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ABSTRACT  

   

Extended crystal defects often play a critical role in determining semiconductor 

device performance. This dissertation describes the application of transmission electron 

microscopy (TEM) and aberration-corrected scanning TEM (AC-STEM) to study defect 

clusters and the atomic-scale structure of defects in compound semiconductors. 

An extensive effort was made to identify specific locations of crystal defects in 

epitaxial CdTe that might contribute to degraded light-conversion efficiency. 

Electroluminescence (EL) mapping and the creation of surface etch pits through chemical 

treatment were combined in attempts to identify specific structural defects for subsequent 

TEM examination. Observations of these specimens revealed only surface etch pits, 

without any visible indication of extended defects near their base. While chemical etch 

pits could be helpful for precisely locating extended defects that intersect with the treated 

surface, this study concluded that surface roughness surrounding etch pits would likely 

mitigate against their usefulness. 

Defect locations in GaAs solar-cell devices were identified using combinations of 

EL, photoluminescence, and Raman scattering, and then studied more closely using 

TEM. Observations showed that device degradation was invariably associated with a 

cluster of extended defects, rather than a single defect, as previously assumed. AC-STEM 

observations revealed that individual defects within each cluster consisted primarily of 

intrinsic stacking faults terminated by 30° and 90° partial dislocations, although other 

defect structures were also identified. Lomer dislocations were identified near locations 

where two lines of strain contrast intersected in a large cluster, and a comparatively 
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shallow cluster, largely constrained to the GaAs emitter layer, contained 60° perfect 

dislocations associated with localized strain contrast. 

In another study, misfit dislocations at II-VI/III-V heterovalent interfaces were 

investigated and characterized using AC-STEM. Misfit strain at ZnTe/GaAs interfaces, 

which have relatively high lattice mismatch (7.38%), was relieved primarily through 

Lomer dislocations, while ZnTe/InP interfaces, with only 3.85% lattice mismatch, were 

relaxed by a mixture of 60° perfect dislocations, 30° partial dislocations, and Lomer 

dislocations. These results were consistent with the previous findings that misfit strain 

was relaxed primarily through 60° perfect dislocations that had either dissociated into 

partial dislocations or interacted to form Lomer dislocations as the amount of misfit strain 

increased. 
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CHAPTER 1 

INTRODUCTION 

Optoelectronic devices are an integral part of daily life for billions of people all 

over the world. Common optoelectronic devices include: light-emitting diodes (LEDs) 

found in computer monitors, cell phones, and as indicator lights; laser diodes (LDs) used 

in laser pointers, printers, barcode readers and CD or Blu-ray players; and photodiodes 

(PDs) such as solar cells and light sensors used in televisions and cameras.1 Figure 1.1 

gives a snapshot of the global optoelectronics market in 2017, showing the monetary 

value of several types of these devices. 

The electronic properties of any specific device are basically determined by the 

materials properties. For example, the compound semiconductors CdTe and GaAs have 

direct band gaps of about 1.48 and 1.42 eV, respectively, making them promising choices 

for devices such as solar cells.3,4 However, the crystal defects that are present in materials 

Figure 1.1: Percentage market share of optoelectronic devices and their 

compound annual growth rate. Device share values are indicated.2  
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often control the device performance just as much or more than the intrinsic material 

properties.5,6 In the case of CdTe solar cells, it has been found that polycrystalline thin-

film devices with a high density of grain boundaries perform with higher efficiency, after 

CdCl2 heat treatment, than single crystal cells.3 This beneficial effect is attributed to the 

high concentration of Cl doping at the grain boundaries, which causes formation of p-n-p 

junctions across grain boundaries from one grain to adjacent grains, and also provides a 

conduction path along grain boundaries for photon-generated charge carriers to be 

separated.3  

The ever-increasing demand for optoelectronic devices with greater efficiency 

and longer lifetimes has stimulated investigation of novel materials. Despite this ongoing 

effort, comprehensive understanding of specific defects and their impact on 

optoelectronic properties, as well as the resulting behavior of particular devices, is 

generally lacking. The research in this dissertation focuses on atomic-scale structure and 

composition of defects in III-V compound semiconductors, and explores how these defect 

structures correlate with device performance.   

1.1 Band Structure 

 Materials are composed of atoms which consist of a nucleus surrounded by 

electrons. While the atomic nuclei basically determine the material’s underlying physical 

structure, they are relatively immobile in a solid and do not contribute to the material’s 

electronic properties. Therefore, to understand fully the role of semiconductors in modern 

electronic devices, it is first necessary to determine the behavior of electrons in these 

materials. 
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 The modern view of the atomic structure of a material considers the electron 

within the framework of quantum mechanics. Calculating the energy levels and 

wavefunctions of many electrons within the complex potential distribution of an actual 

material is a challenging problem that requires substantial computing power and 

sophisticated algorithms. While these calculations are essential for specific materials 

systems, a general conceptual understanding can be obtained by considering simplified 

models, beginning with a model for an electron in free space. 

 The time-independent Schrödinger equation for an electron in free space can be 

represented by the expression 

 (
−ħ2

2𝑚
∇2 + 𝑉0) 𝜓(𝑟) = 𝐸𝜓(𝑟) (1.1) 

where 𝑚 is the mass of the electron, ∇2 is the Laplacian operator, 𝑉0 is a constant 

potential, 𝐸 is the energy, and 𝜓(𝑟) is the spatial component of the wavefunction. 

Solving this equation results in solutions of the form 

 ψ(𝑟) = exp(±𝑖𝒌 ∙ 𝑟) (1.2) 

where 𝒌 is the wavenumber. All values of 𝒌 are allowed and each corresponds to a 

particular solution to the Schrödinger equation. The electron’s energy and momentum are 

then given by 

 𝐸 =
ħ2𝑘2

2𝑚
+ 𝑉0 and 𝒑 = ħ𝒌. (1.3) 

 The electrons in a semiconductor are not free, but are instead influenced by a 

periodic array of atomic nuclei. As a first approximation, known as the Kronig-Penney 

model, these nuclei can be modeled as an infinite, periodic array of potential wells, as 

shown in figure 1.2. In order to simplify the mathematics, the bases of the wells are 



  4 

defined to be at zero potential while the heights of the barriers are defined by 𝑉0. The 

width of the barriers is b, and the well width is a-b, so that the period of the potential 

wells is a. Using this well model, and solving the Schrödinger equation results in 

solutions with energy E and wavenumber k that satisfy the equation5 

 cos(𝑘𝑎) = cos(𝑞𝑏) cosh(|𝜅|(𝑎 − 𝑏)) −
𝑞2−𝜅2

2𝑞𝜅
sin(𝑞𝑏) sinh(|𝜅|(𝑎 − 𝑏)) (1.4) 

where 

 𝜅 =
√2𝑚(𝐸−𝑉0)

ħ
  and  𝑞 =

√2𝑚𝐸

ħ
. (1.5) 

There are no restrictions on the possible values of k, but there are certain energy ranges 

that are not accessible, as can be seen in figure 1.3, which shows an electron energy 

spectrum for a specific choice of parameters in the Kronig-Penney model. This spectrum 

separates the allowed energies into energy bands or shells which play a key role in 

determining the electrical properties of the material. 

Figure 1.2: Representation of a portion of the Kronig-Penney model.5 
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If all of the energy states in a band are not filled, then the energy difference 

between filled and empty states is negligible, and very little energy is required to excite 

electrons into higher energy states. In other words, the electrons are highly mobile, so 

that materials with partially filled bands are good conductors. Conversely, when the 

highest energy state in a band is filled, this highest filled state and the lowest available 

empty state are separated by a finite band gap. Thus, relatively more energy is required to 

excite electrons into unfilled states. These types of materials are considered as either 

semiconductors or insulators, depending on the size of the band gap. While the cut-off 

band-gap energy between semiconductors and insulators is ill-defined, it is generally 

considered that materials with a band gap below about 4 eV are semiconductors, while 

those with greater band-gap energies are commonly classified as insulators. 

 

Figure 1.3: Solution to the Kronig-Penney model when a = 1 nm and the product 

V0∙b = 0.2 nm-eV. Solution for a free electron is shown in grey.5 
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1.2 Applications in Optoelectronics 

Optoelectronic devices convert light energy to electrical energy or vice versa. For 

example, an LED uses the energy from an electrical signal to emit photons and a solar 

cell uses the energy from photons to produce electrical current. While there are many 

different processes for these types of energy conversion, they are generally quantum 

mechanical in nature and are based on the generation or recombination of mobile charge 

carriers across the band gap of the active material. The motion and interaction of the 

mobile charge carriers can often be predicted for theoretical devices, and the resulting 

optoelectronic properties can be calculated. However, real devices are composed of 

materials that contain structural defects such as dislocations and stacking faults. These 

defects can strongly interact with the charge carriers and thus dramatically alter the 

intended functionality of the device. 

1.2.1 Photodiodes (PDs) 

 A photodiode is an optoelectronic device that makes use of the photovoltaic (PV) 

effect. The PV effect is the direct conversion of energy from light into an electric current. 

There are two processes necessary in order for this conversion to take place.7 First, 

photons are absorbed by the semiconductor, transferring energy to electrons in the 

material, possibly causing their ejection and the generation of electron-hole pairs. The 

second step is separation of these charge carriers before they recombine. This charge 

separation is usually achieved by using a p-n junction, although other mechanisms exist. 

 Efficient PV conversion depends strongly on material properties. In order for the 

light energy to be converted into current, the incoming photon must first be absorbed by 

the material by exciting a bound electron into a higher energy state. In a metal, which has 
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a continuous energy band, the electrons are easily excited but then relax too quickly for 

any significant PV effect to occur. In an insulator, the band gap between the valence band 

(VB) and the conduction band (CB) is too large, so that the large majority of incoming 

solar photons do not have sufficient energy to excite valence electrons to higher energy 

levels. 

 Semiconductors have band-gap energies that are similar to the photon energies 

that correspond to visible light. Furthermore, the band gap of semiconductors is highly 

sensitive to material composition. Therefore, adding impurities or controlling the relative 

concentration of different elements in a compound material allow for manipulation of the 

band gap in order to match the desired energy ranges. These characteristics make many 

semiconductor compounds ideal for use in photodiodes.  

Once an electron-hole pair has been created through photon absorption, the charge 

carriers need to be separated so that an electrical current can be extracted. When there is 

an applied or built-in electric field in the active absorption region, that field will move the 

electrons and holes apart from one another. Figure 1.4 illustrates how this is 

Figure 1.4: Motion of electrons and holes after photon absorption under the 

influence of the built-in field created by a p-n junction.5 
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accomplished with a p-n junction. When a photon is absorbed near the depletion region 

and creates an electron-hole pair, the built-in field created by the junction forces electrons 

toward the n-type layer and holes toward the p-type layer, effectively separating them 

before they can recombine.5 When engineering a photodetector, it is important to match 

the absorption depth of the light to the active region of the device because electron-hole 

pairs created away from the region of the electric field are likely to recombine before 

being separated.7  

1.2.2 Light-Emitting Diodes (LEDs) 

 A light-emitting diode works opposite to that of a photodetector. An LED uses 

electrical bias to move excess electrons in the CB of a material toward excess holes in its 

VB, thus stimulating recombination. In the presence of a p-n junction, an external bias 

must be applied to force electrons in the n-type material and holes in the p-type material 

to move toward the depletion region where they can recombine.5 

 Recombination can take place through both radiative and non-radiative processes. 

A radiative process results in the creation of a photon with energy equal to the difference 

between the final and initial energy states of the electron going through recombination. In 

the case of non-radiative recombination, the energy released by the electron is converted 

into one or more phonons. High minority-carrier densities tend to encourage radiative 

recombination processes over non-radiative processes.5 Producing a photon during 

recombination is also more likely for direct band-gap materials, such as GaAs, than it is 

for indirect band-gap materials such as Si or Ge. Figure 1.5 is a graphical representation 

of the band gap for GaAs and Ge. The transition from the lowest energy state of the CB 

of GaAs to the highest energy state in the VB requires only a change in energy, which 
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can be easily accommodated by creation of a photon. In an indirect band-gap material 

such as Ge, the transition from the lowest CB energy state to the highest available state in 

the VB requires a change in both energy and momentum. As photons carry away 

negligible amounts of momentum compared with the momentum of electrons and holes, 

the recombination of an electron and hole in an indirect band-gap material would only 

produce a photon if it also produces a phonon simultaneously. Thus, direct band-gap 

materials make far more efficient LED devices.7   

1.3 Defects in Optoelectronic Materials 

 Crystal defects usually have a profound effect on the physical and electrical 

properties of materials. Many types of defects, including point defects, dislocations, and 

domain boundaries, alter the photoelectric properties of a material by increasing or 

decreasing the band-gap energy, introducing acceptor or donor energy states within the 

Figure 1.5: Comparison of band structure of GaAs and Ge.7 
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band gap, or by creating locations in the material where charge carriers are trapped and 

recombine rather than contributing to the generated current.3,5,6,7 

 There are many theories concerning how a specific extended defect may influence 

the performance of an optoelectronic device. For example, strain introduced into a 

material by the presence of dislocations can cause local band-bending or even introduce 

new accessible energy levels within the band gap.6 Partial dislocations with different core 

structures, separated by a stacking fault, would cause spatial distortions in the energy 

band gap and potentially act to separate electron-hole pairs.3 Stacking faults could be 

considered as a local change in the crystal structure, which would cause that region to 

have different band structure from that of the surrounding area, potentially behaving like 

a quantum well.3 Furthermore, grain boundaries decorated with dopants or impurities 

could preferentially attract either electrons or holes and act as pathways for charge 

carriers.3 Very little research has so far been done to determine exactly how specific 

extended defects affect the performance of real devices. 

1.3.1 Crystal Defects 

 The electronic properties of a material are primarily governed by the behavior of 

electrons, which are fundamentally influenced by the structural arrangement of atomic 

nuclei in the material, particularly in the case of crystalline semiconductor devices. The 

periodic arrangement of atomic nuclei in a crystal provides the underlying potential that 

results in the formation of electron energy bands separated by gaps, as previously shown 

using the Kronig-Penney model. Figure 1.6 shows a theoretical simulation of the allowed 

energies in crystalline carbon (diamond) as a function of the lattice parameter, i.e., the 

period of the crystal lattice.5 As the spacing between atoms changes, the availability of 
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electron energy states also changes. At sufficiently large distances between atoms, 

electrons are effectively isolated to a single atomic nucleus and the only available 

electron energy states are those allowed for a single atom. When atoms are arranged more 

closely together, electrons can be influenced by more than one atomic nucleus and the 

discrete electron energy states of a single atom become energy bands with a range of 

available electron energy states.  

Defects in the crystal lattice directly impact the performance and properties of 

semiconductor materials.6 Common crystal defects found in III-V optoelectronic 

materials include point defects, such as atomic substitutions or interstitial atoms, as well 

as extended defects, like dislocations, stacking faults, and grain boundaries.8 Research 

concerning the effect of these types of defects is ongoing, and the role of point defects in 

semiconductor devices, especially optoelectronic devices, is considered to be relatively 

well understood. Incorporating extrinsic atoms, or dopants, into a crystal introduces 

donor or acceptor energy levels into the energy band gap.6 Figure 1.7 illustrates some 

possible transitions that a charge carrier could make when donor and acceptor dopants are 

Figure 1.6: Energy bands as a function of lattice constant (a) for diamond.5 
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present. This alteration of behavior due to dopants allows for devices to be engineered 

with properties that are dependent on specific energy levels, but also implies that 

unwanted dopants, or impurities, also have the potential to dramatically alter the device 

properties. 

Extended crystal defects are well documented, but they are not as well understood 

as point defects with regard to their impact on optoelectronic device behavior. Extended 

defects are generally categorized based on their dimensionality. Dislocations are one-

dimensional, or line, defects. Two-dimensional, or planar, defects include stacking faults, 

grain boundaries, twin boundaries, and anti-phase boundaries. Extended defects alter the 

local atomic structure of the material and can introduce stresses and strain into the crystal 

lattice.6,8 In general, extended defects degrade optoelectronic devices and limit their 

Figure 1.7: Possible energy transitions within the band gap of a material when 

point defects are present. When transition-metal (TM) ions are present, the 

transitions are between d orbitals. Likewise, lanthanide (LnM) ions cause 

transitions between f orbitals.6 
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performance, but there are examples where the opposite is true.3,8 For example, as 

mentioned previously, Cl-rich grain boundaries in thin-film polycrystalline CdTe solar 

cells provide pathways for charge carriers to be separated much more quickly.3 

1.3.2 Dislocations 

A dislocation can be considered as a disturbance in the periodic ordering of atoms 

in a crystal.6,8 Dislocations never terminate inside the bulk of a material, but rather end 

either on the surface of the material, at another dislocation, or else they loop around on 

themselves.6 The bonds between nearby atoms are strained and distorted along the line of 

the dislocation. The distortion in the crystal lattice caused by a dislocation is commonly 

characterized by the Burgers vector, b, and the formation energy of a dislocation is 

proportional to b2.8 While the Burgers vector of a dislocation could, in principle, make 

any angle to the dislocation line, all dislocations can be considered as either edge 

dislocations, which are characterized by having Burgers vectors perpendicular to the 

dislocation line, screw dislocations, where the Burgers vector and the dislocation line are 

parallel, or else as some linear combination of the two. Figure 1.8 is a representation of a 

Figure 1.8: Perfect edge dislocation viewed in end-on projection.6 
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perfect edge dislocation in a monatomic crystal with the dislocation line normal to the 

plane of the page and the Burgers vector (not shown) parallel to the plane of the page and 

pointing to the left. Due to crystal symmetries and different bonding strengths, it is 

common to find that specific types of dislocations form more frequently in certain crystal 

structures. For example, many optoelectronic devices are based on face-centered-cubic 

materials that  tend to exhibit mixed dislocations with the Burgers vector inclined at 60° 

to the dislocation line.8 

 Due to the strain fields associated with dislocations, other defects such as 

precipitates, dopants, and impurities tend to be attracted to dislocations and cluster near 

and around them. This effect is commonly called dislocation decoration. The crystal 

disruption occurring around dislocations also increases the probability of atomic motion. 

Thus, atomic diffusion near a dislocation is generally much greater than in the 

surrounding area.6 

1.3.3 Stacking Faults 

A perfect dislocation can reduce its strain energy by dissociating into two partial 

dislocations and a stacking fault. In cubic semiconductors, an intrinsic stacking fault is 

created when one {111}-type plane is removed from what would otherwise be a perfect 

stacking sequence. In other words, the stacking sequence of an intrinsic stacking fault is 

...AaBbCcBbCc... On the other hand, when an extra plane is inserted into the perfect 

crystal, an extrinsic stacking fault, with stacking sequence ...AaBbCcB*b*AaBbCc... is 

formed.8 Figure 1.9 shows examples of both intrinsic and extrinsic stacking faults in 

GaAs.8  
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1.3.4 Grain Boundaries 

 Many devices are created with polycrystalline materials, or materials that are 

comprised of many different crystal orientations or grains, rather than from single 

crystals. The interfaces between these grains are called grain boundaries (GBs). Figure 

1.10 is a schematic representation of a low-angle GB where the two grains are slightly 

misaligned by a small crystal tilt. It is also possible for two grains to be misaligned by a 

twist, or any combination of the two. The GB between two grains can often be considered 

as equivalent to an array of dislocations, separated by a distance, d, that remove the misfit 

between the two parts.6 

Grain boundaries are locations within a crystal that have a relatively high degree 

of disorder. Thus, GBs tend to attract other defects and also improve diffusion rates of 

dopants and impurities, similar to dislocations.6 

  

Figure 1.9: Stacking faults in GaAs. a) Two intrinsic stacking faults, and b) One 

extrinsic stacking fault. Stacking fault planes and sequences are indicated.8 
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Figure 1.10: Low-angle grain boundary. 
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1.3.5 Misfit Dislocations 

Semiconductor devices are often made up of interfaces between different 

materials. When a material is grown on top of another material and the lattice parameters 

of the materials do not match, the atoms in the material being grown attempt to conform 

to the lattice of the base material, as seen in figure 1.11. This creates a strain field near 

the interface. When the grown material reaches a critical thickness, dislocations are 

introduced at the interface that relax the strain, as also shown in figure 1.11. These 

dislocations are called misfit dislocations. 

While the influence of defects, such as stacking faults and misfit dislocations, on 

structural and chemical properties is often well understood, detailed knowledge about 

their effect on optical and electronic properties is still generally lacking. 

 

Figure 1.11: Formation of misfit dislocations in a heterostructure to remove misfit 

strain.9 
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1.4 Overview of Dissertation 

 The research of this dissertation is directed towards bridging the current 

knowledge gap between defect characterization and device performance at the atomistic 

scale. In chapter 2, methods that are used to characterize extended defects are described. 

These characterization techniques include electroluminescence imaging, transmission 

electron microscopy (TEM), high-resolution TEM (HRTEM), and scanning TEM 

(STEM). Sample preparation techniques, as well as various challenges associated with 

sample preparation and their solutions, are also briefly described.  

Chapter 3 outlines the work carried out to identify and characterize individual 

defects for correlation with localized device performance. The use of dual beam FIB-

SEM and TEM to locate defects at the base of etch pits in a CdTe epilayer is described. 

Challenges that impeded this effort are discussed. 

The characterization of extended defects at locations of decreased device 

performance in GaAs solar-cell devices is detailed in Chapter 4. Locations where the 

device fails to luminesce under external excitation are found to correspond to the 

presence of defect clusters. Various defect clusters are compared and their differences 

discussed. Atomic-scale characterization of individual defects using STEM is also 

described. 

In Chapter 5, misfit dislocations (MDs) in ZnTe/GaAs, ZnTe/InP, and ZnTe/InAs 

heterostructures are characterized using TEM and STEM. Individual MD core structures 

are characterized. The relationship between the magnitude of lattice mismatch and the 

resulting MD core structure is described. Integrated intensity profiles reveal that these 
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interfaces are not atomically abrupt, and the impact of interfacial chemical intermixing on 

misfit dislocation atomic structure is discussed. 

Chapter 6 provides a summary of important results and conclusions in the 

dissertation. Possible topics for further investigation are also briefly described. 
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CHAPTER 2 

EXPERIMENTAL METHODS 

2.1 Characterization Techniques 

 Locating and identifying defects in semiconductor materials are important steps 

towards understanding how specific defects can impact the quality of the material and 

operation of the device in which it is being used. Many characterization techniques are 

used for this purpose, each with its own capabilities and limitations.  Examples of these 

techniques include photoluminescence (PL), electroluminescence (EL), chemical etching, 

x-ray diffraction (XRD), transmission electron microscopy (TEM), scanning electron 

microscopy (SEM), Raman spectroscopy, atomic-force microscopy, and atom-probe 

tomography. The techniques that were used in this dissertation research are briefly 

described in the following. 

2.1.1 Chemical Etching 

 Chemical etching of a material is done for several reasons, including locating and 

counting microstructural defects, primarily dislocations, that terminate at the material’s 

surface.1 Dislocations can be considered as distortions in the crystalline matrix of the 

material, which result in the dislocation core being surrounded by a strain field. The 

strain caused by the presence of the dislocation often results in locally enhanced chemical 

reactivity.2 Because the region around the defect reacts differently than the surrounding 

non-defective area, treating the sample surface with a suitable etchant often results in etch 

pits that identify the defect location. 

Etch pits can sometimes be large enough to be identified with an optical 

microscope, so that the etching is primarily used for macroscopic evaluation.1 Smaller 
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etch pits can be enlarged with continued etching or else characterized using another 

technique such as scanning electron microscopy. When the defect density exceeds on the 

order of 106cm-2, the technique becomes less useful for counting purposes as the resulting 

etch pits begin to overlap.1 Although the approach is destructive, it is highly reliable for 

certain types of semiconductors, it allows for high speed of testing, and it is not very 

expensive.1 It has also been shown that the shapes of etch pits can depend on the type and 

distribution of dopant in the semiconductor, the composition of the etchant, and the 

orientation of the surface.3-5 More recent work correlated chemical etching and PL results 

in an effort to better understand the role of the defects in affecting the performance of 

optoelectronic devices. It was concluded that the etch pits did not always match the 

locations of optoelectrically active defects revealed through PL, or vice versa.6 

2.1.2 Electroluminescence (EL) Imaging 

 Electroluminescence describes the process whereby a material emits photons due 

to an applied electrical current or in the presence of a strong electric field.7 The process 

of creating a photon through electron-hole recombination depends on the crystalline 

quality, the presence of dopants or impurities, and the material’s band structure.8 In a 

perfect semiconductor, no available energy states exist within the band gap. Thus, when 

current is applied, the injected charge carriers recombine through direct band-to-band 

transitions. When the recombination is radiative, this process results in photon emission 

with energy corresponding to the specific band gap.9  

In a real device, the presence of structural defects, dopants, and impurities can 

introduce energy states within the band gap.10 These energy states provide opportunities 



  23 

for recombination with less energy, or they can act as electron traps that delay 

recombination from taking place.11-13 

For example, consider a defect associated with a deep donor level as shown in 

figure 2.1. The defect supplies an extra electron that can combine with a hole in the 

valence band and produce either a phonon or photon. The defect is now ionized and can 

accept an electron from the conduction band with a transition energy that is necessarily 

less than that required for a band-to-band transition.12 Thus, in the vicinity of this defect, 

instead of producing photons with energies equal to the band-gap energy when excited, 

the material could produce photons with two different energies corresponding to the two 

intermediate transitions, assuming that both transitions are radiative. On the other hand, if 

the material contains a defect associated with an acceptor level, electrons in the 

conduction band can relax into the acceptor level and be excited back into the conduction 

band through thermal fluctuations. Thus, the defect can act as an electron trap, potentially 

increasing the lifetime of electron-hole pairs and thereby reducing photon emission.11,13 

Figure 2.1: Diagram depicting the recombination of injected holes through donor 

levels in the band gap.12 
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Electroluminescence imaging takes advantage of variations in emission spectra as 

an approach to identify the locations of localized distortions in the crystalline material. 

The technique consists of applying current to the device and then observing local 

variations in light emission across the device surface.14,15 The light emitted depends on 

local crystalline defects that alter optical and electrical properties. However, it is often 

difficult to identify and distinguish between different types of defect in an EL image.14 

2.1.3 Scanning Electron Microscopy (SEM) 

 An electron microscope uses a beam of electrons and a column of magnetic or 

electrostatic lenses to produce images of a sample. In the case of the SEM, electrons are 

typically accelerated to energies in the range of 0.1 to 30 keV.16 When the high-energy 

electrons interact with atoms in the sample, a wide variety of signals, including back 

scattered electrons, secondary electrons, and characteristic x-rays, are emitted.16 The 

electron beam is scanned across the sample, and the resulting signals are collected to 

create images or spectra of the sample surface.16  

Figure 2.2 shows a schematic of a standard SEM, and indicates many of the 

components that are used to form the electron beam and the final image. The electron gun 

generates and accelerates the electrons to the desired energy.16 However, the spot 

produced by the electron gun is normally too large to produce a sharp image, so 

condenser lenses are used to demagnify the electron source and focus the electrons.16 The 

objective lens (not labeled in figure 2.2) is the last lens in the column and focuses the 

electron probe onto the surface of the sample while also contributing a small amount of 

demagnification.17 Scan coils are used to raster the electron beam across the sample. A 

scan generator controls both the scan coils and the generation of a similar raster on a 
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viewing screen. The final image magnification is given by the ratio of length of the raster 

on the viewing screen to the corresponding length of the raster across the specimen.16  

Because the probe diameter is usually on the order of nanometers or less, which is 

much smaller than the wavelength of visible light (about 380 to 750 nm), the SEM can 

produce images with much higher magnification and spatial resolution than possible with 

a standard light microscope. Modern SEMs can routinely achieve resolutions of less than 

1 nm with suitably thin samples.18 However, the probe size only sets a lower limit on the 

achievable resolution.19 When the electron beam interacts with the sample, electrons are 

scattered by atoms in the sample, which results in beam broadening. Depending on the 

sample composition and thickness, as well as the electron beam energy, the area from 

Figure 2.2: Schematic of SEM with major parts labeled.16 
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which secondary electrons and back-scattered electrons are collected to form the image 

may be significantly larger than the incident beam spot.19 

2.1.4 Transmission Electron Microscopy (TEM) 

 The TEM is a highly versatile instrument capable of acquiring structural and 

analytical information over a very wide range of length scales ranging from sub-

Ångstrom to several microns.20 The flexibility and adaptability of the TEM stem from the 

large number of components. Figure 2.3 identifies many of these components. The 

electron gun is the source of the electron beam, which is accelerated in stages to high 

energy, typically 100 to 300 keV in modern TEMs.21 The system of condenser lenses and 

apertures, together with the electron gun and accelerator, form the beam that is used to 

probe the sample. The objective lens is the primary lens used for imaging, and the 

following transfer lenses produce the final magnified image. All of the lenses in the 

column are important and participate in formation of the final image, but the aberrations 

and imperfections of the objective lens are most important since their effects are included 

in the image, convoluted with the desired specimen information.22 

In contrast with the typical SEM, relatively high accelerating voltages are used in 

modern-day TEMs. The high-energy electrons mostly pass through the thinned sample, 

causing interactions to take place throughout the bulk of the sample rather than mostly at 

or near the surface. Furthermore, electrons with higher energy also have shorter 

wavelength, providing the possibility for better spatial resolution. TEM energies range 

from 30 keV up to 3.0 MeV, but most TEMs are operated between 100 to 300 keV since 

higher electron energies are liable to result in substantial sample damage.21 
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Figure 2.3: Standard TEM with major parts labeled.23 
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There are several different operating modes for TEM imaging and for collecting 

analytical data. Conventional imaging involves illuminating the sample with an almost 

parallel beam of electrons. A small objective aperture is used to select specific diffracted 

electron beams to form an image with diffraction contrast.24 In contrast, high-resolution 

TEM (HRTEM) forms an image that is dominated by phase contrast when using a large 

aperture or no aperture at all. This latter process allows many scattered electron beams to 

interfere and produce an image with high spatial resolution but often at the cost of 

generally decreased image contrast.24 The HRTEM is capable of resolving crystal 

structures and defects at the atomic scale.25 

The scanning transmission electron microscope (STEM) uses a focused beam of 

electrons that is rastered across the sample in similar fashion to the SEM. The resulting 

signals can be recorded with a wide variety of detectors to produce different types of 

images and spectral data. For example, a high-angle annular-dark-field (HAADF) 

detector collects electrons that have undergone incoherent, large-angle elastic scattering 

(Rutherford scattering), which is strongly dependent on atomic number Z,  and results in 

a so-called “Z-contrast” image.24 The small focused probe used in the STEM technique 

can also be coupled with electron energy-loss spectroscopy and energy-dispersive x-ray 

spectrometry to provide localized chemical analysis related directly to the structural 

imaging. The spatial resolution for these analytical techniques is limited by the electron 

probe size, which also depends on aberrations in the probe-forming lenses, as well as any 

probe broadening due to finite sample thickness.18 The focused probe of the STEM 

results in significantly higher beam current densities than used for normal TEM imaging, 

which are likely to cause increased sample damage. However, use of a scanned beam also 
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allows for precise control over the region of the specimen that is irradiated. With care and 

special consideration for the total beam current density, STEM imaging can sometimes 

be considered as a low-dose form of microscopy.24 

 Work is constantly ongoing to improve the stability and ultimate performance of 

transmission electron microscopes. The most significant recent improvement has been the 

development of aberration correctors.26 Modern TEMs without aberration correction 

generally achieve a structural resolution of between 3.0 and 1.0 Å when operating 

between 100 to 1250 kV.26 This is comparable to the spacing between atomic columns 

along low-index zone axes in many crystalline materials. However, this resolution is still 

not fine enough to distinguish between atomic columns along higher-index zone axes, 

particularly near the cores of dislocation defects or along interfaces. These limitations can 

be overcome by aberration correction. The ultimate performance of aberration-corrected 

TEMs is limited by beam divergence, focal spread, and/or instabilities such as stray 

magnetic fields or mechanical vibrations.26 With careful beam and crystal alignment and 

in carefully controlled environments, aberration-corrected TEMs can routinely achieve 

resolutions on the sub-Ångstrom scale. There have even been reports of resolution limits 

of below 50 pm.27  

2.2 Sample Preparation 

 In order to take advantage of the extreme resolving power of the TEM, care must 

be taken to prepare samples that are clean, electron-transparent, and free of artificial 

damage. Layers of foreign material on any sample surface will likely interfere with image 

interpretation. Common specimen preparation techniques may cause both structural and 

chemical changes in the sample, especially near the exposed surfaces.28 Care must be 
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taken to minimize these preparation effects and to recognize the artifacts that can be 

introduced during specimen preparation.28 

Ideally, the region used for high-resolution imaging should be thinner than ~20 

nm. The ideal thickness of the sample depends on the technique being used and the 

particular sample being imaged. For high-resolution TEM (or phase-contrast) imaging, 

sample thicknesses of less than 10 nm are generally preferred.28 Thicker samples will 

result in multiple scattering which is likely to preclude correct image interpretation.29 In 

the case of EDS, more scattering events mean increased signal, but also less localized and 

hence reduced spatial resolution.30 

Many different techniques are used for preparing TEM specimens. For most 

semiconducting materials, common preparation techniques include wedge polishing or 

mechanical polishing and dimpling followed by ion-milling.  Mechanical polishing 

allows for large areas to be prepared for imaging, and dimpling creates a thickness 

gradient that is sometimes useful.31 These methods are generally performed by hand, and 

are not considered very site-specific. Due to the low milling energy of the ion-mill 

(generally 0.1 to 5 keV), samples prepared in this manner can result in TEM specimens 

that are relatively clean and with very little preparation damage. However, ion 

implantation and physical damage to the surface may still occur. These effects can be 

minimized using an ion beam angle of incidence less than about 5°.31 This method is 

generally less expensive than other methods, although the overall time expended to create 

a high-quality sample may still be quite lengthy. Considerable skill and patience is 

required to consistently produce useful specimens using this technique. 

 



  31 

2.2.1 Wedge Polishing 

Wedge polishing avoids the need for sample dimpling. Instead, the sample is 

mechanically polished nearly all the way to electron transparency by polishing at a small 

angle to the sample surface, thus creating a wedge shape. An ion mill is often employed 

to finish polishing the edge of the sample to electron transparency, as well as cleaning up 

any residual damage remaining after the mechanical polishing process. While this 

technique often produces samples more quickly and with greater control over specimen 

thickness than achieved with a dimpled sample, it also applies more stress to the sample, 

which thereby limits its application to relatively strong materials that do not fracture as 

they approach electron transparency.31 

2.2.2 Focused Ion Beam (FIB) 

 In many instances, it is important to be able to prepare specimens from very 

precise sample locations. Thinning with the FIB provides the invaluable ability to target 

an area on the order of several microns, thus allowing site-specific sample preparation.32 

The FIB also has the benefit that finished specimens can be produced in just a couple of 

hours.32 Efforts are in progress to develop an automated TEM sample preparation method 

using FIB milling.33  

TEM cross-section specimens produced by FIB milling are prepared by first 

identifying the region of interest. The area is coated with a protective layer of carbon 

several tens of nanometers thick using an in situ carbon deposition system and the 

electron beam. A protective layer of platinum, typically of 300-600 nm thickness, is then 

deposited using an in situ Pt gas-injection system, also using the electron beam. The 

carbon film protects the sample surface from possible Ga implantation, and also serves to 
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provide a useful amorphous region for TEM alignment.34 Using the electron beam to 

deposit these initial layers sequentially enables deposition without causing any damage to 

the sample surface, albeit at the cost of requiring longer deposition time.34 A final thick 

protective layer of Pt is then deposited using the ion beam. Using the ion beam for this 

purpose results in rapid deposition of the Pt layer. In combination, these layers protect the 

sample surface from damage during the following TEM sample preparation. The 

specimen region of interest is then separated from the surrounding material and thinned 

to electron transparency using a standard in situ lift-out procedure.32   
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CHAPTER 3 

ETCH PITS IN CdTe EPILAYER 

This study was intended to correlate individual structural defects in CdTe 

epilayers with their corresponding optoelectrical behavior in order to provide better 

understanding of how these defects affect device operation. The work was carried out in 

collaboration with Professor Yong Zhang and his group at the University of North 

Carolina at Charlotte, who were responsible for gathering optical and electrical data from 

the CdTe epilayer material, chemically treating the surface, and correlating the resulting 

surface etch pits with optical and electrical measurements. The TEM sample preparation 

and characterization was performed by the present author. 

3.1 Introduction 

In order to correlate the atomic structure of individual defects with specific optical 

properties of a working optoelectronic device, it is essential to characterize both the 

structure and the optical properties of the same defect. Previous work has shown that 

cathodoluminescence (CL) and TEM can be used in tandem to correlate optical 

transitions with extended defects in GaN.1 However, this study did not report the 

achievement of atomic-scale resolution and did not demonstrate any effect of an 

individual defect on the material’s optical properties. Another recent study correlated 

photoluminescence (PL) imaging, chemical etching, and SEM imaging in CdTe epilayers 

and concluded that etch pits resulting from the etching did not always match with the 

dark spots visible in PL imaging.2 Moreover, while PL imaging is preferable to chemical 

etching for indicating the impact of defects on device operation because the sample is 
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undamaged during examination, it does not reveal how the carriers are generated, 

injected, or extracted. 

Single-crystal CdTe has a long history of use in solar-cell devices, primarily 

because it has material properties that are nearly ideal for thin-film photovoltaic 

applications.3,4 Not only does it have an optical band gap that is close to the optimum for 

solar energy conversion, but it is also relatively easy to handle during thin-film deposition 

and processing.4 More recent studies have also shown that polycrystalline CdTe solar 

cells can operate with higher efficiency than single-crystal CdTe devices, suggesting that 

crystal defects or impurities contribute to the ultimate device efficiency.5,6 

This current study has employed electroluminescence (EL) mapping and chemical 

treatment of the surface of a CdTe epilayer in order to isolate individual defects 

associated with localized disturbances in device performance. Samples suitable for TEM 

observation were then prepared using the FEI Nova 200 NanoLab which combines a 

high-resolution SEM with a focused ion beam (FIB) to allow for site-specific TEM 

sample preparation with sub-micron precision. The work described here focuses on the 

practical challenges associated with TEM sample preparation of locations which were 

previously identified by chemical etch pits on the rough surface. 

3.2 Experimental Details 

In this study, the sample consisted of a 6-μm CdTe film grown on a 50-nm ZnTe 

buffer layer on a Si substrate. This sample had been chemically etched, producing pits 

where the film surface had been preferentially etched, and it was presumed that the 

etched sites were due to crystal defects located near the sample surface.7,8 While surface  
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Figure 3.1: SEM image showing chemical etch pits on CdTe epilayer surface. 

Solid rings indicate loose correlation of etch pits with dark PL spots, with white 

rings indicating more confidence than black. Broken rings indicate uncorrelated 

features: white for etch pits and black for dark PL spots. (From Professor Yong 

Zhang at the University of North Carolina-Charlotte.) 

Figure 3.2: PL map corresponding to area indicated by the rectangle in figure 3.1. 

(From Professor Yong Zhang at the University of North Carolina-Charlotte.) 
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pits were readily observed in the SEM, electroluminescence was also employed in an 

attempt to identify other important defects of interest. 

Figure 3.1 is an SEM image showing typical examples of surface etch pits, 

highlighted by solid black or white circles, as well as dashed white circles. Solid rings 

indicate loose correlation of etch pits with dark PL spots, with white rings indicating 

more confidence than black. Broken rings indicate uncorrelated features: white for etch 

pits and black for dark PL spots. The noisy appearance of figure 3.1 is a result of the 

sample’s rough surface, which is caused by the etching process. Etch pits that were 

deeper and wider than the average roughness of the surrounding surface were relatively 

easy to identify, while smaller etch pits might have been missed. This is particularly true 

when the surface is viewed in cross-section as done during TEM sample preparation. 

Figure 3.2 shows a PL map corresponding to the area marked in figure 3.1. A close 

comparison of Figs. 3.1 and 3.2 indicates that not every surface pit corresponds to a dark 

spot in the PL map, or that every dark spot in the PL map corresponds to an etch pit on 

the surface. This study has focused on analyzing locations on the CdTe device where the 

surface etch pits visible in the SEM images corresponded directly to dark spots in the PL 

map. 

3.3 Results and Discussion 

Identifying defects in this CdTe sample that corresponded to the etch-pit locations 

ultimately proved to be unsuccessful. Etch pits in the studied material tended to be long 

and narrow with depths that were shallow compared to their length. As evident in figure 

3.3, when an etch pit was chosen with depth much greater than the surrounding surface 

roughness, then the pit was easily recognized during the TEM sample preparation.  
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Figure 3.3: TEM image showing a cross section of a large etch pit in a thick 

CdTe epilayer grown on ZnTe/Si composite substrate. 

Figure 3.4: TEM image at higher magnification showing the base of the etch pit 

visible in figure 3.3. Mottled contrast due to surface damage that occurred during 

FIB milling. 



  40 

However, thinning the sample to electron transparency while still preserving the region of 

interest at the deepest point of the pit was challenging due to the shallow incline of the 

pit’s surface. Figure 3.4 is a TEM image at higher magnification showing the base of the 

etch pit in figure 3.3. While the etch pit is clearly identifiable, there is no evidence of any 

defect at or near the base of the etch pit. It is possible that no defects were present 

because the specimen was incorrectly centered on the etch pit. Thus, the deepest point of 

the etch pit, where the defect is most likely to be located, might have been milled away 

during sample preparation. On the other hand, if the defect responsible for the formation 

of the pit extended no further into the sample than the final depth of that pit, then the 

defect would have been completely destroyed during the etching process. Thus, shallower 

etch pits are more likely to indicate the locations of defects that have not been entirely 

removed during etching. Furthermore, careful comparison of figures 3.1 and 3.2 revealed 

that smaller etch pits tended to correspond to darker areas in the PL map rather than 

larger etch pits, while many of the darkest spots in the PL map did not seem to 

correspond to any pit at all.  

Figure 3.5: TEM cross-section image of a CdTe epilayer sample where a 

relatively small etch pit was targeted. The possible location of the small etch pit is 

indicated by a black rectangle. 
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Selection of a small etch pit as the location for TEM sample preparation often 

resulted in a specimen where it was difficult to identify the region of interest, both during 

sample preparation and in the resulting TEM image. Figure 3.5 is a TEM image of a 

specimen where a small etch pit was selected for sample preparation. The area marked by 

the black rectangle could be part of the small etch pit since the sample surface is lowest at 

that location. However, the surface profile in this region is very similar to the rest of the 

specimen surface, suggesting that this feature could simply be a particularly deep furrow 

in the rough surface rather than the etch pit. TEM specimens such as this were all-too-

common due to the difficulty of accurately identifying the region of interest when 

thinning the specimen to electron transparency.  

Figure 3.6: TEM image at high magnification showing the base of the pit marked 

by the red rectangle in figure 3.5. Note the presence of short stacking defects 

below the surface in the CdTe layer that were possibly caused by TEM sample 

preparation. 



  42 

Figure 3.6 shows a higher magnification TEM image of the area marked by the 

black rectangle in fig. 3.5. While there are many small defects near the sample surface at 

the base of this pit, they do not appear to be directly associated with the pit. Rather, these 

defects are more likely to be the result of damage caused during TEM sample 

preparation.9 This observation further suggests that this pit is simply a furrow in the 

sample surface rather than being an etch pit of interest.  

3.4 Conclusions 

Identifying specific sites of possible crystal defects in CdTe epilayers through the 

use of EL mapping, and the creation of surface etch pits through chemical treatment, 

should in principle be possible. However, this study only produced TEM specimens of 

etch pits, and there were no signs of extended defects at their base. Thus, the primary 

obstacle impeding progress in this research has proven to be the experimental difficulty 

of identifying etch pits for study that corresponded to locations of decreased optical and 

electrical activity, as shown by EL mapping, and were of the right size, i.e., not so 

shallow as to become indistinguishable from the surrounding surface roughness but not 

so deep that the defect of interest has already been completely removed by the etching 

process. 

It is finally concluded that while the formation of etch pits could theoretically 

prove beneficial for precisely locating extended defects associated with decreased 

optoelectrical activity, the resultant surface roughness surrounding etch pits mitigates 

against their usefulness. A similar study in which optoelectrically active defects are 

located through the use of EL mapping, or similar techniques, and their locations 

precisely measured relative to recognizable surface features, would result in a higher 
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percentage of extended defects being successfully isolated for TEM characterization and 

successive correlation with device properties. Alternatively, reasons explaining why EL 

dark spots and the locations of surface etch pits do not generally correspond to each other 

could be more effectively investigated by selecting a material system where chemical 

etching is less destructive to non-defective material relative to defect sites.  
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CHAPTER 4 

STRUCTURAL DEFECTS IN GaAs SOLAR CELLS 

This chapter describes an investigation of GaAs solar cells, carried out in 

collaboration with Professor Yong Zhang and his group at the University of North 

Carolina at Charlotte, who were responsible for collecting optical and electrical data from 

actual devices and identifying locations of decreased optoelectrical activity. The TEM 

sample preparation and structural characterization of the devices presented here were 

performed by the current author. 

4.1 Introduction 

 The compound semiconductor GaAs has been extensively used for photovoltaic 

devices since the early 1960s when the first LEDs and semiconductor lasers were 

developed.1 Continued research has led to the development of GaAs thin-film solar cells 

which can have efficiencies as high as 28.8%.2 Because GaAs has been so well 

characterized, and the effects of its intrinsic materials properties on GaAs-based devices 

are already well known, it is an ideal material for this current investigation which has 

focused on the correlation between defect structure and device performance.  

Photovoltaic devices are most often characterized in terms of their light 

conversion efficiency, and many practical factors will contribute to the ultimate 

efficiency actually attained. Maximizing device efficiency generally depends on 

optimizing such characteristics as surface texture, layer thickness, and crystallinity. 

Moreover, it has been shown that crystal defects play an important role in determining 

device performance for single-crystal and polycrystalline devices.1,3,4,5,6 
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Crystal defects can be considered in terms of two main categories: point defects 

(PDs) and extended defects (EDs).7 Point defects typically only involve one atom, or 

maybe just a few, and take the form of substitutional or interstitial foreign atoms, 

vacancies, or anti-site defects. Conversely, EDs can consist of hundreds of atoms or more 

that are displaced from their regular lattice sites. Examples of these types of EDs include 

dislocations, precipitates, and grain boundaries. While different kinds of defects will each 

have uniquely distinct electronic structure, it is generally true that an ED contributes a 

much higher density of states to the band structure of a semiconductor device than even a 

moderate number of PDs. Consequently, device applications that involve low carrier 

densities tend to be impacted more by PDs whereas EDs play a more important role in 

high-carrier-density applications, because the high carrier density can saturate PDs unlike 

EDs.8 Moreover, while PDs often degrade device performance, EDs can degrade a device 

even to the point of total device failure. However, because of the practical difficulty of 

carrying out operando device characterization at the level of individual defects, important 

details correlating the interaction between EDs and device performance remain unclear. 

This study has focused on characterizing individual defects and defect clusters in GaAs 

solar-cell devices with the overall goal of reaching a better understanding of the impact 

that these defects have on device performance. 

4.2 Experimental Details 

 This correlative investigation was carried out using a GaAs solar cell that was 

comprised of many independent sub-cells. The structure of each cell, from bottom to top, 

was as follows: p-type GaAs substrate, 80-nm p-type GaAs buffer layer, 50-nm p-type 

GaInP back-surface confinement layer, 3-µm p-type GaAs absorber layer, 40-nm n-type 
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GaAs emitter layer, and 50-nm n-type GaInP window layer. The device structure is 

shown schematically in fig. 4.1. 

The GaAs samples were characterized optically and electronically through the use 

of photoluminescence (PL), electroluminescence (EL), Raman scattering, and I-V 

measurements. In previous work by our collaborators, the approximate locations of 

individual defects in the GaAs layer of GaAs/GaInP heterostructures were typically 

identified using a low-magnification PL imaging system, and high-resolution PL 

mapping was then performed to determine defect locations more precisely.8 However, the 

GaAs absorber layer in the solar-cell devices investigated in this study produced much 

weaker PL signals, resulting in no significant defects being detected in these devices 

using this approach. Thus, EL imaging was used, and was found to provide much higher 

sensitivity and improved efficiency in locating isolated, optoelectrically active defects. 

Localized defects typically appear as dark spots in an EL image. Because the defects of 

interest possess unique spectroscopic features that differentiate them from other 

irregularities, Raman and PL mapping were carried out at the locations of EL dark spots 

in order to confirm that these features corresponded to real structural defects in the 

absorber layer. Microscopic I-V curves were also obtained by separately focusing a 532-

Figure 4.1: Diagram of the GaAs solar-cell device, not drawn to scale. 

 



  48 

nm laser beam onto the region of the defect site and then away from the defect site, and 

the results were analyzed to determine the impact of the specific defect on key solar-cell 

performance parameters. These included short circuit current Isc, open circuit voltage Voc, 

fill factor FF, shunt resistance Rsh, and energy conversion efficiency η. 

Examples of results obtained using Raman scattering and I-V measurements are 

shown in fig. 4.2. The inset in fig. 4.2(a) is a PL map revealing the positions and shapes 

of potential defects. As expected, the PL intensity from a defect spot is much lower than 

that from a defect-free spot. Figure 4.2(b) compares the Raman spectra to verify that the 

defect spot is indeed of possible interest. The I-V curves shown in figs. 4.2(c) and (d) 

confirm that the region of the defect exhibits drastically degraded light conversion 

efficiency through reduction in key solar cell parameters.9 

Figure 4.2: Results from (a) PL mapping, (b) Raman scattering, and (c,d) I-V 

measurements. All spectra and I-V measurements were taken from both a defect 

location and defect-free location for comparison.9 

 



  49 

Figure 4.3a is an EL map and shows how defect locations are precisely located so 

that they could be found again with the SEM that was used during our FIB TEM sample 

preparation, despite there often not being any discernible surface feature(s) at the defect 

locations. This particular EL map was taken simultaneously with an optical image, which 

allowed the positions of the dark spots to be determined with respect to nearby 

recognizable surface features. As illustrated in fig 4.3b, these measurements could then 

be used to identify the same location for TEM sample preparation. This approach is in 

marked contrast to the conventional method of studying devices where a wafer is 

typically divided into multiple pieces for parallel optical, structural, and device 

fabrication and evaluation, and provides no definitive correlation between the structural 

defect causing the degraded device performance. 

An FEI Nova 200 NanoLab (FIB) was used in these experiments since it 

facilitated site-specific TEM sample preparation with sub-micron precision. Specimens 

were prepared for observation in [110] projection to enable clear identification of any 

structural defects present in the device. For better visibility, the specimens were further 

A B 

Figure 4.3: Images showing the location of a defect of possible interest. (A) EL 

map showing three dark spots indicating possible defects. (B) Corresponding 

optical image showing location of defect relative to identifiable surface features. 

(From Professor Yong Zhang at the University of North Carolina-Charlotte.) 

 



  50 

milled using a Precision Ion Polishing System (PIPS) operated at 1.8 keV, with the 

sample cooled to liquid-nitrogen temperature to minimize ion-milling artefacts. A Philips 

CM200-FEG high-resolution TEM operated at 200 keV was used for initial imaging and 

atomic-resolution images were taken with a probe-corrected JEOL ARM200F STEM at 

200 keV. 

4.3 TEM Observations 

 Several defect sites were identified and suitable cross sections were prepared for 

TEM characterization. Figure 4.4a shows a TEM image of one such defect location, as 

identified previously by EL. The dark image contrast indicates a cluster of defects 

extending downwards from the surface of the solar cell into the GaAs absorber layer, 

mostly along a {111}-type crystallographic direction. These defects penetrated about 1 

μm into the GaAs absorber layer, but did not extend all the way down to the back-surface 

confinement layer. Figure 4.4b is a bright-field STEM image taken at higher 

magnification showing the area indicated by the red rectangle in fig. 4.4a. Figures 4.5 and  

Figure 4.4: (a) TEM image, recorded in [110] projection, of defect cluster in GaAs 

solar cell device, identified by EL. (b) Higher magnification STEM image of the 

area highlighted by the square in (a). The red circle and yellow square indicate the 

locations of figures 4.5 and 4.6, respectively. 
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Figure 4.5: HAADF STEM image of 30° and 90° partial dislocations associated 

with an intrinsic stacking fault in GaAs solar-cell device imaged in [110] 

projection. (Right) Model of 60° perfect dislocation dissociated into 30° and 90° 

partial dislocations that terminate an intrinsic stacking fault. 

Figure 4.6: HAADF STEM image of two 30° partial dislocations associated with 

an intrinsic stacking fault in GaAs solar-cell device. (Right) Model of two 30° 

partial dislocations that terminate an intrinsic stacking fault. 
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4.6 are high-angle annular-dark-field (HAADF) STEM images taken with atomic 

resolution at much higher magnification, showing the areas indicated in fig. 4.4b by the 

red circle, and the yellow square, respectively. Observation of the atomic structure visible 

in fig. 4.5 reveals an intrinsic stacking fault and the characteristic partial dislocations that 

terminate each end of this type of defect. The Burgers circuit drawn in yellow identifies 

the resulting Burgers vector, which is indicated by the red arrow. 

The termination of the stacking fault at the top of the image corresponds to an 

extra plane of atomic columns, indicating that the stacking fault terminates here with a 

30° partial dislocation.10 The lower termination of the stacking fault is not associated 

with an extra plane of atomic columns, which is consistent with an intrinsic stacking fault 

terminated by a 90° partial dislocation.10 A model of a 60° perfect dislocation dissociated 

into 30° and 90° partial dislocations terminating an intrinsic stacking fault is shown at the 

right of the image.10  Although the image resolution is not quite adequate here to 

determine the chemical identity (Ga or As) of the single atomic column at the core of the 

30° partial dislocation, the general structure of the dislocations is in quite reasonable 

agreement with the structural model.  

The Burgers circuit drawn in yellow in fig. 4.6 surrounds two 30° partial 

dislocations that terminate an intrinsic stacking fault, resulting in a null vector for 

imaging in this projection. This result indicates that the perfect dislocation, which has 

split to form an intrinsic stacking fault and two partial dislocations, does not have an edge 

component. Thus, it seems possible that a perfect screw dislocation has caused the 

formation of these two partial dislocations.10 The model to the right of the image 

schematically illustrates two 30° partial dislocations associated with an intrinsic stacking 
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fault. The image is less blurred around the core of the dislocation nearer the bottom of the 

image than at the core of the upper dislocation. However, chemical identification of the 

single atomic columns (Ga or As?) at the ends of the extra plane of atomic columns 

associated with these 30° partial dislocations is again limited by the overall image 

resolution. The general structure of the imaged dislocations still agrees reasonably with 

the structural model. 

Another defect cluster in another GaAs solar-cell device is shown at low 

magnification in fig. 4.7. This particular defect location is unique in this correlative study 

since it corresponded to a dark spot in the EL map and a smaller white spot in the optical 

image. As evident in fig. 4.7, the white spot was the result of a pit-like feature near the 

solar cell surface which is covered over by the GaInP window layer, while the dark spot 

Figure 4.7: TEM image of defect cluster in GaAs solar cell device. Note the 

presence of a triangular pit beneath the sample surface adjacent to the defect 

cluster. 
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in the EL map is presumed to be caused by the defect cluster adjacent to the pit. This 

defect cluster is very similar in appearance to the cluster shown in fig. 4.4a in that it also 

extends in {111}-type directions from the surface of the solar cell down into the absorber 

material, but not all the way through to the back-surface confinement layer. This defect 

cluster is far more extensive overall, extending at least 2 μm down through the GaAs 

absorber layer and including many more structural defects, mostly concentrated in the top 

1-μm of the absorber layer. 

Aberration-corrected STEM (AC-STEM) imaging was used to characterize some 

of the dislocation cores associated with stacking faults in this cluster. Figure 4.8 is an 

enlarged view of a Large-Angle Bright-Field (LABF) STEM image which shows where a 

single 30° partial dislocation terminates an intrinsic stacking fault in the GaAs absorber 

Figure 4.8: Aberration-corrected LABF STEM  image of a 30° partial dislocation 

associated with an intrinsic stacking fault in a GaAs solar-cell device. Individual 

atomic columns well-resolved. 
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layer. The type of dislocation was again identified by drawing a Burgers circuit around 

the defect, as shown with the yellow arrows. The resulting projected Burgers vector is 

indicated by the white arrow. The partial dislocation is also associated with an extra 

atomic plane, which is marked in the figure by the white line. The extra atomic plane and 

the extended stacking fault meet at the dislocation core and are terminated by a single, 

unpaired atomic column, identified here as corresponding to As, as indicated by the white 

circle in the figure. 

The atomic species of the single atomic column at the dislocation core was 

determined here by analyzing integrated intensity profiles across nearby atomic columns. 

Figure 4.9 shows the larger image region from which fig. 4.8 was taken, and the yellow 

rectangles indicate the regions where the intensity profiles were measured. The intensity 

profile shown in fig. 4.10 was created by integrating the signals from all 10 individual 

intensity profiles in order to reduce overall noise in the profile. Each profile begins at the 

bottom of a rectangle and scans upward. Since this image was recorded in LABF mode, 

the positions of atomic columns correspond to black spots, or locations of relatively low 

intensity. However, it is more common to interpret intensity profiles where the peak 

intensities correspond to atomic columns rather than minimum intensities, so the 

integrated intensity profile was inverted. Thus, the higher peak intensities in fig. 4.10 

actually correspond to the locations of As columns while the lower peak intensities 

correspond to the locations of Ga columns. Figure 4.10 indicates that the Ga-As dumbbell 

pairs in fig. 4.8 are oriented with Ga below As. Thus, it follows that the unpaired column 

situated at the dislocation core corresponds to a column of As atoms. 
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Figure 4.9: LABF STEM  image from which fig. 4.8 was taken, as indicated by the 

box. Yellow rectangles show where intensity profiles were collected by scanning 

from the bottom to the top of each rectangle.  

Figure 4.10: Inverted integrated intensity profile of GaAs atomic dumbbells near 

30° partial dislocation shown in fig. 4.8. Scans were taken from the bottom of the 

image going in an upward direction. From the relative profile heights, the lower 

atomic column in each dumbbell pair of atoms must be comprised of Ga atoms. 
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Further AC-STEM imaging was carried out where lines of strain contrast intersect 

in this cluster. Figure 4.11(a) is a LABF STEM image that reveals the presence of a 

Lomer dislocation at such an intersection. The Burgers circuit drawn to identify the 

defect is shown in the figure with yellow arrows and the resulting Burgers vector in this 

projection is indicated by a light blue arrow. Lomer dislocations are commonly 

associated with two extra atomic planes, indicated in the figure with red lines, which 

meet at the dislocation core. Figure 4.11(b) is an enlarged view of the dislocation core 

with the approximate locations of individual atomic columns marked by yellow dots. The 

white lines in the image show the 5- and 7-member rings commonly associated with 

Lomer dislocations.10 

Figure 4.11: (a) LABF STEM image of a Lomer dislocation in the GaAs absorber 

layer of a solar-cell device. Burgers Circuit shown in yellow and projected Burgers 

vector shown in light blue. Extra atomic planes terminating at the dislocation core 

marked by red lines. (b) Enlarged view of the dislocation core region that shows 

the approximate locations of atomic columns with yellow dots. Ga and As are not 

distinguished. The 5- and 7-member rings associated with a Lomer dislocation are 

shown with white lines.10 
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A third defect cluster observed in a third solar-cell device, shown in fig. 4.12, had 

an overall structure that was markedly different from the previous pair. The GaInP 

window layer is clearly free of defects in this region. Furthermore, the defect cluster does 

not extend far into the absorber layer. In fact, this defect cluster is confined mostly to the 

GaAs emitter layer and extends only a short distance downwards. It is clear that the 

overall density of defects in the GaAs emitter layer along the GaAs/GaInP interface is 

higher than in the previous two regions studied and that the defect cluster extends much 

further laterally along the interface. 

Individual defects in this cluster were again analyzed using AC-STEM. The 

HAADF STEM image in fig. 4.13 shows an individual 60° perfect dislocation from this 

same cluster. The defect was identified by drawing a Burgers circuit, as shown with 

yellow arrows, and the resulting projected Burgers vector is indicated with a white arrow. 

A white line marks the extra atomic plane associated with the 60° perfect dislocation.  

Figure 4.12: TEM  images of defect cluster in GaAs solar cell. This cluster 

extends much further laterally than other clusters along the GaAs/GaInP interface, 

and yet it also leaves the GaInP layer free of defects. 
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4.4 Discussion and Conclusions 

 Defective regions in GaAs solar-cell devices were identified using PL, EL, and 

Raman, and these were then carefully extracted for TEM analysis. It was found that 

device degradation was most often associated with a cluster of EDs, rather than by a 

single ED, as had been previously assumed. Each defect cluster was found to be unique, 

while still sharing common characteristics. Careful comparison of the different defect 

clusters showed that every cluster was dominated by a collection of extended {111}-type 

stacking faults mostly located near the top of the device in the GaAs emitter and absorber 

layers. However, one defect cluster, with relatively short stacking faults, remained mostly 

confined to the GaAs emitter layer, leaving the GaInP window layer free of defects and 

only extending down into the GaAs absorber layer over a short distance (~0.25 μm). The 

Figure 4.13: HAADF STEM  image of a 60° perfect dislocation associated with a 

single extra atomic plane, indicated by the white line. The Burgers circuit is 

shown with yellow arrows and the resulting projected Burgers vector is shown 

with the white arrow. 
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other two defect clusters analyzed in this study extended from the top of the device, 

starting in the GaInP window layer, through the GaAs emitter layer, and deep into the 

GaAs absorber layer; about 1-μm deep in one case and around 2.5-μm deep in the other. 

Atomic-scale arrangements of defect clusters were analyzed with AC-STEM. 

Individual defects in each cluster were found to be comprised primarily of 30° and 90° 

partial dislocations associated with an intrinsic stacking fault. In a few cases, sufficient 

resolution was achieved to identify the chemical species of individual atomic columns at 

the core of 30° partial dislocations. No unpaired atomic columns were found at the cores 

of 90° partial dislocations. 

Although partial dislocations dominated each defect cluster, 60° perfect 

dislocations and Lomer dislocations were also identified. For example, Lomer 

dislocations were identified in a large defect cluster adjacent to a surface pit near the 

location where two lines of strain contrast intersected. Other defect clusters exhibited far 

fewer of these intersections and no Lomer dislocations were identified in those clusters. 

A comparatively shallow cluster, largely constrained to the GaAs emitter layer, contained 

60° perfect dislocations associated with localized strain contrast, but did not seem 

associated with any stacking faults. No 60° perfect dislocations were seen in two other 

clusters, which were dominated by long stacking faults.  
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CHAPTER 5 

ATOMIC STRUCTURE OF INTERFACIAL MISFIT DISLOCATIONS IN II-VI/III-V 

HETEROSTRUCTURES 

This chapter describes investigations into the atomic-scale structure of misfit 

dislocations (MDs) in heterovalent ZnTe/GaAs, ZnTe/InP and ZnTe/InAs II-VI/III-V 

(001) interfaces. Motivations for the work and a brief summary of similar related research 

are presented. The impact of TEM sample preparation on these heterovalent structures is 

compared for two preparation techniques: FIB milling and wedge-polishing. Image 

intensity profiles taken from regions just beside the MDs indicate interfacial diffusion in 

all three heterostructures, which means that individual atomic columns at MD cores are 

unlikely to be composed of a single elemental species. The defect cores for ZnTe/InAs 

(∆a/a ~ 0.74%) are primarily 60° dislocations and belong to the glide set, and the 

individual, unpaired atomic columns at the dislocation cores contain mostly indium. 

More Lomer dislocations are visible at the ZnTe/GaAs and ZnTe/InP interfaces which 

have larger lattice-parameter mismatch. Lomer dislocation cores at the ZnTe/InP 

interface (∆a/a ~ 3.85%) consist of a 10-atom ring and two 5-atom rings, whereas the 

ZnTe/GaAs interface (∆a/a ~ 7.4%) mostly displays conventional shuffle-set Lomer 

dislocations with 5/7-atom ring structures, although asymmetrical MD core structures are 

also observed. In both systems, intensity line profiles taken adjacent to the MD locations 

show that the dislocation cores are displaced slightly upwards from the nominal 

interfacial plane into the ZnTe layer.  

The samples described here were provided by Dr. Xinyu Liu and Professor Jacek 

Furdyna of Notre Dame University. 
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5.1 Introduction 

 Semiconductor superlattices and heterostructures based on compound 

semiconductors have provided major breakthroughs for the electronics and 

optoelectronics industries, including the development of devices such as light-emitting 

diodes, quantum-well infrared photodetectors, and quantum cascade lasers.1 Research 

into these structures has been ongoing for many years, although the vast majority of 

published studies have focused either on isovalent heterostructures where both materials 

had the same valence, or systems where a compound semiconductor was grown on an 

elemental semiconductor, such as GaAs on Si.2-16  

 Heterovalent structures achieved by integrating II-VI and III-V compound 

semiconductors, provide many possibilities for further developments in optoelectronic 

technology.17,18 For example, the combination of II-VI/III-V materials could enable 

photovoltaic devices that access a larger range of the solar energy spectrum.19,20 These 

myriad possibilities are illustrated in fig. 5.1, which indicates the band-gap energies and 

lattice constants of many common elemental and compound semiconductors.19 For 

example, ZnTe has a band-gap energy of 2.27 eV at room temperature and effectively 

covers a shorter-wavelength range of the solar spectrum, while GaAs covers a range with 

longer wavelength due to its band-gap energy at 1.43 eV.17,21 The interfaces between 

heterovalent materials may also provide further opportunities arising from the 

introduction of interfacial electrostatic dipoles. It has been shown that the simplest 

interface geometry for a polar (001) heterovalent interface requires a transition across at 

least two atomic planes.22 This transition region is necessary assuming only small 

distortions to the lattice and that no substantial charge accumulation occurs at the 
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interface.22 However, a more recent theoretical paper proposes the existence of a two-

dimensional electron gas at the CdTe(111)/InSb(111) polar interface.23 These various 

possibilities do not consider what effects interfacial dislocations might have on the local 

abruptness of the heterovalent interface nor their impact on charge accumulation. 

 All heterostructures introduce strain into an epitaxial structure when there is 

lattice mismatch between the constituent layers. Lattice mismatch, f, is given by the 

simple expression 

 𝑓 = (𝑎𝑠 − 𝑎𝑡) 𝑎𝑡⁄  (5.1) 

where as is the lattice parameter of the substrate material and at is the lattice parameter of 

the epilayer. Misfit dislocations will be generated at heteroepitaxial interfaces when layer 

thicknesses exceed specific critical values in order to relieve strain produced by the 

lattice mismatch. As illustrated in fig. 5.1, epitaxial layers consisting of heterovalent 

materials would provide better opportunity for closely lattice-matched systems, thus 

reducing misfit dislocation density, albeit at a possible cost caused by introducing the 

valence mismatch.19  

Figure 5.1: Schematic showing band-gap energy vs. lattice parameter of common 

semiconductor materials.19 
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 At interfaces between III-V/III-V semiconductor materials, such as GaSb/GaAs, 

as well as between elemental semiconductors such as Ge/Si, the misfit strain is normally 

relieved through the formation of dislocations lying in {111} planes, with Burgers 

vectors along either <112> directions (60° perfect dislocation) or <110> directions 

(Lomer dislocation).7,9,10,12,14-16 The former have frequently been shown to dissociate with 

a stacking fault and a pair of partial dislocations.7,9,12,16,24 Hornstra proposed two atomic 

structures, shuffle type and glide type, for these dislocations, which were later confirmed 

by experimental observations.2,10,14,15 

Previous studies of misfit dislocations (MDs) in II-VI/III-V heterovalent systems 

have shown that interfacial misfit strain is again relieved primarily through the formation 

of 60° perfect dislocations and 90° Lomer dislocations,17,20,24-30 with the relative amounts 

of 60° and 90° dislocations depending on the amount of lattice mismatch.17 The defect 

cores in these II-VI/III-V studies were often poorly defined in aberration-corrected 

electron micrographs, even though individual atomic columns in surrounding material 

were clearly and unambiguously identifiable from the image intensity.20,25,26 This chapter 

reports an experimental study of the atomically-resolved structure of MD cores at lattice-

mismatched heterovalent interfaces. Integrated intensity profiles across the interfaces 

taken away from misfit dislocations show that the interface profiles are not atomically 

sharp; it is also suggested that increased disorder along dislocation lines is due to 

increased diffusion very close to the defect core. 

5.2 Experimental Details 

Samples suitable for examination by transmission electron microscopy (TEM) 

were prepared from ZnTe/GaAs, ZnTe/InP, and ZnTe/InAs heterostructures, which 
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consisted of thick (nominally 2.4 μm) ZnTe layers grown on GaAs (001), InP (001) or 

InAs (001) substrates using molecular beam epitaxy (MBE).17 The system used for MBE 

growth consisted of two separate III-V and II-VI chambers connected via an ultrahigh-

vacuum transfer module. The substrates were first deoxidized in the III-V chamber, and a 

corresponding buffer layer was then grown (except in the case of InP), before being 

cooled and transferred under ultrahigh vacuum to the II-VI chamber. The substrate 

surface was then irradiated with Zn for ~300 seconds before the thick ZnTe layer was 

deposited. The substrate temperature was held at 330 °C during the ZnTe growth. The 

flux ratio of Zn to Te, which was close to 1, was adjusted slightly to optimize film 

growth, which was also monitored using reflection-high-energy electron diffraction. 

Cross-sectional TEM specimens were prepared using one of two methods: in situ 

lift-out using an FEI Nova 200 NanoLab (FIB); or mechanical wedge polishing. 

Specimens prepared via FIB milling underwent final cleaning of the sample surfaces at 

an ion-beam energy of 5 keV. Wedge-polished samples were lightly cleaned by ion-beam 

polishing using a Gatan Precision Ion Polishing System (PIPS) operated at 2 kV with the 

sample held at liquid nitrogen temperature to minimize ion-milling artefacts. Samples 

were prepared for observation along two orthogonal {110}-type zone axes. Electron 

micrographs were recorded using a Philips CM200-FEG high-resolution TEM, operated 

at 200 kV. Atomic-resolution structure images were recorded using a probe-corrected 

JEOL ARM200F scanning TEM, also operated at 200 kV. The beam convergence angle 

was set at 20 mrad, and the collection angles were 0-22 mrad for large-angle bright-field 

(LABF) imaging and 90-150 mrad for high-angle annular-dark-field (HAADF) imaging. 
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5.3 Sample Preparation Artefacts  

The impact of different TEM sample preparation techniques on these heterovalent 

II-VI/III-V structures was investigated by comparing cross-sectional electron 

micrographs of ZnTe/InP and ZnTe/GaAs heterostructures that had been prepared for 

TEM observation with either FIB milling or wedge polishing. Figure 5.2 compares 

representative TEM micrographs of: (a) ZnTe/GaAs, and (b) ZnTe/InP samples prepared 

using FIB milling. The presence of MDs at interfaces in both samples is revealed by 

periodic modulation of contrast along each interface, although this is much clearer in fig. 

5.2(a), appearing almost like a line with alternating light and dark contrast. Figure 5.2 

shows that FIB milling tends to result in heavily damaged ZnTe with many short stacking 

faults, and also leaves the substrate with splotchy, mottled contrast, likely due to surface 

coverage and some implantation. While the ZnTe layer is heavily damaged for both 

heterostructures, it seems to be better preserved in the ZnTe/GaAs sample even though 

the GaAs substrate is apparently more damaged than the InP substrate. 

Figure 5.2: TEM images of: (a) ZnTe/GaAs (001) interface and (b) ZnTe/InP 

(001) interface showing high density of defects in ZnTe epilayer, most likely 

caused by sample preparation during FIB milling. Alternating light and dark 

contrast at both interfaces due to the presence of MDs is also visible. 
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The interface in fig. 5.2(b) is shown at higher magnification in fig. 5.3 where the 

alternating light and dark contrast due to MDs is more visible and emphasized with 

yellow arrows. Figure 5.3 also reveals extended stacking faults, possibly due to sample 

preparation damage, in both the ZnTe layer and the InP substrate. 

Figure 5.4 is a typical cross-section image of a ZnTe/GaAs interface prepared for 

TEM observation by wedge polishing. This image shows that wedge polishing can also 

results in sample-preparation artefacts, particularly in the form of short {111}-type 

stacking faults. While the GaAs substrate is not as mottled and splotchy compared to the 

GaAs substrate seen in fig. 5.2(a), the wedge-polishing method tends to result in more 

bending and strain, visible in fig. 5.4 as large areas of dark and light contrast as opposed 

to the relatively uniform contrast seen in fig. 5.2.  

A careful comparison of figs. 5.2-4 shows that both FIB milling and wedge 

polishing can result in damage artefacts, but also indicates that those artefacts are subtly 

Figure 5.3: Higher magnification TEM image of interface shown in Fig. 5.2(b). 

Alternating contrast along the interface indicates the presence of MDs. Yellow 

arrows indicate the approximate location of MDs. 
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different. FIB milling often results in the creation of many short stacking faults, 

particularly in the ZnTe layer, and also leaves the substrate with splotchy, mottled 

contrast. On the other hand, wedge polishing also causes stacking faults in ZnTe, but 

these tend to be a little longer. Furthermore, the substrate appears less mottled, but 

unfortunately still suffers from contrast variations, likely as a result of bending and 

thickness variations.  

5.4 Interfacial 60° Dislocations 

Figure 5.5 shows an example of a 60° perfect dislocation at the ZnTe/InP 

interface. The Burgers circuit shown in yellow around this dislocation indicates a 

projected Burgers vector of a/6[1-1-2], as shown by the red line. The single un-paired 

atomic column at the core of the dislocation, marked by the white circle, is consistent 

Figure 5.4: TEM image of ZnTe/GaAs interface prepared using wedge polishing. 

Stacking fault defects in both materials are likely created during wedge polishing 

or possibly ion-beam cleaning. 
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with a 60° glide-set dislocation and was determined to consist primarily of In atoms.12 

However, the detailed atomic structure in the vicinity of the dislocation core is unclear. 

Figure 5.6 shows integrated intensity profiles from fig. 5.5 taken: (a) away from 

the dislocation core, and (b and c) near the dislocation core on either side, as indicated by 

the boxes in fig. 5.5. In order to reduce noise, several line profiles were summed together, 

skipping a plane of atomic columns between scans so that atomic-column pairs 

coincided. The skipped atomic planes were measured in the same way to create another 

series. Locations for the line profiles are labelled alphabetically from the left of fig. 5.5 to 

the right. Intensity profiles were measured from large-angle bright-field STEM images so 

that dark spots corresponded to the positions of atomic columns. In order to make the 

interpretation of the intensity profiles more intuitive, the measured intensities were 

Figure 5.5: LABF STEM image of 60° dislocation at ZnTe/InP (001) interface. 

Approximate location of nominal interfacial plane indicated with black, dashed 

lines. White rectangles indicate locations where the intensity profiles shown in 

figure 5.6 were measured. The individual, unpaired atomic column at the 

dislocation core is marked with the white circle. Burgers circuit shown with 

yellow lines and the projected Burgers vector shown with the red line. 
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inverted so that peaks in the profile corresponded with atomic column positions. Adjacent 

series are plotted together with an appropriate sideways shift along the position axis. All 

intensity profiles are measured in the same direction scanning from the substrate into the 

ZnTe layer. 

Close inspection of the intensity profiles in fig. 5.6 reveals that the interfacial 

atomic structure changes across the dislocation core. There is a compositional transition 

layer at the interface to the left of the dislocation, as indicated in figs. 5.6(a) and 5.6(b) 

with arrows, that is comprised primarily of In and Te columns. There is a step at the 

location of the dislocation core, so that the interface no longer exhibits III-VI bonding to 

the right of the dislocation, but instead is made up of Zn-P (II-V) bonds, as indicated by 

the arrows in fig. 5.6(c). 

The intensity peaks, which correspond to positions of the atomic columns, have 

been fitted with a sigmoidal function, and the width of the curve from 10% to 90% is 

taken as a measure of the interface width. Approximate interface widths based on this 

criterion range from 0.72 nm to 1.08 nm. Clearly, the interface is not atomically abrupt, 

but it rather suffers from chemical intermixing. Moreover, it seems that the nature of the 

Figure 5.6: Inverted integrated intensity profiles collected from figure 5.5: a) far 

left, b) just left of dislocation core, and c) just right of dislocation core. 



  72 

interdiffusion is altered by closeness to the dislocation core. As seen in fig. 5.6(a), the P 

to Te transition measured far from the dislocation is shifted slightly down into the InP 

substrate relative to the nominal interface position whereas the same transition measured 

on either side of the dislocation core is shifted up into the ZnTe layer, as shown in figs. 

5.6(b) and 5.6(c). Thus, it appears that misfit dislocations in II-VI/III-V systems not only 

facilitate the transition between lattice parameters, but also participate in the relaxation of 

valence mismatch through local variations in chemical intermixing across the interface. 

Similar atomically-resolved defect structures were identified for the ZnTe/GaAs 

and ZnTe/InAs systems, as shown in figs. 5.7 and 5.8, respectively. The positions of the 

60° dislocation cores in both structures corresponded to steps in the interfacial plane. The 

interfacial step at the ZnTe/GaAs interface corresponded to a transition from II-V 

bonding to III-VI bonding, as shown in fig. 5.7, which was similar to the transition 

visible at the ZnTe/InP interface. In contrast, the dislocation core at the ZnTe/InAs 

Figure 5.7: LABF STEM image of 60° dislocation at ZnTe/GaAs (001) interface. 

Approximate location of nominal interfacial plane indicated with white dashed 

lines, as measured with integrated intensity profiles (not shown). Individual, 

unpaired atomic column at the dislocation core is marked with the white circle. 

Burgers circuit shown with yellow lines and resulting projected Burgers vector 

with the red line. 
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interfaces, shown in fig. 5.8, corresponded to a double step with the interfacial plane on 

either side of the dislocations characterized by paired atomic columns of mixed chemical 

composition. Moreover, fig. 5.8(a) reveals that the 60° dislocation core is located just 

above the interface in the ZnTe layer, rather than at the interface as seen for ZnTe/InP 

and ZnTe/GaAs structures. This observation is consistent with a previous report that 

described 60° dislocations at a CdTe/GaAs interface.27 However, the defect core in fig. 

5.8(b) is again located at the interfacial plane. Figure 5.8(b) shows a 30° dislocation 

formed by the dissociation of a 60° dislocation into a pair of partial dislocations that 

terminate either end of an intrinsic stacking fault. 

The unpaired atomic columns at dislocation cores located at the interfacial plane, 

as visible in figs. 5.5, 5.7, and 5.8(b), were all composed primarily of either group III or 

V atoms, depending on the imaging orientation. At the ZnTe/InP and ZnTe/InAs 

interfaces, the unpaired atomic column consisted primarily of In atoms. The ZnTe/GaAs 

Figure 5.8: LABF STEM images of: (a) 60°, and (b) 30° dislocations at 

ZnTe/InAs (001) interface. Approximate locations of nominal interfacial planes 

indicated with black dashed lines, as measured with integrated intensity profiles 

(not shown). Individual, unpaired atomic columns at the dislocation cores are 

marked with white circles. Burgers circuits shown with yellow lines and resulting 

projected Burgers vectors with the red lines. 
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interface was imaged along an orthogonal {110}-type zone axis, and the unpaired atomic 

column at this interface then consisted primarily of As atoms. These results are consistent 

with a previous study on 60° dislocations in GaAs/GaAsSb/GaAs heterostructures.12 

5.5 Lomer Dislocations 

Lomer dislocations were also identified at the ZnTe/InP (∆a/a ~ 3.85%) and 

ZnTe/GaAs interfaces (∆a/a ~ 7.4%), but were not seen at the ZnTe/InAs interface (∆a/a 

~ 0.74%).17,20,25,26 A Lomer dislocation at the ZnTe/InP interface is shown in fig. 5.9, 

together with integrated intensity profiles measured at the locations shown in fig. 5.9(b). 

The intensity profile measured well away from the dislocation core, shown in fig. 5.9(d), 

indicates much greater P and Te intermixing compared to In and Zn, which appear to 

Figure 5.9: a) LABF STEM image of 90° dislocation core at ZnTe/InP (001) 

interface. The black, dashed rectangle indicates the region shown enlarged in (b). 

White rectangles indicate locations where intensity profiles were measured. c-d) 

Inverted integrated intensity profiles collected from (c) the left, and (d) the right, of 

(b). 
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form an atomically abrupt transition. In contrast, the P-Te transition near the dislocation 

core, shown in fig. 5.9(c), is less extensive and suggests a broader In-Zn interfacial width. 

Careful comparison of figs. 5.9(c) and 5.9(d) also reveals that there is a step in the 

nominal interfacial plane to the right of the dislocation core. Approximate locations of the 

interfacial plane are shown with dashed white lines in fig. 5.9(a). 

A proposed atomic structure for the dislocation core in fig. 5.9 is shown in fig. 

5.10(a). The dislocation core is located just above the nominal interfacial plane, marked 

by arrows in the intensity profile shown in fig. 5.10(c). A 10-atom ring is located in the 

ZnTe layer just above the transitional atomic column pairs, while two 5-atom rings 

stretch across the interfacial plane. The location of the dislocation core corresponds well 

with the P-Te transition shown in fig. 5.10(c), which is also shifted slightly up into the 

ZnTe layer. This structure is very similar to the proposed structure of a Lomer dislocation 

at an InGaAs/GaAs interface.13 Although the InGaAs/GaAs system does not have the 

Figure 5.10: a) Proposed dislocation core structure superimposed on enlarged 

view of dislocation in figure 5.9(a). Atomic columns composed of Te, Zn, P, and 

In are marked with dark blue, light blue, light green, and dark green dots, 

respectively. The interfacial plane is marked with mixed blue and green dots for 

emphasis. b) Location where intensity profiles were measured marked with white 

rectangle. c) Inverted integrated intensity profile. Nominal interfacial plane, 

composed primarily of In and Te atomic columns, marked with arrows. 
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same valence mismatch as the ZnTe/InP interface, the structures of the dislocation cores 

are in good agreement.  

A conventional shuffle-type Lomer dislocation at the ZnTe/GaAs interface is 

shown in fig. 5.11. Intensity profiles measured near the dislocation core reveal that the 

interface is again not atomically abrupt. The dislocation core is comprised of transitional 

atomic columns that are likely dominated by Zn and Te atoms. A possible atomic-

structure model for this type of defect, based on both the AC-STEM images and intensity 

profile data, is shown in fig. 5.11(b), with the approximate location of atomic columns 

marked by light blue, dark blue, dark green, and light green dots representing Zn, Te, Ga, 

and As columns, respectively. The locations of the 5- and 7-member rings of the 

dislocation core are marked by arrows in the integrated intensity profile in fig. 5.11(c). 

However, the chemical profile across the interface is not atomically abrupt, so that the 

atomic columns along the interface, particularly at the dislocation core, are not likely to 

consist of single atomic species.  

Figure 5.11: a) LABF STEM image of a conventional shuffle type Lomer 

dislocation at a ZnTe/GaAs (001) interface. b) Structural model of the dislocation 

core superimposed on an enlarged view of the core. c) Inverted integrated 

intensity profile taken from the region marked by the white rectangle in b. 
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Lomer dislocations with disordered core structures, such as that shown in fig. 

5.12(a), were more common along the ZnTe/GaAs interface. While the exact atomic 

structures of these dislocation cores are unclear, intensity profiles taken from near these 

disordered dislocations indicate that the cores are located at the lower transitional planes 

of the interface, as shown by the arrows in fig. 5.12(b), which is in contrast to the 

location of the MD core shown in fig. 5.11.  

5.6 Discussion & Conclusions 

This study has confirmed that heterovalent ZnTe/GaAs, ZnTe/InP and ZnTe/InAs 

II-VI/III-V (001) interfaces are not atomically abrupt, which complicates determination 

of the atomic structure of MD cores. The structural defects observed at the ZnTe/InAs 

interface (∆a/a ~ 0.74%) are primarily 60° dislocations belonging to the glide set, which 

are located above the interface in the ZnTe layer. However, 30° partial dislocations 

formed through the dissociation of 60° dislocations were identified at the interfacial 

plane, and the individual, unpaired atomic column at these interfacial dislocation cores 

Figure 5.12: a) LABF STEM image of a Lomer dislocation at a ZnTe/GaAs (001) 

interface with a disordered core. b) Inverted integrated intensity profile measured 

from location marked with the white rectangle. 



  78 

contained mostly In atoms. 60° dislocations are located at the nominal interfacial plane 

for ZnTe/GaAs and ZnTe/InP (001) interfaces and correspond to a transition from II-V to 

III-VI bonding along the interfaces.  

Previous workers have studied misfit dislocations at II-VI/III-V interfaces, but it 

was commonly observed that the dislocation cores seemed to be blurred compared to the 

surrounding lattice.20,25,26 It has been suggested that this blurring could be partly due to 

sample preparation artefacts or beam-specimen interaction during TEM analysis. Results 

from this current study suggest that another reason for this blurring could be disorder 

along the dislocation line caused by intermixing across the heterovalent interface.  

 Overall, these results suggest that there is a correlation between misfit dislocation 

core structure and chemical intermixing at II-VI/III-V interfaces. Lomer dislocations are 

clearly more efficient at relaxing misfit strain due to lattice mismatch across heterovalent 

interfaces, whereas 60° dislocations may be more effective at accommodating valence 

mismatch. Intermixing across heterovalent interfaces is likely to be encouraged by the 

increased strain field at the dislocation cores, resulting in greater disorder along 

dislocation lines, particularly in comparison to similar dislocations at isovalent interfaces. 

Elemental mapping with electron-energy-loss spectroscopy measured simultaneously 

with AC-STEM imaging may help shed further light on the chemical composition of 

atomic columns at the dislocation cores.  
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CHAPTER 6 

SUMMARY AND POSSIBLE FUTURE WORK 

This dissertation has described the application of transmission electron 

microscopy (TEM) and aberration-corrected scanning TEM (AC-STEM) to characterize 

the atomic-scale structure of individual defects and defect clusters in compound 

semiconductor materials and devices. These studies were part of ongoing efforts to bridge 

the current knowledge gap between defect characterization and device performance at the 

atomistic scale. This chapter summarizes the major results of this work and briefly 

highlights possible opportunities for further investigation. 

6.1 Summary 

An extensive effort was made to identify specific locations of crystal defects in 

CdTe epilayers that might be shown to contribute to degraded light-conversion 

efficiency. Electroluminescence (EL) mapping and the creation of surface etch pits 

through chemical treatment were used in attempts to identify specific structural defects 

for subsequent TEM examination. However, a major obstacle impeding useful progress 

proved to be the experimental difficulty of identifying etch pits for study that 

corresponded to locations of decreased optical and electrical activity, as shown by EL 

mapping, and were of a suitable size, i.e., not so shallow as to be indistinguishable from 

the surrounding roughened surface but not so deep that the defect of interest had been 

completely removed by the etching process. The TEM studies of these specimens only 

revealed surface etch pits, and there was no visible sign of any extended defects at their 

base. It was also concluded that while the formation of etch pits could be helpful for 
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precisely locating extended defects associated with decreased optoelectrical activity, the 

surface roughness surrounding etch pits would tend to mitigate against their usefulness.  

Defective regions in GaAs solar-cell devices were identified using combinations 

of photoluminescence (PL), EL, and Raman scattering, and these were then extracted for 

TEM analysis. It was observed that device degradation was invariably associated with a 

cluster of extended defects (EDs), rather than by a single ED, as had been previously 

assumed. Each defect cluster was found to be unique, while still sharing common 

characteristics. Careful comparison of the different defect clusters showed that every 

cluster was dominated by a collection of extended {111}-type stacking faults mostly 

located near the top of the device in the GaAs emitter and absorber layers. However, one 

defect cluster, with relatively short stacking faults, was primarily confined to the 

uppermost GaAs emitter layer, leaving the GaInP window layer free of defects, and the 

cluster only extended downwards into the GaAs absorber layer over a relatively short 

distance (~0.25 μm). Other defect clusters analyzed in these studies extended from the 

top of the device, originating in the GaInP window layer, through the GaAs emitter layer, 

and deep into the GaAs absorber layer; about 1-μm deep in one case and around 2.5-μm 

deep in another. 

Atomic-scale arrangements of the defect clusters in these GaAs devices were 

investigated using aberration-corrected STEM. Individual defects in each cluster 

consisted primarily of an intrinsic stacking fault terminated by 30° and 90° partial 

dislocations. In some cases, sufficient structural resolution was achieved to identify the 

chemical species of individual atomic columns at the cores of the 30° partial dislocations. 

No unpaired atomic columns were, however, identified at the cores of the 90° partial 
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dislocations. Although these stacking faults and associated partial dislocations tended to 

dominate each defect cluster, 60° perfect dislocations and Lomer dislocations were also 

identified. For example, Lomer dislocations were identified near locations where two 

lines of strain contrast intersected in a large defect cluster adjacent to a surface pit. Other 

defect clusters exhibited far fewer of these intersections and no Lomer dislocations were 

identified in those clusters. A comparatively shallow cluster, largely constrained to the 

GaAs emitter layer, contained 60° perfect dislocations associated with localized strain 

contrast, but did not seem associated with any stacking faults. No 60° perfect dislocations 

were seen in two other clusters, which were dominated by long stacking faults. 

In another study, it was confirmed that heterovalent ZnTe/GaAs, ZnTe/InP and 

ZnTe/InAs II-VI/III-V (001) interfaces are not atomically abrupt, which complicates 

determination of the atomic structure of MD cores. It was suggested that a reason for 

blurred MD cores at II-VI/III-V interfaces could be disorder along the dislocation line 

caused by intermixing across the heterovalent interface. The structural defects observed 

at the ZnTe/InAs interface (∆a/a ~ 0.74%) were primarily 60° dislocations belonging to 

the glide set, which were located above the interface in the ZnTe layer. However, 30° 

partial dislocations formed through the dissociation of 60° dislocations were identified at 

the interfacial plane, and the individual, unpaired atomic column at these interfacial 

dislocation cores contained mostly In atoms. 60° dislocations were located at the nominal 

interfacial plane for ZnTe/GaAs and ZnTe/InP (001) interfaces and correspond to a 

transition from II-V to III-VI bonding along the interfaces.  
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Overall, these results suggest that there is a correlation between misfit dislocation 

core structure and chemical intermixing at II-VI/III-V interfaces. Lomer dislocations are 

clearly more efficient at relaxing misfit strain due to lattice mismatch across heterovalent 

interfaces, whereas 60° dislocations may be more effective at accommodating valence 

mismatch. Intermixing across heterovalent interfaces is likely to be encouraged by the 

increased strain field at the dislocation cores, resulting in greater disorder along 

dislocation lines, particularly in comparison to similar dislocations at isovalent interfaces. 

6.2 Possible Future Work 

Damage to a specimen that is introduced during the process of sample preparation 

has been an ongoing issue for many years, especially for semiconductor materials, and 

continues to complicate reliable TEM analysis.2,3 Work is constantly underway to find 

alternative methods for preparing TEM specimens faster, and more reliably, but with less 

artefactual damage. For example, it has been shown that different ion-beam sources in 

focused ion-beam (FIB) systems produce dramatically different results with regard to 

milling rate, ion implantation, and surface amorphization during TEM sample 

preparation.4,5 Frequently, ion-beam sources result in reduced specimen damage, but they 

also correspond to greatly reduced milling rates. If FIB systems incorporated several 

different ion-beam sources, then they could be used in series to incrementally thin 

materials to electron transparency, using the fastest and most damaging ions first and then 

progressing to ions that remove material more slowly and with minimal sample damage. 

Future studies involving semiconductor materials, particularly III-V and II-VI materials 

which were once again confirmed to be susceptible to ion-beam damage during the 
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investigations described in this dissertation, would benefit from the use of FIB systems 

equipped with multiple ion-beam sources to improve these prospects.  

In this dissertation research, it was shown that chemically etching CdTe was 

ineffective for reliably identifying defect locations for later TEM investigation. Previous 

work had also concluded that not all chemical etch pits corresponded to potential defect 

sites revealed by PL imaging or vice versa.6 Thus, if the primary interest is to correlate 

specific structural defects with locally degraded performance then a different approach 

for locating and characterizing individual optoelectrically active defects in CdTe is highly 

desirable. It was demonstrated that optoelectrically active defects in GaAs solar-cell 

devices could be precisely located using PL and/or EL imaging without damaging the 

device surface. A similar study of defect structures in CdTe epilayers should be carried 

out where PL and EL imaging are used to identify possible defect locations, rather than 

the use of any chemical etching. Thus, a study in which optoelectrically active defects are 

located through the use of EL mapping, or similar techniques, and their locations 

precisely measured relative to recognizable surface features, should result in a higher 

percentage of extended defects being successfully isolated for TEM characterization and 

correlation with device properties. Alternatively, reasons explaining why EL dark spots 

and the locations of surface etch pits did not generally correspond to each other could be 

more effectively investigated by selecting a material system where chemical etching was 

less destructive to non-defective material relative to defect sites. 
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