spot size. 

The beam next passes through the sample, which should be thinned to electron transparency. The 

sample stage controls the position of the sample in the X, Y and Z directions as well as the 

ability to tilt the sample in order to achieve a desired alignment. After passing through the 

sample, the beam encounters the objective lens and the intermediate lens. The objective lens 

forms either an image or diffraction pattern from the specimen and then passes it to the 

intermediate lens, which magnifies it and passes it to the projector lens which projects the final 

image onto a CCD screen for display. A representation of this system is shown in Figure 2. 

The TEM image can be modified by the use of a selective area aperture or objective 

aperture within the objective and intermediate lens system to examine the electrons transmitted 
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from a certain area of the specimen. Information can be gathered from a desired location in the 

sample using an objective aperture, or it can be inserted in front of one of the diffracted beams so 

only that information and intensity is transmitted. Putting an objective aperture in front of the 

transmitted beam forms a bright field image, and isolating one of the diffracted beams will 

produce a dark field image. Dark field images can provide increased contrast and make features 

along a given crystallographic direction more apparent, since the electrons chosen for analysis 

are limited to those diffracting off a chosen set of planes. This allows for dislocations and defects 

along certain crystallographic directions to be imaged and characterized with higher contrast. 

Transmission electron microscopy use in this thesis was primarily used to acquire 

diffraction patterns. Since the wavelength of electrons in TEM is small, 0.00196 nm for a 300 

keV electron beam, the surface of the Ewald sphere in reciprocal space has a large radius. The 

radius is sufficiently large that when aiming the beam down a certain crystallographic direction, 

known as the zone axis, a large number of planes orthogonal to that direction will satisfy the 

Bragg diffraction condition. This produces a 2D slice of reciprocal space that can be projected 

onto the CCD screen. These planes can be indexed according to structure factor rules of the 

material and the existence of any additional spots from superlattice reflections or double 

diffraction can be seen in the diffraction pattern.  

2.3 Lattice Tilt and Dislocations in III-V Epitaxial Layers  

 A consequence of lattice mismatched growth of heteroepitaxial III-V semiconductor 

layers on miscut substrates is that the epitaxial layers will exhibit some tilting of the (001) lattice 

planes with respect to the (001) planes of the substrate. The magnitude of this tilting has been 

found to be greatest along the direction of the miscut, and this effect was first reported by Nagai 
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[6]. He argued that this tilt arises as in order to avoid lattice discontinuity at surface steps created 

by the miscut substrate in pseudomorphic samples. While his argument has since been proven 

incorrect, his model is consistent with what is observed. In this model, the angle of the tilt can be 

calculated as: 

 tan tan
d

d
 

 
  

 
   Equation 2-4 

where α is the tilt angle, ε is the miscut angle and Δd/d is the out-of-plane lattice parameter 

difference between layer and substrate. This model predicts that in a positive misfit system, with 

the epitaxial layer having a larger lattice parameter than the substrate, the tilt will be positive, or 

away from the surface normal.  

While the Nagai model holds well for pseudomorphic systems where the epitaxial layer is 

completely strained, it fails to predict tilt behavior when the layer is partially relaxed by the 

formation of misfit dislocations. Lattice mismatch between a given layer and the underlying later 

is called the misfit and is defined as: 

l s

s

a a
f

a


    Equation 2-5 

where f is the misfit, and al and as are the relaxed lattice parameters of the layer and substrate, 

respectively. Misfit dislocations are introduced when a lattice mismatched epitaxial layer 

exceeds the Matthews-Blakeslee critical thickness [7], which can be calculated as: 

 
 21 cos

ln 1
8 (1 )cos

c
c

hb
h

f b

 

  

  
    

   Equation 2-6 
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where hc is the critical thickness, b is the Burger’s vector, f is the misfit, ν is the Poisson ratio, λ 

is the angle between the slip direction and the direction perpendicular to the intersection between 

the interface and the slip plane, and α is the angle between the Burger’s vector and the 

perpendicular line. When exceeding this critical thickness for pseudomorphic growth, misfit 

dislocations form at the interface to relieve the built-up strain within the layer, and these misfit 

dislocations can contribute to the overall tilt of the layer. 

 The strain that results from lattice mismatched growth of (001) oriented zincblende 

semiconductor crystals is relieved through the formation and glide of misfit dislocations where 

the Burger’s vector and dislocation line form an angle of 60° [8]. These dislocations slip in 

<110> directions, glide on {111} planes and contain both a misfit component parallel to the 

growth surface and a tilt component perpendicular to the growth surface. On exactly oriented 

(001) substrates, each slip system is equally active so the distribution of different tilt components 

is balanced, resulting in no net epitaxial tilt. A substrate miscut towards a major crystallographic 

direction, such as [110], will create an asymmetry between the different glide planes that shows a 

preference for one slip system, and this imbalance will lead to an overall tilting of the epitaxial 

layer [3, 9]. This asymmetry between slip planes is shown in Figure 3 and can be understood 

through an analysis of the Burger’s vectors of two 60° dislocations, b (111)  and b (111) . The 

substrate miscut will change the magnitude of the strain-relieving misfit components of these 

Burger’s vectors such that bmisfit (111) > bmisfit (111) , and this can lead to one glide plane being 

preferred over the other. Since the tilt components for misfit dislocations gliding on (111)  and 

(111)  planes are opposite, a preference for one particular glide plane will result in an overall tilt 

of the layer. It was shown that for positive misfit systems, the compressive strain during growth 
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is relieved by dislocation glide that induces negative tilting of the epitaxial layer lattice planes. In 

this case, the dislocations prefer to glide along b (111)  and therefore cause the layers to tilt away 

from the substrate (001) normal and towards the surface normal, opposite of Nagai’s tilt. This 

expected to make the (001) planes of the epitaxial layer more parallel to the surface of the wafer. 

Experimentally, however, this is not always observed in compositionally graded buffers. Other 

factors such as second phase particles may also influence the dislocation dynamics and change 

the expected tilt behavior through glide plane switching [3, 10].  

2.4 Ordering in III-V Semiconductor Materials 

  In epitaxial layers of ternary III-V compounds such as InxGa1-xAs and InxGa1-xP, atoms 

will stack in the zincblende crystal structure. This arrangement consists of alternating (111) 

planes of the group-III and group-V elements, with the elements Ga and In randomly situated on 

the group-III (111) planes. Certain growth conditions may lead to an ordered structure, where the 

Ga and In atoms are not randomly distributed on the group-III lattice sites. The most commonly 

observed form of ordering in III-V ternary alloys is CuPt ordering, which was first observed in 

the AlxGa1-xAs system [11]. For an InxGa1-xP alloy in the ordered CuPt structure, the (111) 

planes form alternating layers of In atoms, P atoms, Ga atoms and P atoms, as opposed to the 

mixed distribution of group-III elements in the disordered structure. A representation of a CuPt 

ordered lattice is depicted in Figure 4. 

By definition, the group-III elements within CuPt ordered domains each have a 50% mole 

fraction, and indeed ordering is often found in ternary III-V alloys with compositions such as 

In0.5Ga0.5P and In0.5Ga0.5As. It has also been shown that a 50% mole fraction of the group-III 

element in the bulk material is not a condition that is required for ordered domains to form, with 
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a study by Kondow et. al. demonstrating CuPt ordering in an Ga0.7In0.3P alloy [12] and Steiner 

et. al. showing ordering over a range of GaxIn1-xP over a range of compositions, from 0.51 < x < 

0.76 [13]. Simulations have predicted the existence of ordering in GaxIn1-xP alloys over the entire 

compositional range, from 0 < x < 1 [14]. 

In principle, the CuPt ordering can occur on any of the equivalent {111} planes, however 

it has only been observed experimentally in ( 1 11) and (1 1 1) planes [15-16]. This is referred to 

as CuPt-B variant ordering. On exactly oriented [001] substrates, there are typically equal 

amounts of the two (111)B variants. Substrates miscut towards one of the (111)B variants show a 

preference for ordering on those (111)B planes, and a substrate miscut of 6° will result in nearly 

single variant CuPt-B ordering along the (111)B plane in the direction of the miscut [17].  

The ordered CuPt lattice produces extra diffraction reflections called superstructure 

reflections due to the added element of periodicity that changes the structure factor of the crystal, 

and these can be detected in X-ray diffraction and transmission electron microscopy. The ordered 

structure has a unit cell that is twice as large as the bulk material, meaning they are half the 

distance away in reciprocal space as the corresponding bulk reflections. Since CuPt ordering lies 

along the {11 n} planes, reflections of the ½(111), ½(113) and ½(115) spots can be observed for 

the case of CuPt ordering.  The ½(115) reflection was used to characterize ordering in this thesis 

due to the convenient diffraction geometry.   

 The existence of CuPt-B ordering in ternary III-V semiconductors has been 

experimentally found to influence the properties of the materials. The most notable property 

affected for solar applications is a reduction in the band gap of the layer due to alteration of the 

band structure and crystal symmetry from the ordered (111) planes [18-19]. A decrease in the 
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band gap of 100 meV is typical [20-23] and reductions up to 190 meV have been reported for the 

In0.5Ga0.5P system by carefully controlling the conditions during growth [24-25]. Control of the 

existence of ordering is therefore of extreme importance when considering the desired electronic 

properties of a ternary III-V layer.  

Another effect of ordering to consider is whether the formation of ordered domains will 

have any impact on the relaxation behavior of a metamorphic layer. Dislocation formation and 

glide may be influenced by the presence of ordered domains. The unit cell for the ordered 

domain is twice that for a zincblende structure in the c-axis direction, so the Burger’s vector in 

the ordered domain would be larger than the zincblende matrix. Therefore, the ordered domains 

are hypothesized to act as second phase particles which would hinder or alter dislocation motion. 

This is important as it is desirable for threading dislocations that accompany misfit dislocation 

formation to glide and be annihilated at the edge of the wafer. Otherwise these threading 

dislocations will propagate up into subsequent layers and adversely affect device performance by 

acting as scattering centers to reduce carrier mobilities and will form mid-gap states to decrease 

minority carrier lifetimes [26]. For these reasons, samples in this thesis were investigated for the 

presence of ordering and any effects ordering may have had on the lattice relaxation during 

growth.  
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Figure 1: Bede D1 high-resolution X-ray diffractometer setup showing three principal axes. 

 

Figure 2: Transmission electron microscope setup showing main constituents 
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Figure 3: Representation of glide plane asymmetry on miscut substrates, showing unequal tilt and misfit 

Burger’s vector components. 

  

Figure 4: (110) Cross section representation of a CuPt ordered zincblende lattice with ordering along (111) 

planes [27]. 
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Chapter 3: Triple Junction Lattice-Matched Solar Cell 

3.1 Background 

 The lattice matched triple junction system of In0.5Ga0.5P/GaAs/Ge has been of 

extraordinary importance in the field of multijunction solar cells. Low defect densities and high 

crystalline quality from the small mismatch of the layers has allowed for efficiencies as high as 

41.6% to be achieved under concentrated sunlight [28]. The band gap combination of 1.8/1.4/0.7 

eV for the InGaP, GaAs and Ge junctions, respectively, is not perfectly suited to the solar 

spectrum, however. The GaAs junction limits these devices by producing the least amount of 

current, which can only collect photons in the 1.8 eV-1.4 eV range [29].  

 The goal of investigating a triple junction InGaP/GaAs/Ge solar cell in this thesis is not 

to characterize the electronic properties or crystalline quality, but rather to detect and confirm the 

presence of CuPt-B ordering within the ternary InGaP layers. The sample provided was 

previously known to contain CuPt-B ordering, so measurements were taken using x-ray 

diffraction and transmission electron microscopy in an effort to observe the ordering of the 

InGaP within it. The purpose of this was to serve as practice for the characterization of other 

samples that may or may not contain ordering, and to be sure that the presence of ordering could 

be positively identified through XRD and TEM. 

3.2 X-Ray Diffraction Measurements 

 One four-inch triple junction (001) oriented InGaP/GaAs/Ge solar cell wafer was 

examined in order to detect and confirm the presence of CuPt-B ordering within the ternary 

InGaP layers of the sample. The piece cleaved along [110] type directions when it broke, 45° and 
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135° from the [100] wafer flat. This information was used when mounting and aligning the 

sample on the diffractometer. 

 The x-ray diffraction measurements were taken on a Bede D1 diffractometer in the 

double-axis configuration. The main reflections of interest were the (115) and the ½ (115) 

positions. The (115) peak for the Ge substrate occurs at a 2θ value of 90.05°. Determining the 

location of the (115) peak on the ω and χ axes for a given sample orientation gives the magnitude 

and direction of the miscut of the wafer. This information about the miscut must be known and 

applied in order to search the correct area for the existence of any ½ (115) ordered peaks. The  

½ (115) reflection for In0.5Ga0.5P, nearly lattice-matched to Ge, has a 2θ value of 41.42°, and the 

ω and χ values will vary depending on the sample orientation due to the miscut. Since the (115) 

and ½ (115) planes are not parallel to the surface, 15.79° from the (001) planes, the (115) and ½ 

(115) scans were taken in the glancing incidence configuration. This is because of higher 

intensity values and favorable geometry, where the (115) ω value is 29.23° and the ½ (115) ω 

value is 4.91° before adjusting for the miscut [30].  

 The sample was aligned so that a [110] direction was in the plane of the x-ray beam. 

Then, three glancing incidence (115) and ½ (115) ω-2θ scans were performed at three different 

azimuthal rotations of 0°, 90°, and 270° to properly align for miscut and then characterize the 

atomic ordering within the sample. The 180° rotation was not used because the measurement of 

that ½ (115) region would have been in transmission mode due to the miscut. Measurements of 

this ½ (115) region were taken in the skew symmetric geometry at a 90° azimuthal rotation, 

where the miscut and the surface-to-plane angle were accommodated along the χ axis and a 

symmetric scan was performed. The corresponding (115) planes were measured at the azimuthal 

rotation of 180°, as this geometry was not in transmission mode. 
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The (115) scans had typical step sizes of 10 arcsec, count times of 2 seconds, and two 0.5 

mm slits on the detector. The range was 6000 arcsec, centered at the Ge substrate peak. The ½ 

(115) scans had step sizes of 50 arcsec, count times of 2 seconds, and no slits were used on the 

detector in order to maximize any signal that may have been present. The range of the ½ (115) 

scans was 6000 arcsec, centered at the expected ½ (115) peak position based on the (115) 

measurements. 

3.3 Transmission Electron Microscopy 

 Transmission electron microscopy was also employed in addition to x-ray diffraction in 

order to characterize potential ordering in the InGaP layers. TEM samples were cut, thinned and 

mounted to posts using a focused ion beam (FIB) in order to be examined in an FEI Titan 300kV 

TEM system. The samples had a layer of electron-beam deposited platinum followed by ion-

beam deposited platinum put on top before cutting began in order to protect the layers to be 

analyzed. Both cross-sectional (xTEM) and plan-view (pvTEM) samples were created for 

analysis. 

 One cross-sectional sample was made in order to probe for ordering in any of the layers. 

The sample was cut parallel to a [110] type in-plane direction judging by the cleavage of the 

original piece, then was extracted, thinned and mounted to a TEM grid. In TEM, diffraction 

patterns from each of the layers were taken, from the substrate up to the deposited platinum 

layers. The cross sectional sample was aligned to a <110> zone axis, normal to the surface of the 

cross-section, so that (111) planes satisfying the zone law within the sample could be 

characterized for ordering. A selective area aperture with a diameter of 160 nm was used for all 
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cross section TEM diffraction pattern acquisitions in order to be sure that any signal observed 

was only coming from that particular layer. 

 Two plan-view TEM samples with [001] oriented surfaces were prepared after the cross-

sectional sample was analyzed. Characterization of CuPt ordering through cross-sectional 

transmission electron diffraction using a <110> zone axis has been consistently reported in the 

literature and is by far the most common when reporting CuPt ordering [11-12, 15-16, 21, 24]. 

Reporting of diffraction patterns containing ordered spots from plan-view samples is much rarer 

and could be found in only a few cases [18, 31-32]. These samples were made in an effort to 

identify transmission electron diffraction conditions from a plan-view sample that would indicate 

the presence of ordering. Including both plan view and cross section measurements aided in the 

possibility of detecting ordering in the other samples. Protective platinum was deposited prior to 

sample cutting, followed by mounting to a TEM grid. One plan-view sample was taken from an 

InGaP layer that was positively identified as having ordering from analysis of the cross-sectional 

sample. The second plan view sample was taken for comparison from a GaAs layer that 

inherently will never have ordering, since it is not a ternary compound. Aside from the miscut, 

the [001] direction was normal to the sample surface. The sample was tilted from the <001> zone 

axis to various others in an effort to search for the existence of superstructure reflections within 

the plan-view [001] surface oriented TEM sample. A selective area aperture with a diameter of 

667 nm was used to allow more electrons through and increase any signal. 

3.4 Results and Analysis 

 X-ray diffraction (115) ω-2θ scans determined that the sample was miscut 6° towards the 

[1 1 0] direction. The subsequent ½ (115) glancing incidence ω-2θ scans verified the presence of 
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single-variant CuPt-B ordering within the sample, corresponding to the azimuthal rotation of 0°. 

The ordering was observed at the ½ (115) position that the miscut is tilted towards, or, in other 

words, the ordering occurred on the (1 1 1) planes that the miscut is tilted towards, as expected 

for a sample with 6° of miscut. No ordering was found along ½ (115) ω-2θ scans with azimuthal 

rotations of 90°, 270°, or in the skew symmetric arrangement with a 90° sample rotation. The ½ 

(1 1 5) glancing incidence ω-2θ scan with the ordered peak is shown in Figure 5 and the ω-2θ 

scan of the corresponding (1 1 5) planes is shown in Figure 6.  

 Diffraction patterns from the cross-sectional TEM measurements confirmed the presence 

of the ordering and were able to isolate which individual layers contained ordering. It was found 

that two separate InGaP layers of the sample were ordered. These layers are identified in Figure 

7, a scanning electron microscope (SEM) image of the TEM sample that was prepared. A <110> 

zone axis diffraction pattern with ordered spots from the layer nearest the substrate is shown in 

Figure 8. The ordered spots on the diffraction pattern appear as rounded points along g (1 1 1) in 

reciprocal space, indicating that the ordered domains in this layer are isotropic in shape. The 

<110> diffraction pattern from the other ordered InGaP layer, closer to the surface of the sample, 

is shown in Figure 9. These ordered spots are also along g (1 1 1) in reciprocal space, but they 

appear as streaks inclined towards g (002). These streaks have been observed before and are a 

result of the formation of antiphase and twin boundaries within the ordered structure due to an 

elongated shape of the ordered domains [33]. A reference <110> diffraction pattern from a GaAs 

layer with no ordering is shown in Figure 10 for comparison. 

 Ordering was also observed in the (001) oriented plan-view sample, taken from the 

InGaP layer nearest the substrate with the isotropic ordered domains. Tilting to the <1 1 4> zone 
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axis, ordered spots could be seen along g (1 31), meaning CuPt-B ordered spots of the ½{113} 

type were observed, confirming the ability to detect ordering through tilting [001] oriented plan-

view TEM samples. This diffraction pattern is shown in Figure 11. Again, the ordered spots were 

rounded, corresponding to isotropic domains. A diffraction pattern from the <1 1 4> zone axis 

from a GaAs layer with no ordering is shown in Figure 12 for comparison to Figure 11.  
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Figure 5: ½ (115) ω-2θ scan showing an ordered peak. 

 

Figure 6: Corresponding double-axis ω-2θ scan of (115) planes containing CuPt-B ordering.  
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Figure 7: SEM image of TEM sample cross section. Boxes indicate the presence of ordering in those layers. 

 

Figure 8: <110> zone axis diffraction pattern from InGaP layer nearest the substrate in Figure 7. Ordered 

spots, shown in inset, are seen as lower intensity streaks inclined several degrees from the g (002) direction. 
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Figure 9: <110> zone axis diffraction pattern from InGaP layer nearest the top of the TEM sample in  

Figure 7. Ordered spots, one shown in inset, are seen as points with lower relative intensity. 

 

Figure 10: <110> zone axis diffraction pattern from GaAs layer with no ordered spots present. 
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Figure 11: <114> zone axis diffraction pattern from the plan-view TEM  

sample of an ordered InGaP layer, showing ordering along the g (131) direction. 

 

Figure 12: <114> zone axis diffraction pattern from plan-view TEM sample of a GaAs layer with no ordering. 
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Chapter 4: GaAs Based Linear Grade InGaP Buffer Structure to InP 

4.1 Background 

 The second sample investigated was an InGaP metamorphic buffer structure on a GaAs 

substrate, and a schematic of this structure is shown in Figure 13. The structure consisted of a 

100 nm thick GaAs buffer layer on the substrate, followed by a 50 nm thick layer of Ga0.51In0.49P 

that is nominally lattice matched to the GaAs buffer layer. Next, a 1 µm thick InxGa1-xP linearly 

graded buffer layer was grown from a composition of Ga0.51In0.49P to InP, for a grading rate of 

51% µm-1. This graded layer was followed by a 50 nm thick InP cap layer. A similar buffer 

structure was examined by Yuan et. al. and showed near complete relaxation of the InP layer, 

however this buffer structure was grown on an exactly oriented (001) GaAs substrate with a 

thicker metamorphic layer and InP cap than the present sample [34]. 

 Metamorphic buffer structures such as this can allow for GaAs substrates to be used to 

grow high quality InP based heterostructures if threading dislocations can be confined within the 

metamorphic buffer region instead of propagating into active device layers. This would eliminate 

the use of higher cost, smaller, fragile InP substrates if low dislocation densities and satisfactory 

relaxation in the InP epitaxial layer can be achieved using the buffer structure. Examining these 

structures to determine dislocation distribution and relaxation is crucial to evaluating their 

potential for use in real devices. 

4.2 X-ray Diffraction Measurements 

 The x-ray diffraction analysis of this sample consisted of reciprocal space mapping of the 

(004) and (224) lattice points through a series of high-resolution offset ω-2θ scans to probe the 

tilt of the epitaxial layers. This was followed by a series of ½ (115) ω-2θ scans to search for the 
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existence of any CuPt-B ordering within the InGaP layers of the sample. Measurements of the 

(004) planes were also taken in order to determine the magnitude and direction of the miscut of 

the sample, which was found to be 6° towards a [110] direction. All measurements were 

performed on a Bede D1 diffractometer.  

The sample was aligned so that the [110] direction along the miscut is inclined towards 

the plane of the x-ray beam for both the (004) and (224) reciprocal space maps, meaning the 

miscut was accommodated along the ω axis. It was oriented so the ω values had to be increased 

by 6° to offset the effect of the miscut. It is along this [110] that the maximum amount of tilt is 

expected to occur [6]. Both reciprocal space maps were taken using triple-axis x-ray diffraction, 

with a four-bounce channel-cut (220) Si crystal as the analyzer. 

For the symmetric (004) reciprocal space map, the ω-2θ step size was 25 arcsec, the 

count time was 1 second and the scan range was from -7000 to 3000. The looped ω-2θ scans had 

ωrel steps of 50 arcsec between them, from -4000 to 2000. The zero values of ω-2θ and ωrel 

correspond to the GaAs (004) substrate peak intensity. The 2θ value for (004) GaAs is 66.05°, 

and the ω value for the substrate was 39.025° after adjusting for the 6° miscut. 

For the (224) reciprocal space map, the ω-2θ step size was 30 arcsec, the count time was 

1.5 second per point and the scan range was from -8500 to 2000 arcsec. The looped ω-2θ scans 

had ωrel steps of 75 arcsec between them, from -2025 to 3000. The zero values of ω-2θ and ωrel 

correspond to the GaAs (224) substrate peak intensity. The 2θ value for (224) GaAs is 83.75°, 

and the ω value for the substrate was 12.61° after adjusting for the 6° miscut and surface-to-

plane angle of 35.7°. This measurement was performed in the glancing incidence geometry, 

subtracting the surface-to-plane angle from the Bragg angle. 
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The final scans that were performed on this sample were ½ (115) ω-2θ scans to determine 

whether ordering was present. Glancing incidence scans were performed at three azimuthal 

rotations of 0°, 90° and 270°, aligned so that a [110] direction was always in the plane of the x-

ray beam. Again, a skew symmetric geometry at a 90° sample rotation was used instead of an 

180° sample rotation for the fourth ½ (115) scan because the 180° rotation would have been in a 

transmission geometry. Typical step sizes were 30 arcsec, scan times were 1.5 seconds per point 

and the range was 6000 arcsec, centered on the expected location of any ordering that may be 

present. The 2θ position for the ½ (115) scans was 41.42° and the ω and χ positions varied with 

the azimuthal sample orientation in order to account for the miscut and surface-to-plane angle.  

4.3 Transmission Electron Microscopy 

 One cross-sectional TEM sample was prepared by the same method as described in Ch 

3.3. The final sample thickness was close to 100 nm and exhibited a slight warp. Using a <110> 

zone axis, orthogonal to the surface of the cross-section, diffraction patterns were taken at 

various positions across the epitaxial layers. A selective area aperture with a 160 nm diameter 

was used to ensure specific areas were being isolated and looked at individually. The aperture 

and transmitted beam were then swept slowly and continuously from the substrate to the 

protective platinum layers. The evolution of the diffraction pattern across the entire structure was 

monitored to see if any extra spots corresponding to an ordered structure appeared at any point. 

4.4 Results and Analysis 

 X-ray measurements of the ½ (115) regions were performed to search for the presence of 

any CuPt ordering to determine if it may have played a role in affecting dislocation glide within 

the buffer structure. After scanning in the three azimuthal rotations of 0°, 90° and 270°, along 
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with the skew symmetric scan at a 90° rotation, and scanning the ½ (115) areas as described in 

section 4.2, no ordering signal was observed for any of the sample orientations. Special attention 

was given to the ½ (115) range that the miscut was inclined towards, as this is the area where 

ordering would be expected for a highly miscut sample such as this, however nothing was 

detected.  

 The <110> diffraction patterns taken in TEM verified the x-ray diffraction result, that 

there was no ordering present within the linear InGaP buffer. A diffraction pattern from the start 

of the In1-xGaxP buffer is shown in Figure 14, where x = 0.5. There are no additional spots that 

would correspond to an ordered structure. The warp of the sample gives the diffraction pattern 

the curved look, with some spots being more intense than others because the alignment to the 

<110> zone axis could not be perfect. No extra ordered spots were observed at all when moving 

the electron beam across all the layers and watching the evolution of the diffraction pattern, as 

was described in 4.3, which indicates that CuPt ordering had no effect on dislocation glide within 

the InGaP graded buffer layer. 

 The (004) reciprocal space map for this InGaP linearly graded buffer structure is shown 

in Figure 15, and the (224) reciprocal space map is shown in Figure 16. The wide diffraction 

peaks in the RSMs indicate a mosaic structure due to the defects induced by the metamorphic 

growth. From the (004) map, the tilt of the epitaxial layers due to misfit dislocation formation 

can be seen as the variation in ΔQx. For a structure with no tilt, the peak intensity for all the 

layers should lie perfectly along the Qz axis, with ΔQx = 0. This is not the case with the (004) 

map, as Figure 15 shows the (004) peak intensity of the epitaxial layers occurs at positive values 

of ΔQx. This was found to correspond to a tilt of the epitaxial layers towards the surface normal 

of the sample, referred to as negative tilt.  
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There is an elbow in the map at ΔQz = 98 µm-1 where the dislocation tilt increased to a 

maximum value of -0.583° or -2100 arcsec and then began to decrease again. This increase in tilt 

represents the preferential formation and glide of misfit dislocations with negative tilt character, 

making the epilayer lattice planes more parallel with the surface of the sample. The subsequent 

decrease indicated that something had changed the dislocation dynamics within the linear buffer 

which led to a net formation of misfit dislocations that induced the opposite tilt, thereby causing 

the layers to begin tilting back away from the surface for a period. The layers did not experience 

large changes in tilt after the major elbow and subsequent decrease, so the distribution of positive 

and negative tilt-inducing dislocations has become nearly equal in the top of the buffer. The final 

tilt of the InP layer was calculated to be -0.489° or -1750 arcsec.  

The composition that the maximum tilt occurs at is estimated at In0.67Ga0.33P. Studies 

have indicated that InxGa1-xP and InxGa1-xAs layers with 20 < x < 80 are susceptible to phase 

separation during growth with Ga- and In-rich regions that will impede the glide of dislocations 

and alter the relaxation mechanism [26, 35]. Some phase separation beginning at this 

composition is a plausible explanation as to why the dislocation dynamics within this layer 

changed since ordered domains were not found. The TEM images acquired, however, were 

inconclusive in attempts to identify the presence of Ga- or In-rich regions. 

The effect of the tilt must also be factored in when considering the (224) reciprocal space 

map shown in Figure 16. There is no tilt for the first 30 µm-1 from the substrate peak in the (004) 

RSM, yet in the (224) RSM the intensity in this region does not lie along the 100% relaxation 

line, indicating the bottom part of the buffer layer is strained to the GaAs substrate. This strain 

may be due to insufficient stress accumulation in these layers to nucleate misfit dislocations and 

relax the lattice. It also could result from the thermal expansion mismatch between GaAs,  
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5.73 ppm °C-1, and In0.5Ga0.5P, 4.625 ppm °C-1, as the GaAs substrate will contract a larger 

amount upon cooling and cause strain within the InGaP on top of it [36].  

Once the layers started tilting, the structure became more relaxed than it appears on the 

map because the contribution from the dislocation tilt in the (004) RSM must be subtracted out, 

bringing the peak layer intensities closer to the 100% relaxation line seen in Figure 16. Using 

normalized lengths of the peak intensity contours on the (004) and (224) RSMs, it was found that 

the location of the major tilt elbow in the (004) RSM corresponds to the location of the major 

elbow seen in the (224) RSM and occurs close to In0.67Ga0.33P. The amount of relaxation and 

compositions within the graded buffer structure were not calculated, as it is difficult with a 

linearly graded buffer such as this to perform continuous tilt correction at corresponding 

locations between the (004) and (224) reciprocal space maps and extract useful quantitative 

information.  

In the InP layer, the tilt magnitude from the (004) RSM can be applied to the (224) map, 

and this is seen in Figure 16. There is some residual tetragonal distortion since the tilt corrected 

spot lies below the 100% relaxation line and the InP layer does not appear to possess a larger tilt 

or in-plane lattice parameter than the top of the underlying graded buffer layer judging from its 

position on the (004) and (224) RSMs. The 50 nm InP layer grown on top of a buffer with 

residual strain will begin to grow pseudomorphic to that layer until the Matthews-Blakeslee 

critical thickness is exceeded an misfit dislocations form. Using Equation 2-6, the critical 

thickness was estimated at 15-20 nm. The InP layer is likely thick enough to generate some 

misfit dislocations, however other factors such as a low growth temperature slowing dislocation 

motion or dislocations becoming impeded resulted in some residual strain. The layer was found 

to be 81% relaxed with respect to the GaAs substrate. 
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 In review, the presence of any CuPt ordering within this sample was not observed though 

x-ray diffraction nor in TEM. Therefore, the relaxation, tilt and dislocation glide during epitaxial 

growth were not affected by ordering of the lattice in any way. Phase separation within the buffer 

may have played a role in affecting the dislocation dynamics, however the presence of this is 

unconfirmed. Negative dislocation tilt, towards the surface normal, was measured. The InP layer 

on the top surface of the sample was found to have residual tetragonal distortion and 81% 

relaxation along the miscut direction with respect to the GaAs substrate. 
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Figure 13: Layer structure of InGaP linear buffer. 

 

 

Figure 14: <110> zone axis diffraction pattern of In0.5Ga0.5P region of linearly graded buffer layer.  

Sample warp can be seen in curvature of diffraction pattern. No ordered spots present. 
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Figure 15: (004) symmetric reciprocal space map of linearly graded buffer structure at 0° azimuthal 

orientation. 

  

Figure 16: (224) asymmetric glancing incidence reciprocal space map at 0°  

azimuthal rotation showing tilt-corrected InP layer and 100% relaxation line. 
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Chapter 5: GaAs Based InGaAs/InGaP Buffer Structure to InP 

5.1 Background 

 This multilayer structure was similar to the one discussed in Ch. 4 in that it used a buffer 

structure to change from a GaAs substrate to a top epilayer of InP. Instead of using a single 

metamorphic InGaP buffer, this structure utilized a combination of step graded layers and a 

linearly graded layer, and a schematic is shown in Figure 17. On the GaAs substrate, three 250 

nm thick InGaAs step grades were grown with increasing indium compositions of 5%, 10% and 

15%. The next layer was a 750 nm linearly graded InGaP buffer layer that is nominally lattice 

matched to the In0.15Ga0.85As step buffer, from In0.65Ga0.35P to In0.85Ga0.15P for an indium grading 

rate of 26.6% µm-1. Three step graded 250 nm thick InGaP layers were grown on top of this with 

compositions of 85%, 90% and 95% indium. The final layer was a 1 µm thick InP cap. 

 Like the sample in Ch. 4, this sample must have the layer tilt, relaxation, dislocation 

distribution and possible presence of ordering characterized to determine the viability of this 

structure as a virtual InP substrate for subsequent device growth. Ideally, the top InP layer should 

be relaxed and have a low density of threading dislocations so that devices grown on top can 

have high performance and be of sufficiently good crystal quality.  

5.2 X-ray Diffraction Measurements 

 Analysis of this sample through x-ray diffraction began with reciprocal space mapping of 

(004) and (224) lattice points via high-resolution looped ω-2θ scans in order to extract 

information about the lattice parameters, composition, strain and tilt of each of the epitaxial 

layers. Four reciprocal space maps in total were acquired to investigate the crystallography of the 

epitaxial layers. These were followed by four ½ (115) scans to probe for the presence of any 
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CuPt ordering that may have occurred during growth. Measurements of the (004) planes were 

taken in order to determine the magnitude and direction of the miscut substrate, which was found 

to be 6° towards a [110] in-plane direction. All measurements were performed on a Bede D1 

diffractometer. 

 The first two reciprocal space maps probed the (004) and (224) reciprocal space points 

and were taken with the 6° miscut towards a [110] direction accommodated along the ω axis in 

the plane of the x-ray beam, the direction of expected maximum tilt. The (004) symmetric 

reciprocal space map, with the GaAs substrate peak at 66.05° on 2θ, was taken with the sample 

oriented so that the expected ω value had to be increased by 6°, referred to as a 0° azimuthal 

rotation. The range of the ω-2θ scans was from -6000 to 2000 arcsec, with a step size of 25 

arcsec and a count time of 1 second per point. The looped scans were incremented on ωrel by 50 

arcsec and the range on ωrel was from -3000 to 2000 arcsec. A channel-cut four-bounce (220) Si 

crystal was used as the analyzer for these high-resolution scans. For the (224) reciprocal space 

map, the sample was azimuthally rotated 180°, and the 2θ value for the GaAs substrate peak was 

83.75°. This rotation was performed so the miscut was still in the plane of the x-ray beam but the 

geometry was more favorable for glancing exit scans, as otherwise it would have been nearly in 

transmission mode at a 0° azimuthal orientation after accounting for the 6° miscut and surface-

to-plane angle of 35.7°. The ω-2θ scans for the (224) reciprocal space map had a range from -

8000 to 2000 arcsec, with a 20 arcsec step size and a count time of 1 second per point. The 

looped scans were incremented by 50 arcsec on ωrel for a range from -2500 to 4000 arcsec. Slits 

with a width of 0.14 mm were placed on the detector as the analyzer instead of using a 3rd crystal 

so both high intensity and resolution could be achieved [4]. 
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 The next reciprocal space maps, (004) and (2 2 4), were taken at a 90° azimuthal sample 

rotation, in the minimum tilt geometry with the 6° miscut accommodated along the χ axis for a 

positive sample inclination of 6°. For the second (004) symmetric reciprocal space map, the scan 

range on ω-2θ was from -6000 to 2000 arcsec, with a 20 arcsec step size and count time of 1 

second per point. The scan looping axis ωrel had steps of 50 arcsec, a range from -3000 to 1500 

arcsec, and the four-bounce channel-cut (220) Si crystal was used as the analyzer. The (2 2 4) 

reciprocal space map was taken in the glancing exit geometry, where the surface-to-plane angle 

of 35.7° was added to the Bragg angle of 41.874°. The ω-2θ scans had a range from  

-8000 to 2000 arcsec, with a 20 arcsec step size and a count time of 1 second per point. Steps on 

ωrel were 50 arcsec and the range was from -2500 to 4000 arcsec. Again, slits with a width of 

0.25 mm on the detector were used in place of the 3rd crystal to keep both the intensity and the 

angular resolution high.  

 The final x-ray diffraction measurements taken for this sample were four ω-2θ scans of 

the ½ (115) spots to probe for the existence of any CuPt ordering within any of the ternary InGaP 

layers. Three of the scans were taken in the glancing incidence geometry, with the surface-to-

plane angle subtracted from the Bragg angle of 41.43°. Three different azimuthal sample 

orientations of 0°, 90° and 270° were used to examine the different ½ (115) regions. The fourth 

½ (115) scan was performed in the skew symmetric geometry at a 90° azimuthal rotation, with 

the miscut and surface-to-plane angle accommodated along the χ axis. Again, this was due to the 

fact that this scan would have been in transmission if the 180° azimuthal orientation had been 

used due to the effect of the miscut. All scans had a range of 6000 arcsec and a count time of 1 

second per point. Scans were centered at the expected location of any ordered peaks that may 

have been present.         
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5.3 Transmission Electron Microscopy Measurements 

 Cross-sectional TEM was used to search for the presence of any CuPt-B ordering. The 

sample was prepared in the same manner as described in Ch. 3.3. The sample was cut parallel to 

a [110] direction and the final sample thickness was 125 nm. A <110> zone axis, orthogonal to 

the surface of the cross section, was used for the transmission electron diffraction patterns 

acquired. A selective area aperture with a diameter of 667 nm was used to probe large areas of 

the sample cross section at a time to see if any ordering was present in any of the layers. The 

electron beam was also rastered across the sample, from the substrate to the protective platinum 

layer, and the evolution of the diffraction pattern was monitored for the appearance of any 

ordered spots throughout the entire cross section. After the diffraction patterns were acquired, 

dark-field images containing several diffraction spots were taken. 

5.4 Results and Analysis 

 The sample was probed for the existence of any CuPt ordering, as the presence of 

ordering may have influenced the relaxation and dislocation distribution within the epitaxial 

layers. The ½ (115) X-ray diffraction scans that were performed did not detect any ordered peaks 

in any of the sample orientations. Transmission electron diffraction patterns from a cross section 

of the epitaxial structure aligned to a <110> zone axis confirmed that no ordering was present in 

any of the epitaxial buffer layers, and one of these diffraction patterns from the InGaP linear 

graded buffer region can be seen in Figure 18. From these results, it can be stated with 

confidence that ordering did not affect the relaxation or dislocation mobility of this structure at 

all. 
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A composite dark-field TEM image containing several diffraction spots is shown in 

Figure 19, with the area the diffraction pattern in Figure 18 was taken from indicated. In this 

image, defects can be seen through TEM contrast in the buffer layers. From this single cross 

section, no threading dislocations or dislocation loops can be seen propagating into the InP layer. 

However, plan-view TEM of the InP layer would be necessary to better determine the threading 

dislocation density in this layer. 

The next measurements were x-ray reciprocal space maps taken to investigate 

crystallographic properties and dislocation distribution within the epitaxial layers. The (004) and 

tilt-corrected (224) reciprocal space maps with the miscut accommodated along the ω axis are 

shown in Figure 20 and Figure 21, respectively, and the (004) and tilt-corrected (2 2 4) reciprocal 

space maps with the miscut accommodated along the χ axis are shown in Figure 22 and Figure 

23, respectively. The wide diffraction peaks seen in all the RSMs are again indicative of a 

mosaic structure caused by the dislocations generated by the metamorphic growth. As can be 

seen from the (004) reciprocal space maps, the tilt of the epitaxial layers lies predominantly 

along the [110] direction the miscut is inclined towards, and the tilt is negative, towards the 

surface normal, as predicted by the preferential glide theory [9]. There is still a nonzero tilt 

component to the orthogonal (004) reciprocal space map, seen as the small variation in ΔQx of 

the diffraction spots in Figure 22, meaning that some net tilt-inducing misfit dislocations are also 

forming along the [1 1 0] direction.  

Calculations to extract lattice parameters, strain states, compositions and tilt magnitudes 

in the epitaxial layers were performed on the tilt-corrected (224) reciprocal space maps. These 

results are shown in Table 1. Results for the linear grade InGaP buffer layer were not calculated 
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since these properties were changing throughout the entire layer, however normalized lengths of 

the reciprocal space curves indicated that the elbows seen in the (004) and (224) RSMs in this 

region occur at the same point within the layer. Calculations for the first InGaP step grade layer 

were performed assuming a lattice match to the top of the buffer layer, as the in-plane lattice 

parameters at the top of the buffer are not known precisely since the intensities of these two 

layers overlap. 

As can be seen from Table 1, the calculated indium mole fraction varies no more than 

1.3% from the composition values supplied with the structure in Figure 17. The first three 

InGaAs step grade layers had calculated compositions of In0.05Ga0.95As, In0.10Ga0.90As and 

In0.146Ga0.854As, in good agreement with the expected compositions. The InGaP step buffers and 

top InP layer have calculated compositions of In0.849Ga0.151P, In0.892Ga0.108P, In0.937Ga0.063P and 

In0.989Ga0.011P, slightly lower than the expected indium content. This disagreement can be 

attributed to a combination of one or several sources. The first possibility is the chosen location 

of the peak intensity in Qx and Qz on the reciprocal space map after tilt correction. The peak 

intensity position was judged by eye on the RSM, and the wide diffraction peaks, especially in 

the top InGaP step graded buffer layers, can introduce an estimated uncertainty in peak position 

as high as 5 µm-1. This corresponds to a lattice parameter uncertainty as high as 0.005 Å, which 

could induce an error in the composition calculations of up to 1%, though care was taken to be 

precise as possible in selecting peak locations. Another potential source of error could lie in the 

sample alignment. If rotated a fraction of a degree from having the desired [110] direction in the 

diffraction plane, the 2D slice of reciprocal space probed would not contain the peak intensities 

of the epitaxial layers and would therefore affect compositional calculations, but great care was 

taken in aligning the samples. One final source of error is that the desired structure was not 
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achieved during the MBE growth, a challenging process. There may have been residual excess 

Ga in the growth chamber, Ga diffusion within the sample that contaminated the upper layers or 

the fluxes may have been miscalibrated, meaning that the calculations are correct and the ideal 

desired layer growth was not achieved. 

The lattice parameter results in Table 1 deserve further discussion. From a visual 

inspection of the (224) and (2 2 4) reciprocal space maps, it can be clearly seen that the Qx 

coordinates of the epitaxial layer intensity peaks are not the same, meaning the lattice parameters 

calculated from two orthogonal in-plane [110] directions are different. The differences are 

quantified for each of the layers in Table 1. This indicates that the lattice of the epitaxial layers is 

distorted with a slightly orthorhombic character instead of a purely tetragonal distortion. 

Furthermore, it indicates that the relaxation of the lattice along orthogonal in-plane directions is 

not the same. In the direction of the miscut, there is a reduction of the InGaAs and InGaP buffer 

layer lattice parameters compared to the calculated relaxed values. This asymmetric in-plane 

relaxation indicates the preferential formation and glide of misfit dislocations along the [110] 

miscut direction due to a favored slip system, which is relieving strain and promoting more 

relaxation in the orthogonal [1 1 0] direction. 

 One final point of interest when interpreting the reciprocal space maps is to analyze how 

changes in tilt correlate with strain relaxation in the epitaxial layers. The first two InGaAs step 

graded layers each showed increased negative tilt, indicating the preferential formation of misfit 

dislocations to induce this tilt along the miscut direction in each layer. In the orthogonal in-plane 

[1 1 0] direction, there is nonzero tilt that can be seen in the corresponding (004) RSM that 

decreases from the first to second epitaxial InGaAs layer, tilting towards the [001] GaAs 
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direction. These changes in tilt correspond to an increase in the out-of-plane tensile strain from 

650 ppm to 1100 ppm, an increase in the in-plane compressive strain in the miscut direction from 

-1550 ppm to -2700 ppm and a small decrease in the orthogonal in-plane tensile strain from 100 

ppm to 50 ppm.  

 In the third InGaAs step graded buffer layer, there is a decrease in the magnitude of the 

tilt in the [110] miscut direction, the only step graded layer that this occurs in. This indicates a 

change in the net formation of misfit dislocations to those with a positive tilt component, tilting 

this third layer in the opposite direction as the change in tilt from the first to second InGaAs 

layer. In the [1 1 0] direction orthogonal to the miscut direction, the small tilt continues to 

increase in the same direction as it did between the first two InGaAs layers, so some misfit 

dislocations with the same tilt character are continuing to form and glide along this direction. 

The tilt in this layer crosses over the [001] GaAs substrate direction and is tilted approximately 

30 arcseconds from [001] GaAs in the opposite direction as the previous two layers. Strain 

calculations from the (224) reciprocal space maps indicate a large increase in the out-of-plane 

tensile strain, from 1100 ppm to 2250 ppm, with this layer possessing more out-of-plane strain 

than any other step graded layer in the structure. The change in dislocation dynamics along the 

[110] direction in this layer appears to have inhibited relaxation along the orthogonal [1 1 0] in-

plane direction. This gave rise to an in-plane compressive strain of -1250 ppm along [1 1 0], 

much larger in magnitude than the small tensile strains of 50 and 100 ppm that existed along this 

direction in the first two InGaAs layers.  

The next layer, the InGaP linearly graded buffer, contained a similar increase and 

subsequent decrease in tilt as the first three InGaAs step graded layers. This indicates the 
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successful formation and glide of negative tilt-inducing misfit dislocations along the miscut 

direction until the maximum tilt of -1200 arcsec in this layer is reached, at a composition close to 

In0.73Ga0.27P judging from the out-of-plane lattice parameter. After this point, the tilt decreased 

through the rest of the linearly graded buffer, indicating the occurrence of something within the 

buffer layer that changed the dislocation dynamics and therefore the relaxation mechanism. The 

composition at which the tilt decrease started indicates the change could be due to the formation 

phase separated regions affecting dislocation glide seen in similar samples [26, 35], as this is a 

composition is within the range that phase separated regions have been identified in InGaP. The 

TEM image in Figure 18 shows contrast in the linear buffer region due to some defects, however 

this image is not sufficient for positive identification of phase separation. 

The final InGaP step graded layers all showed increases in tilt from one layer to the next 

in the miscut direction and no tilt changes in the orthogonal in-plane direction. The negative tilt-

inducing misfit dislocations in these layers preferentially formed and were free to glide and relax 

the lattice. In the miscut direction, these layers lie along the same relaxation line and are fully 

relaxed with respect to each other. They are not, however, fully relaxed to the GaAs substrate in 

the miscut direction, showing 93%, 92%, and 92% relaxation for the three InGaP layers, 

respectively. The asymmetric in-plane relaxation continued into the InP layer and showed 89% 

relaxation along the miscut direction with respect to the substrate. It can be seen that this InP 

layer was almost fully relaxed to the underlying buffer, its thickness being much greater than the 

InP cap in the sample discussed in Ch.4.5, 1 µm compared to 50 nm, respectively. 

 The overall results from this sample indicate that ordering did not play a role in the 

changing dislocation distribution that was seen in the third InGaAs step graded buffer and the 

InGaP linearly graded buffer layer. Negative tilt, towards the surface normal, was observed along 
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the miscut direction, and asymmetric in-plane relaxation led to lattice distortion with an 

orthorhombic character. The top three InGaP step graded layers and the InP layer are all relaxed 

with respect to each other, and the final relaxation of the InP layer with respect to the substrate 

was calculated to be 89%. 
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Table 1: Calculations of lattice parameters, compositions, strain states and tilts seen in the buffer layers. 

Layer 

No. 

𝒂⊥  

(Å) 

𝒂∥[𝟏𝟏𝟎] 

(Å) 

∥ to 

miscut 

𝒂∥[𝟏𝟏𝟎] 

(Å) 

⊥ to 

miscut 

arelaxed  

(Å) 
Composition 

𝜺⊥ 

ppm 

𝜺∥[𝟏𝟏𝟎] 

ppm 

∥ to 

miscut 

𝜺∥[𝟏𝟏𝟎] 

ppm 

⊥ to 

miscut 

Tilt  

arcsec 

∥ to 

miscut 

Tilt 

arcsec 

⊥ to 

miscut 

Sub. 5.6534 5.6534 5.6534 5.6534 GaAs - - - - - 

1 5.677 5.666 5.675 5.674 In0.050Ga0.950As 650 -1550 50 -380 -150 

2 5.700 5.683 5.694 5.694 In0.10Ga0.90As 1100 -2700 100 -620 -90 

3 5.725 5.693 5.705 5.713 In0.146Ga0.854As 2250 -4150 -1250 -560 30 

GBL - - - - - - - - - - 

4 5.813 5.795 5.802 5.805 In0.849Ga0.151P 1400 -1700 -500 -630 150 

5 5.833 5.811 5.828 5.824 In0.892Ga0.108P 1650 -3700 800 -720 180 

6 5.851 5.827 5.846 5.842 In0.937Ga0.063P 1500 -4650 700 -1200 180 

7 5.875 5.840 5.869 5.864 In0.989Ga0.011P 1900 -5700 900 -1700 150 

 

 

Figure 17: Cross-section schematic of InGaAs/InGaP buffer structure. 
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Figure 18: <110> zone axis diffraction pattern from InGaP linear graded buffer region.  

No ordering spots are seen in this image. 

𝑔  (002) 

𝑔  (22 0) 
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Figure 19: Composite TEM dark field image with several diffraction spots included. Layers are shown and 

diffraction pattern area from Figure 18 is indicated with a circle. Scale bar is 500 nm. 
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Figure 20: (004) reciprocal space map of InGaAs/InGaP buffer structure taken at an azimuthal rotation of 0°. 

 

Figure 21: (224) glancing exit reciprocal space map of InGaAs/InGaP buffer structure with tilt correction 

shown, taken at an azimuthal rotation of 180°. 
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Figure 22: (004) reciprocal space map of InGaAs/InGaP buffer structure  

taken at an azimuthal rotation of 90°. 
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Figure 23: (224) glancing exit reciprocal space map of InGaAs/InGaP buffer structure with tilt correction 

shown, taken at an azimuthal rotation of 90°. 

Chapter 6: Summary and Conclusions 

 An InGaP/GaAs/Ge solar cell, a GaAs-based linearly graded metamorphic InGaP to InP 
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InP buffer structure were all examined using X-ray diffraction and transmission electron 

microscopy. All samples had a 6° miscut towards a [110] direction. The InGaP/GaAs/Ge solar 

cell was found to have single variant CuPt ordering in two separate InGaP layers, characterized 

through ½(115) X-ray diffraction scans, <110> zone axis transmission electron diffraction 

patterns from a cross sectional sample, and a <114> zone axis diffraction pattern from a plan-

view sample. The linear InGaP buffer structure did not contain any CuPt ordering, verified 

through TEM and XRD, which indicated the changes and tilt and dislocation dynamics that were 

observed occurred due to other reasons. The epitaxial layers had negative tilt, toward the surface 
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combination InGaAs step grade/InGaP linear grade/InGaP step grade buffer structure to InP also 

did not contain CuPt ordering in the epitaxial layers. This again demonstrates that ordering is not 

necessary to induce changes in tilt and relaxation behavior in the epitaxial layers, and therefore 

these changes must be due to other factors. Negative tilt and asymmetric relaxation along 

orthogonal in-plane directions was observed for all the layers, with less strain relaxation 

measured in the direction of the miscut. The top InP layer exhibited 89% relaxation with respect 

to GaAs and it was fully relaxed with respect to the InGaP step grade layers immediately beneath 

it. 
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