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ABSTRACT 
 

The photovoltaic properties of CdTe-based thin films depend on recombination levels 

formed in the CdTe layer and at the heterojunction. The localized states are resultant of structural 

defects (metal sublattice, chalcogen sublattice, interstitial), controlled doping, deposition process, 

and/or post-deposition annealing. The photoluminescence study of CdTe thin films, from both the 

bulk and heterojunction, can reveal radiative states due to different defects or impurities. 

Identification of defects allows for potential explanation of their roles and influence on solar cell 

performance. A thorough understanding of the material properties responsible for solar cell 

performance is critical in further advancing the efficiency of devices. 

The presented work is a systematic investigation using photoluminescence to study CdTe 

thin films with varying deposition processes. The thin (polycrystalline) films explored in this study 

were deposited by either the elemental vapor transport technique (EVT) or close spaced 

sublimation (CSS). Two device architectures were investigated, the typical CdTe/CdS device and 

the CdSeXTe1-X (CST) alloy device. Post-deposition annealing processes were either laser or 

thermal. The study of the CdTe thin films is grouped in three general categories:  (a) EVT films: 

Intrinsic and Extrinsic (Group V: Sb and P), (b) CST alloys, and (c) Post-deposition Laser 

Annealed (LA) films. The main goal of this dissertation is to understand the influence of 

fabrication procedures (deposition conditions, post deposition thermal and chemical treatments, 

added impurities, and device architecture) on the defect structure of the CdTe thin films. 

The behavior of the photoluminescence (PL), studied as a function of the measurement 

temperature and excitation intensity, provides insight to the mechanism causing the radiative 
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recombination levels. Analysis of the PL spectra for CdTe films with intrinsic doping 

demonstrated stoichiometric control of native defects for both the Cd- and Te-rich conditions. PL 

spectra of CdTe:Sb films showed unique Sb-related bands. Also, impurity-related defects were 

identified in the CdTe:P spectra. Spectral analysis support the need for optimization of dopant 

concentration. The effects of selenium (Se) thickness and post-deposition processing on the 

formation of CST alloy were demonstrated in the changing PL spectra. The native defects (and 

complexes) identified in films with thermal anneal processing were the same as those identified in 

films with laser anneal post-deposition processing.  

The PL data were collected and other characterization techniques were used to support the 

defect assignments. A repository of material properties, which include the recombination levels 

along with structural defect assignment for each of the CdTe deposition processes, is provided. 

This project will lend the solar cell community information on CdTe defects for different 

processing conditions, ultimately influencing the fabrication of improved solar cells.  
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CHAPTER 1: INTRODUCTION  
 

A sustainable future depends on energy sources that are renewable, inexpensive, and 

reduce the emission of greenhouse gases. Renewable energy sources are sunlight, wind, water, 

biomass, and geothermal. The capture and conversion of sunlight is a simple yet viable option for 

electricity, as it requires no combustion, produces no air pollution, and has an abundant source in 

the Sun. 

Figure 1 U.S. energy consumption by type. (Based on IEA data from Electricity Information 
2017 © OECD/IEA 2017, www.iea.org/statistics, License: www.iea.org/t&c; as modified by 

Shamara P. Collins.[1]) 
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1.1. Solar Energy  

Solar energy is a viable alternative source considering the sun provides a tremendous 

amount of heat and light through nuclear fusion reactions in the form of electromagnetic radiation. 

The incident radiation upon the earth’s surface is abundant and evenly distributed across the globe. 

Sunlight can be converted directly into electricity using solar cells, technically referred to as 

photovoltaic cells. The photovoltaic (PV) effect is a conversion process in which electricity is 

generated by incident light on a semiconductor device.  

Obstacles for the widespread adoption of solar energy include: cost, scalability and 

intermittency. The cost of solar electricity has declined significantly in recent years.  The Levelized 

Cost of Energy (LCOE), or the price consumers pay for electricity from a solar energy system has 

reduced to 5.0 – 6.6 cents per kWh for utility-scale fixed-tilt systems [2]. In order to sustain a 

widespread switch from fossil fuels to solar energy, continued trajectory of cost-reduction is 

required. Also, the universal deployment of solar electricity depends upon the up-scale of the 

materials acquisition process and the scalability of manufacturing techniques. Finally, an inherent 

shortcoming to solar technology is the intermittency of the sun as an energy source. Advancements 

in areas like lithium battery technology and battery packs for residential solar systems are 

underway to address some of the challenges around the imperfect predictabilities of the sun. 

Nonetheless, solar electricity is a strategic way to address carbon emissions and electricity 

demands. 

1.2. Solar Technology  

The marketplace for PV technology has grown 25% annually attributed to the wide range 

of applications [3]. Some of the uses for PV technology include consumer products like wearable 

electronics, outdoor lighting, and charging devices. A unique aspect of solar application is the 
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ability to work in remote locations, including space for satellite application and in developing 

countries for powering equipment like street lights or water stations. Large-scale use of the non-

polluting technology is also actualized through the use of built structures, also known as building 

integrated photovoltaics (BIPV).  

PV technology has developed over the years, in large part due to changing the materials 

selected to absorb the sunlight and to collect the charge for electricity. PV technologies are 

classified in two categories, wafer–based and thin–film based devices. Silicon (Si) wafer-based 

devices dominate the market at 90% of current global production. Advancements in manufacturing 

and material maturity are attributed to the popularity of Si in the PV market [4]. The first, modern 

solar cell demonstrated by Chapin et al. in 1954 was a Si-based heterojunction device, with 6% 

conversion efficiency [5]. Research innovations over the years have increased efficiency to the 

record of 26.3% for single-crystal Si-devices of with cell size of 180 cm2 [6]. Solar cells are 

typically made up of single crystal or mono-crystalline, or multi-crystalline.  

Commercially available thin-film solar cells make up the final 10% of the PV market. The 

layer of material used to absorb sunlight in these devices is relatively thin, compared to Si solar 

cells which require a thick layer to compensate for the poor absorption properties of crystalline Si 

(i.e. indirect bandgap and low absorption coefficient) [7]. The absorber layer thickness of thin-

films is typically a few microns, while the crystalline Si layers are hundreds of microns thick. The 

reduction in absorber layer thickness is attributed to the high absorption coefficients, a unique 

material property as illustrated in Fig. 2. The ability to use less material decreases expenses in the 

manufacturing process of solar cells. The thin-film devices provide an alternative to Si-wafer PV 

technology, as they have a variety of applicable substrates (glass, plastic, flexible-metal foils) [7]. 

The commercially available thin films include cadmium telluride (CdTe) and copper indium 
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gallium diselinede (CuInxGa1-xSe2 or CIGS). Emerging thin-film technologies use nano-structured 

materials to improve light absorption and electricity transport such as porous layers of titanium 

dioxide (TiO2). Other technologies in development for commercial scale application include 

organic materials like dye-sensitized and perovskite solar cells.  

Figure 2 Absorption coefficient for a variety of semiconductor materials at 300K as a 
function of the wavelength of light. (Reprinted with permission [8].)  

1.3. CdTe Thin-film Solar Cells  

Cadmium telluride (CdTe) is the leading II-VI compound semiconductor in the thin-film 

sector of the PV market. CdTe- based devices are strong candidates for generating high conversion 

efficiency of sunlight into electricity. The optimal material requirements for a solar cell to achieve 

conversion efficiency includes [9]:  

• Direct bandgap with energy range of 1.45 eV [10] 

• High absorption coefficient (104 – 105 cm-1) in the wavelength region of 300 – 800 nm 

• Able to be doped p- and n- type  
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CdTe is regarded as an advantageous material for terrestrial photo conversion because of the direct 

bandgap energy of 1.45 eV and high absorption coefficient of 105 cm-1[11]. These properties 

determine the material’s ability to harness energy from different regions of the solar spectrum. The 

relationship between energy and wavelength is given by:  

𝐸𝐸 =  
ℎ𝑐𝑐
𝜆𝜆

 

where E is energy, h is plank’s constant, c is velocity of light and λ is wavelength. Considering 

this relationship along with the bandgap energy (Eg=1.45 eV), CdTe has an absorption edge of 850 

nm. Therefore, it is able to absorb all sunlight below 850 nm which is well-matched to the visible 

spectrum (400 – 900 nm). In addition, the Beer-Lambert law relates absorptivity of a material with 

the dimensions, mainly its thickness. Considering CdTe has an absorption coefficient of 105 cm-1, 

only a 2 μm thick layer is required to absorb 90% of the photons in the visible spectrum. These 

features allow CdTe devices to be a low cost and efficient alternative to Si and other thin- film PV 

technologies. 

CdTe–based devices are commonly with a p-type CdTe layer and n-type CdS. CdS has a 

wide bandgap of 2.42 eV, which allows most of the solar spectrum transmission to the CdS/CdTe 

junction [12]. Also, the similar chemical properties of CdS allow it to be a favorable heterojunction 

partner for CdTe.  Recently, selenium (Se) has been considered for the n-type layer, using CdSe 

to form the CdSeXTe1-X (CST) alloy because. Considering in films with CST alloys the lifetimes 

were shown to improve [13]. Also, Se has a higher solubility in CdTe and a slightly decreased 

bandgap due to the ‘bowing’ effect [14].  Significant efforts have been made over the decades to 

improve the conversion efficiency of CdTe devices. The champion cell efficiency demonstrated 

by the University of South Florida was 15% in 1993 for small area cells [11]. Presently, First Solar, 
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a U.S. manufacturing company, produces small-area solar cells with 22.3% conversion 

efficiency[15]. 

The future of CdTe devices is optimistic as the present day records are lower than the 

theoretical maximum, which for a single heterojunction device with bandgap of 1.45 eV is 

approximately 33.7% [16]. Further improvements to the conversion efficiency is achieved with 

better understanding the photovoltaic properties of the heterojunction and CdTe layer. The 

components of the heterojunction, along with the recombination levels at the interface of the 

junctions are important to understand. Also it is important to understand the mechanisms of 

diffusion for impurities within the structure. The recombination levels or localized states are 

influenced by the structural defects of the semiconductor as result of deposition processing. 

Specifically, structural defects can result from the metal’s sublattice (Cd), the chalcogen’s 

sublattice (S or Te), or interstitial defects. In addition, structural defects can arise during the 

deposition process, or controlled impurity incorporation, or during post-deposition annealing in 

various environments.  

1.4. Photoluminescence Investigation  

Imperative to gaining a thorough understanding of the physical mechanisms within CdTe 

based solar cells are material characterization investigations. Photoluminescence (PL) is the 

material characterization technique used to study the junction in CdTe devices and the CdTe layer, 

to reveal the radiative states caused by different defects. Explanation of the role of these states can 

provide insight to their influence on solar cell performance. The role of native defects for the 

incorporation of impurities such as antimony (Sb) and phosphorus (P), have been previously 

studied in single crystals of CdTe but not extensively for poly-CdTe thin films. Also to be explored 

is the role of selenium (Se) diffusion in the heterojunction of CdTe-based devices. This study aims 
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to correlate the PL characteristics of CdTe films and heterojunctions to various processing 

conditions, which include: elemental vapor transport deposition technique, Group V impurities (P 

and Sb), CdSexTe1-x alloy formation with varying Se thickness, and post deposition processing 

with laser anneal. 

Chapter 2 provides a brief introduction to semiconductors and an overview of 

photoluminescence theory. Presented in Chapter 3 are the current trends and progress for CdTe-

based devices. A review of theoretical defect studies and relevant PL experiments found in the 

literature on CdTe with different processing conditions are presented in Chapter 4, to lend in the 

identification of defect assignments. Chapter 5 describes the fabrication details for all the CdTe 

films (CdTe- intrinsic/extrinsic, CdSexTe1-x alloy- Se thickness and CdCl2 HT, and Laser anneal) 

and the PL measurement set-up. Chapter 6 describes the PL results for the various processing 

conditions and Chapter 7 presents the conclusion of this study with future considerations. 
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CHAPTER 2: SEMICONDUCTORS 
 

A thorough understanding of the physical basis of semiconductors is essential to 

understanding and improving solar cell performance.  

2.1. Semiconductor Materials 

Materials are comprised of different atomic configurations which determine their 

functionality. Semiconductors have a unique energy gap which permits for some electrons to 

become free and contribute to conduction, given a thermal or optical excitation. Electrons are 

quantized atomic particles with angular momentum that is restricted to certain energy values. It is 

the energy gap or band gap that controls the concentration of free electrons in a semiconductor. 

Structurally materials can be classified in three categories: amorphous, crystalline, and 

polycrystalline. An amorphous orientation has no distinct pattern, the crystalline has an ordered 

structure, and polycrystalline have several crystalline portions segmented together, called grains.  

Isolated atoms come together to form the collective structure and share their valence electron with 

the nearest neighbor. The covalent bonding or sharing of valence electron allows for the use of the 

bonding model. The bonding model provides a visualization aid for the spatial aspects of atomic 

events within the semiconductor. The allowed energy states from the isolated atom change when 

forming the crystalline material. Half become lower in energy and half increase in energy; this 

split causes two ranges of allowed energy states and an energy gap. The upper range of allowed 

states is referred to as the conduction band, the lower range of allowed states is the valence band, 

and the gap in between is the commonly referred to as the band gap. The valence band electrons 

in a crystalline material are no longer associated with any one atom. The identity of the shared 
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electron changes as function of time; thus, the need for material characterization measurements 

that address the temporal dependence is required. The energy band model provides visualization 

aid to the energy-related aspects of semiconductor events, which is of primary focus for solar cell 

materials.  

2.1.1. Semiconductor Defects  

The crystal lattice which comprises the semiconductor is a periodic arrangement of atoms. 

Changes to the perfect crystal causes defects to form in the lattice. The defects are categorized as 

native (or intrinsic), and as impurity-related (or extrinsic).    

Intrinsic defects occur from changes to the periodicity of the host atoms in the crystal 

lattice. These defects manifest in several ways, as: point, line, plane, and volume. The common 

native point defects are vacancies, interstitials, and substitutional, as illustrated in Fig. 3. Vacancy 

defect is the missing host atom from its lattice site. An interstitial defect occurs when an extra atom 

attempts to occupy a lattice site of the host atom, but is unsuccessful and therefore remains in the 

lattice. The substitutional (antisite) defect arises when a host atom occupies the lattice site, 

belonging to another host atom.   

Figure 3 Point defects. 
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 Extrinsic defects arise when an impurity is incorporated to the host through doping. Doping 

is the intentional addition of atoms to the host, causing substitutional and/or interstitial defects. 

Substitutional impurities are point defects in which the foreign atom substitutes directly in place 

of the host atom. Sometimes, the lattice is altered such that a vacancy (point defect) appears within 

the structure. Also, foreign atoms have the opportunity to go in between the matrix of host atoms 

to an interstitial site, forming another point defect referred to as interstitial impurity. These 

impurity atoms are typically of a different size and valence than the host material, thus distorting 

the periodicity and, occasionally, the charge state. The key mechanical and electrical properties of 

solar cell performance lie within the knowledge of defect physics and chemistry. 

2.1.2. Semiconductor Doping 

The semiconductor electrical conductivity can be controlled. The control is provided 

during fabrication via the doping process, which is the incorporation of impurities for the purpose 

of increasing electrons or holes. The impurities are referred to as dopants. The incorporation 

process can be done in both elemental and compound semiconductors. Through conductivity 

control, semiconductors can be classified as either n- type or p-type. Fig. 4 provides an illustration 

Figure 4 Elementary semiconductor doping, the example of Si. 
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of doping in an elemental semiconductor using Si doped with Phosphorus (P) and Boron (B), for 

example. Unlike Si, P has 5 valence electrons. When it substitutes into the lattice, it donates an 

electron to the host material, therefore it is called a donor and the material is consider n-type, 

because of the negative charge. Unlike P, B carries 3 valence electrons; when it substitutes on the 

lattice, a positive charge hole is created in the valence band and an additional electron will be 

accepted to form the covalent bond. Hence, boron is an acceptor and the material is now p-type 

due to its positive charge. 

The doping mechanisms of compound semiconductors can be modeled in a similar fashion. 

An example of n- and p-type doping of CdTe is presented in Fig. 5. Group V atoms (with 5 valence 

electrons, can substitute and replace the Te lattice site, when this occurs, the material is missing 

an electron (hole) and becomes p-type. Similarly, Group III atoms (with 3 valence electron) subsite 

Figure 5 Compound semiconductor doping, the example of CdTe. 
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for the Cd atom, which creates an extra electron and causes the semiconductor material to become 

n-type.  

2.1.3. Carriers: Electrons and Holes 

Carriers are the entities that transport charge within a semiconductor. The electron along 

with the hole facilitate charge transport. The void where the valence band electron was removed 

creates an empty state or a hole. It being opposite is able to move easily throughout the lattice, 

similar to the conduction band electron. The electron has negative charge (-q) and the hole has 

positive charge (+q). Energy larger than the band gap excites valence band electrons into the 

conduction band and creates free carriers.  

2.1.4. Carrier Transport  

The energy-momentum (E-k) relationship for carrier in a lattice is important. The band 

edges (Bottom of Ec and top of Ev) are described with a quadratic dependence: 

𝐸𝐸(𝑘𝑘) =
ℎ2 𝑘𝑘2

2𝑚𝑚∗  

where h is plank’s constant (divided by 2π), m* is the effective mass and k is the wave vector. For 

an intrinsic semiconductor the number of electrons (present in conduction band) is the number of 

available states multiplied by the occupancy integrated over conduction:  

𝑛𝑛 = ∫ 𝑁𝑁(𝐸𝐸)𝐹𝐹(𝐸𝐸)∞
𝐸𝐸𝐶𝐶

 𝑑𝑑𝐸𝐸  

The density of states N(E) is approximated by the density near the band edge for certain cases. The 

occupancy probability is dependent upon temperature and energy, as represented by the Fermi-

Dirac distribution function:  

𝐹𝐹(𝐸𝐸) =
1

1 + 𝑒𝑒𝑒𝑒𝑒𝑒
(𝐸𝐸−𝐸𝐸𝐹𝐹)
𝑘𝑘𝑘𝑘
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where EF is Fermi energy, k is Boltzmann constant, and T is temperature (in Kelvin). For 

semiconductors with low doping concentration or nondegenerate, the Boltzmann Statistic can be 

used to determine the number of electrons (n) and number of holes (p):  

𝑛𝑛 = 𝑁𝑁𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝐸𝐸𝐶𝐶−𝐸𝐸𝐹𝐹
𝑘𝑘𝑘𝑘

� 

𝑒𝑒 = 𝑁𝑁𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝐸𝐸𝑉𝑉−𝐸𝐸𝐹𝐹
𝑘𝑘𝑘𝑘

� 

NC and NV are the effective density of conduction and valence band states, respectively. EC is the 

lowest possible conduction band energy and EV is the highest possible valence band energy.   

When a semiconductor is doped either n- or p- type, the donor or acceptor impurity 

introduces energy levels into the energy gap. The donor impurity level is defined as neutral if filled 

by an electron and positive if empty.  The acceptor impurity level is neutral if empty and negative 

if filled by an electron. These energy levels are important as they help determine the amount of 

dopant that becomes ionized, which facilitates dopant incorporation. 

2.1.5. Recombination Mechanisms  

The recombination of carriers is a restoration of equilibrium after the generation of 

electron-hole pairs has occurred, from incident light. The types of recombination can be 

categorized as: Radiative, Auger (non-radiative), and Shockley Read Hall (SRH). The energy of 

Figure 6 The band diagram of CdTe/CdS device. 



14 
 

an electron in transition is conserved through radiative emission of an electron or non-radiative 

transfer of energy to another electron or the crystal lattice. The SRH energy states are midway 

through the bandgap and are very effective recombination centers [17]. Recombination affects the 

solar cell performance, photogenerated carriers must be collected before they recombine in order 

to contribute to the cell output. 

2.2. Solar Cell Device and Operation 

The solar cell is a p-n junction device, which is comprised of a p-type layer and n-type 

layer placed together. These layers with opposite charge attract and form a heterojunction where 

the two meet, within this region an internal electric field is generated. CdTe based thin films are 

an example of such devices. CdTe-based device are comprised of a wide bandgap, n-type layer, 

which is typically Cadmium Sulfide (CdS).  

The band structure for a CdTe-based device is shown in Fig. 6. It forms a heterojunction 

with n-type CdS and CdTe as p-type layer. The larger bandgap material is referred to as the window 

layer, as certain photons will pass through the layer. Photons that have energy less than EgCdS will 

pass through, but those with energy greater than EgCdS will be absorbed. The incident photons with 

hυ>EgCdTe and less than EgCdS will be absorbed by the CdTe layer. Only the carriers collected 

within diffusion length of the heterojunction will be collected.  

The PV effect is used to describe the basic solar cell operation. The process begins when 

sunlight is absorbed and used to free electrons to the conduction band which leaves a subsequent 

hole in the valence band. The electron-hole are temporarily paired together, but the internal electric 

field generated from the junction causes the photo-generated carriers to separate. Eventually the 

charged carrier is supplied to the external load for electricity. 
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2.2.1. Solar Cell Parameters  

The defining metric for solar cell devices is conversion efficiency:  

𝜂𝜂 =  
𝑉𝑉𝑂𝑂𝐶𝐶 ∗ 𝐽𝐽𝑆𝑆𝐶𝐶 ∗ 𝐹𝐹𝐹𝐹

𝑃𝑃
 

VOC is the open-circuit voltage, defined as the voltage when the load resistance is infinite, JSC is 

short-circuit current, defined by the current generated when the resistance is zero, and FF is fill 

factor, i.e. the ratio of maximum power generated by the cell divided by JSC*VOC. P is the total 

incident power on the device[12]. As a standard, solar cell are usually illuminated with a simulated 

air mass (AM) spectrum. For terrestrial application, AM1.5 provides the global average incident 

on the Earth’s surface. The spectrum considers the light incident when the path length is the height 

of the Earth’s atmosphere and sec Ɵ= 1.5, where theta is the angle between the elevation of the 

sun and the zenith. The incident power (P) is 963 Wm-2 for AM 1.5 spectrum.  

 The current in a solar cell depends on the number of electron-hole pairs generated per unit 

volume per time, therefore JSC is given by: 

𝐽𝐽𝑆𝑆𝐶𝐶 =  𝑔𝑔𝑜𝑜𝑜𝑜𝑜𝑜𝑒𝑒𝑒𝑒 �𝑤𝑤 + 𝐿𝐿𝑛𝑛 + 𝐿𝐿𝑜𝑜� 

where gopt is the optical generation of carriers, e is electron, A is area, w is the depletion width, Ln 

is the electron minority carrier diffusion length, Lp is the hole minority carrier diffusion length. 

The open-circuit voltage of solar cells can be determined from the carrier concentration [18]: 

𝑉𝑉𝑂𝑂𝐶𝐶 =
𝑘𝑘𝑘𝑘
𝑞𝑞
𝑙𝑙𝑛𝑛 �

(𝑁𝑁𝐴𝐴 + ∆𝑛𝑛)∆𝑛𝑛
𝑛𝑛𝑖𝑖2

� 

where  𝑘𝑘𝑘𝑘
𝑞𝑞

 is the thermal voltage, NA is the doping concentration, ∆𝑛𝑛 is the excess carrier 

concertation, and ni is the intrinsic carrier concentration. Each of the solar cell parameters (JSC, 

VOC and FF) are influenced by point defects within the solar cell material.  
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2.3. Photoluminescence Overview  

Characterization is the overarching study of materials through probing and measurement. 

Photoluminescence (PL) is an optical characterization technique used to investigate the energetic 

diagram of semiconductors. It is a nondestructive technique that requires non-contacting sample 

preparation [19]. The measurement results can be validated with theory/computation [20]. PL is 

best suited for identification of shallow-level impurities; it is able to identify deep-level impurities 

if a radiative recombination process occurs. Low-temperature PL explores the material under 

equilibrium conditions, which can be used to extrapolate and ascertain the semiconductor’s 

condition when perturbation has been applied [21]. The radiative transitions captured during the 

measurements are presented as PL spectra. The mechanism responsible for quenching, or reducing 

the PL spectra is obtained through temperature and intensity dependent analysis. Subsequently, 

the defects involved with the radiative transition can be identified, providing insight into the 

physical basis of the solar cell material.  

Photoluminescence describes the emission of light from a semiconductor after deviation 

from thermal equilibrium. Equilibrium is affected by absorption of light with sufficient energy. 

The light source used in PL measurements are lasers, with a specific wavelength and frequency. 

The source is required to supply photons with above band gap energy (hυ≥Eg), therefore permitting 

absorption, transition and the generation of an electron hole pair (EHP). The electron and hole can 

recombine through recombination centers via several mechanisms, as mentioned above in Section 

2.1.4. In radiative recombination, a photon is emitted once the transition to return to equilibrium 

occurs. To capture this process, during the measurement some of the photons are reabsorbed by 

the material, while others are focused onto a dispersive or Fourier transform spectrometer and then 
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a detector for signal acquisition. Considering the semiconductor’s geometry influences how the 

material interacts with light, the internal PL efficiency is:  

𝜂𝜂 =  �
∆𝑛𝑛
𝜏𝜏𝑟𝑟𝑟𝑟𝑟𝑟

𝑒𝑒𝑒𝑒𝑒𝑒(−𝛽𝛽𝛽𝛽)𝑑𝑑𝑒𝑒 
𝑟𝑟

0
 

where d is the sample thickness, ∆n is excess minority carrier density, 𝜏𝜏𝑟𝑟𝑟𝑟𝑟𝑟 is the radiative 

recombination lifetime and β is the absorption coefficient of generated light within the sample.  

A plethora of transitions occur simultaneously during the PL measurement of thin film 

semiconductors. The transitions are distinguishable in the PL spectra by the uniquely identifiable 

features. The transition energy and change in luminescence yield with varying excitation intensity 

are used to differentiate between transition types. The dependence of the luminescence yield on 

excitation intensity and temperature are used in analysis of the radiative transitions.  

The expression for the luminescence yield with respect to excitation intensity is given by 

an exponential formula: 

𝐼𝐼𝑃𝑃𝑃𝑃 = 𝐼𝐼𝑒𝑒𝛽𝛽𝑒𝑒𝑘𝑘  

where Iexc is the intensity of photoexcitation and k is a characteristic value, representing the 

linearity of the transition. The linearity of the system is used to elucidate the type of transition. 

Considering the material response to thermal perturbation, localized states generally decrease with 

increasing temperature due to the thermal energy supplied to trapped carriers. The expression for 

luminescence yield with respect to temperature is as follows: 

𝐼𝐼𝑃𝑃𝑃𝑃 =
1

1 + exp (−𝐸𝐸𝐴𝐴𝑘𝑘𝑘𝑘 )
 

where EA is the activation energy. The values obtained from this dependence provide information 

on the energetic location of the transition. Information from these two dependencies (intensity and 
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temperature) determine what sort of transition occurred and the associated energy, this is sufficient 

for identifying the defect involved in the recombination.  

2.3.1. Luminescence of Radiative Recombination  

The intensity of the excitation source in PL measurements influences the luminescence 

processes of radiative recombination. Low-fluence or weak excitation (0.01-10 W/cm2) produce 

different recombining transitions than high-fluence/ strong excitation (1kW-10M W/cm2). This 

study of CdTe thin films focuses on luminescence process for weak PL excitation.  

Fig. 7 illustrates the five commonly observed radiative transitions in PL: (a) band-to-band, 

(b) free exciton (FE), (c) bound exciton (BE), (d) band-to-level, and (e) donor-acceptor (DAP). 

The spectral shape of the luminescence band for each of these transition types is unique. The PL 

spectrum is described using symmetry, full width at half maximum (FWHM), and how the band 

spreads along the energy axis. The spectral features are used to distinguish amongst transition 

types and influence the forthcoming analysis of PL spectra.  

 

Figure 7 Radiative transitions observed in photoluminescence. 
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2.3.1.1. Band-to-Band 

The recombination of free electron-hole pairs (EHP) is referred to as band-to-band 

transition. This transition occurs most at room temperature and is rarely observed at low 

temperatures in materials with small effective masses due to the large electron orbital radii [22]. 

The schematic in Fig. 8 shows the spontaneous recombination process, between an electron with 

energy E2 near the conduction band minimum and a hole with energy E1 near the valence band 

maximum. The wavevector, k0 is provided for the direct gap vertical transition. The photon energy 

of such a transition is hυ(e-h)=E2-E1. The spectral shape of the luminescence band is provided by 

below formula (Isp(h𝜐𝜐)). The formula includes factors that are influential to the probability of 

radiative recombination of free electron-hole pairs, like density of states (conduction and valence 

bands) and the Fermi-Dirac distribution for occupancy of those states.  

𝐼𝐼𝑠𝑠𝑜𝑜(ℎ𝜐𝜐) ≈ 𝐷𝐷0�ℎ𝜈𝜈 − 𝐸𝐸𝑔𝑔�
1
2 exp[−

�ℎ𝜈𝜈 − 𝐸𝐸𝑔𝑔�
𝑘𝑘𝐵𝐵𝑘𝑘

] 

where Eg is the materials bandgap. D0 is independent of photon energy and related to material 

properties such as, radiative lifetime and reduced mass. 

Figure 8 Luminescence model of electron hole pair (EHP) transition. 
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The recombination of free electron-hole pairs results in an asymmetric shape in the PL 

spectra. The asymmetry arises from the exponential distribution function used to describe the 

kinetic energy of recombining free electrons and holes. The FWHM is directly proportional to 

temperature (FWHM~ 1.8kBT). The tail end of the luminescence band goes toward the high-energy 

photon side of the spectrum. 

2.3.1.2. Free Exciton 

Exciton describes the recombination of electron-hole pairs bound together by Coulombic 

attractive force. This transition is most probable in low temperature PL measurements, when the 

semiconductor internal luminescence efficiency is high and the ratio of radiative to non-radiative 

recombination is increased. The emission line or transition energy of a free exciton (FX) is: 

𝐸𝐸𝐹𝐹𝐹𝐹 = 𝐸𝐸𝑔𝑔 − 𝐸𝐸𝐹𝐹 ,      𝐸𝐸𝐹𝐹 =
𝑚𝑚𝑟𝑟  𝑒𝑒4

2(4𝜋𝜋𝜀𝜀0𝜀𝜀𝑟𝑟ℎ)2𝑛𝑛2
 

where Eg is the energy gap, Ex is the binding energy of an exciton, mr is the reduced electron-hole 

mass, 𝜀𝜀0 is vacuum permittivity, 𝜀𝜀𝑟𝑟 is dielectric constant, h is Planck’s constant, and n is the 

quantum number, which determines the of possible excited states.  

When radiative recombination occurs the emission of a photon is sometimes accompanied 

by the emission of a phonon. Phonons are elementary excitations, which are considered as thermal 

energy given to the crystal lattice in the form of atomic vibrations. Considering CdTe thin-film 

semiconductors are polar materials, the recombination of free excitons with simultaneous emission 

of longitudinal optical phonon (X-LO) are probable.   

The phonon replicas are typically observed in luminescence spectra through equidistant 

spaced features, also referred to as shoulders. The phonon replica value in CdTe is 21.3 meV. The 

transition energy, EFX changes to incorporate the subtraction of the phonon energy, EP. Exciton is 
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the recombination of a bound EHP, therefore the luminescence band shape will have similar 

characteristics as mentioned above.  

2.3.1.3. Bound Exciton 

The radiative recombination from an exciton bound to an impurity is a probable transition.  

The transition can be exciton to neutral donor (D0-X) or acceptor (A0-X) and ionized donor (D+-

X) or acceptor (A--X). The energy of bound excitons is given by: 

𝐸𝐸𝐵𝐵𝐹𝐹 = 𝐸𝐸𝑔𝑔 − 𝐸𝐸𝐵𝐵𝐸𝐸 

EBE represents the binding energy. The EHP travels through the crystal lattice without contributing 

to current or photoconductivity. The luminescence spectra for recombination of bound exciton 

transitions, typical has the shape of a delta function and FWHM of < kBT /2.  

2.3.1.4. Free Electron (Hole) to Donor (Acceptor) 

The radiative recombination of a free carrier with an impurity is probable in semiconductor 

materials. An impurity atom in a semiconductor whose valence is smaller by 1 than the host atom 

in the crystal, is considered a shallow acceptor. The opposite describes a shallow donor, an 

impurity atom with 1 greater valence electron. Fig. 5 depicts a free electron at the bottom of a 

conduction band recombine with a localized hole on the acceptor level (e-A). Likewise, the free 

hole at the top of the valence band is shown to recombine, with an electron on the donor (h-D) 

level. The amount of energy required to release the hole (𝐸𝐸𝐷𝐷) or electron (𝐸𝐸𝐴𝐴) from the impurity 

level is known as the binding or ionization energy. The photon energy of the emission lines are 

given by: 

𝐸𝐸e−A = 𝐸𝐸𝑔𝑔 − 𝐸𝐸𝐴𝐴, 

𝐸𝐸h−D = 𝐸𝐸𝑔𝑔 − 𝐸𝐸𝐷𝐷 , 
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where EA is the acceptor level and ED is the donor level. In perspective, the shallow transition from 

conduction band to donor or valence band to acceptor, are unlikely. Probability favors the emission 

of phonons more highly than the emission of photons for shallow energies.  

The line shape for transitions between free carrier to impurity centers is similar to the 

recombination of free electron- hole pairs, except the low energy onset includes the band gap (Eg) 

and impurity ionization energy (EA and ED). The spectral shape luminescence is given by:  

𝐼𝐼𝑠𝑠𝑜𝑜e−A(ℎ𝜈𝜈) ≈ [ℎ𝜈𝜈 − �𝐸𝐸𝑔𝑔 − 𝐸𝐸𝐴𝐴�]
1
2 exp[−

(ℎ𝜈𝜈 − �𝐸𝐸𝑔𝑔 − 𝐸𝐸𝐴𝐴�)
𝑘𝑘𝑘𝑘

] 

𝐼𝐼𝑠𝑠𝑜𝑜h−D(ℎ𝜈𝜈) ≈ [ℎ𝜈𝜈 − �𝐸𝐸𝑔𝑔 − 𝐸𝐸𝐷𝐷�]
1
2 exp[−

(ℎ𝜈𝜈 − �𝐸𝐸𝑔𝑔 − 𝐸𝐸𝐷𝐷�)
𝑘𝑘𝑘𝑘

] 

Again, the luminescence spectra will have similar characteristics to the EHP because of the 

participation of a free carrier in the transition. The kinetic energy causes the same asymmetric 

shape and high-energy tail.  

Unique for the free carrier to impurity transition is the saturation tendency of the intensity 

dependence. Considering the probability of radiative capture for this transition is a function of free 

carrier and density of donor or acceptor states. The free carrier is dependent upon excitation 

intensity, while the density of impurities is not. Therefore, in ideal cases the excitation intensity 

dependence of the process has a linear saturation tendency with k=1. 

2.3.1.5. Donor-to-Acceptor 

The radiative recombination in Fig. 9, between a neutral donor and neutral acceptor is 

another probable. The neutral donor is conceptualized as an extra electron orbiting all parts of the 

atom (atomic nucleus, inner atomic shells, and electrons participating in covalent bonding for the 

crystal lattice). The same analogy can be drawn for a neutral acceptor, except substituting for a 
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hole. This (𝐷𝐷0 − 𝑒𝑒0) recombination of neutral pairs leave two oppositely charged defects. The 

emission line, including the electrostatic potential generated by the charged pair, is given by:  

 ℎ𝜈𝜈�𝐷𝐷0−𝐴𝐴0� = 𝐸𝐸𝑔𝑔 − (𝐸𝐸𝐴𝐴 + 𝐸𝐸𝐷𝐷) + 𝐸𝐸𝑒𝑒𝑜𝑜𝑐𝑐𝑐𝑐             𝐸𝐸𝑒𝑒𝑜𝑜𝑐𝑐𝑐𝑐 = 𝑒𝑒2

4𝜋𝜋𝜀𝜀0𝜀𝜀𝑟𝑟
 

where D0 and A0 are neutral donors, respectively. Eg is the bandgap, EA is the acceptor energy 

level, ED is the donor energy level. Ecoul is the attractive Coulombic energy, which considers the 

permittivity of the material. Fig. 8 includes the radius of the donor (rD) and acceptor (rA), as well 

as the distance (R) between the two atoms within the crystal lattice. 

The donor-acceptor pair (DAP) transition in luminescence spectra depends upon the 

electron-phonon interaction strength of the material. II-VI crystalline semiconductors typically 

have strong coupling. For these materials the luminescence band is, broad, lacks defining structure, 

and the FWHM is a few kT eV. 

The DAP line shape is changed with increasing temperature. The effect of distance between 

the pairs is apparent by the Coulomb term in the above formula. Therefore, pairs in close proximity 

result in a blue shift, towards lower energy, of the emissions spectrum with increasing temperature. 

Figure 9 Luminescence model of recombination of donor-acceptor pair (DAP) transition: (left) 
the transition in space and (right) the energy band structure. 
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The luminescence yield as a function of excitation intensity, in an ideal case has exponential value 

of k=1. When several competing transitions types are involved, the transition may be >1.  
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CHAPTER 3: PROGRESS IN CDTE 
 

Considerable effort has been exerted to improve the conversion efficiency of CdTe- based 

solar cells. Research groups at the University level and within the PV industry have contributed to 

the increased efficiency. Progress in CdTe technology has spanned over the decades as shown in 

Table 1, where the record values of champion solar cells are presented. Although there have been 

significant increases in efficiency, several refinements and additional approaches to the CdTe solar 

cell can be taken to further improve understanding and, ultimately, device performance.  

Table 1 Progress of CdTe thin-film solar cells over the years. 

Year Research 

Group 

Efficiency 

(%) 

VOC 

(mV) 

JSC 

(mA/cm
2) 

FF 

(%) 

Ref. 

1993 USF 15.8 843 25.1 74.5 [11] 

1997 Matushita 16.0 840 26.1 73.1 [23] 

2001 NREL 16.4 848 25.9 74.5 [24] 

2001 NREL 16.7 845 26.1 75.5 [25] 

2011 FSLR 17.3 845 27.0 75.8 [26] 

2012 GE 18.3 857 27.0 79.0 [27] 

2012 FSLR 18.7 852 28.6 76.7 [28] 

2013 FSLR 19.0 872 28.0 78.0 [28] 

2014 FSLR 21.5 876 30.25 79.4 [29] 

2016 CSU 18.3 863 26.8 79.2 [30] 
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3.1. Strategies to Improve Performance 

The thermodynamic limit efficiency of solar cells was developed for photovoltaic 

conversion under ideal conditions [16] [31, 32]. The theoretical limit for photovoltaic conversion 

of 33% suggests opportunity to further increase efficiency in CdTe devices. The ideal components 

based on standard test conditions for CdTe devices are: VOC = 1.15 mV, JSC = 30.3 mA/cm2, and 

FF = 88.7% [33]. The presented existing records compared with the theoretical limitations indicate 

room for further improvement. The limiting value for components, VOC and JSC, each require 

optimization. 

3.1.1. Increase VOC – Native Defect Control  

CdTe voltage had been the source of stagnation for many years. The challenge to achieve 

above 1 Volt VOC is imperative to reaching the full potential of CdTe- based devices. VOC’s above 

1 volt have been demonstrated for both n-type CdTe [34] and single crystal CdTe[35]. 

Polycrystalline devices typically perform in the range of 870-900 mV. The limiting value was 

calculated with the assumption of no non-radiative recombination levels within the material, which 

is more challenging to achieve in polycrystalline devices.   

The factors which limit VOC are difficult to discern, as they require an understanding of the 

defect physics of the polycrystalline devices. Thus, they are not easily ascertained through direct 

measurement. However, there are indirect or third-level metrics which can be used to provide 

insight. The relatively low VOC is attributed to both low carrier density (~1014 cm-3) and low 

absorber lifetime (~ 1 ns). In addition to these material level metrics, VOC limitations at the device 

level have been attributed to back-contact barrier. Simultaneously, improving the carrier 

concentration and minority carrier lifetimes requires precise material control. 
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To address the 1 Volt VOC challenge in this study, CdTe films grown by the elemental 

vapor transport (EVT) technique were investigated by photoluminescence to reveal the radiative 

states caused by the native defects and impurities. Native defects play an important role in 

influencing the acceptor concentrations and lifetimes. The EVT provides a novel approach to 

control the semiconductors stoichiometry through the formation of native defects, subsequently 

improving doping. The challenges to dope CdTe and details regarding the EVT approach will be 

presented in the following chapter.  

3.1.2. Increase JSC – Se Incorporation  

CdTe based devices have achieved over 90% of its limiting JSC [33] The losses associated 

with JSC are described by interpreting the quantum efficiency (Q.E.) curves [33] presented in Fig. 

10. The QE shows that collection in the shorter wavelength region (λ<510 nm) improved in the 

devices with higher conversion efficiency. A notable obstacle for the CdS layer is the wide 

bandgap of 2.4eV, which corresponds to 510 nm. A substantial portion of the visible spectrum 

falls below this value and therefore reduces the amount of light which can contribute to the 

photocurrent. It is believed that about 7 mA/cm2 of the potential 30 mA of current can be lost 

because of this layer [33]. Increased collection in this region is a result of reduced absorption, 

achieved by thinning the CdS layer or replacing it all together. CdS layer is typically kept relative 

thin (about 100 nm), but the over thinning of the CdS layer can have negative effects on other 

important performances like VOC and FF. Selenium (Se) is more soluble in CdTe than Sulphur (S) 

which allows the CdSe layer to diffuse more readily into the CdTe layer during growth and post-

deposition processing [13]. Se incorporation allows for improved photo-response from the long 

wavelengths (QE> 850nm). The improvement is a consequence of increased collection due to the 
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reduced bandgap as a result of the CdSeXTe1-X alloy layer formation, which is formed with a small 

Se composition (28%) [13].   

3.1.3. Imperative Post Deposition Processing  

The CdCl2 heat treatment (HT) is a critical post-deposition process for CdTe thin films. 

The CdCl2 HT has been proven to effect p-type doping, enhance carrier concentration, promote 

recrystallization and facilitate inter-diffusion at the junction between CdTe and CdS [36]. CdCl2 

is a well-used enhancement technique for CdS/CdTe solar cells. Throughout the literature the 

process is known to have three major effects: 

• CdTe grain growth  

• Enhanced inter-diffusion between CdTe/CdS, creates interface layer (CdS1-xTex) [37]  

• Defect passivation and lifetime improvement, related formation of chlorine defects 

Regarding the inter diffusion, the treatment was proven to reduce interface state density by further 

facilitating the diffusion of CdS into CdTe. The diffusion of S near the CdTe/CdS junction 

improves electronic properties [38].  

 

Figure 10 Quantum efficiency (QE) for CdTe-based devices. (Reprinted with permission [33].) 
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3.1.4. Improve Manufacturability Through Laser Annealing   

It is important to note that in addition to improving the efficiency of solar cells, which 

result in more energy generated, manufacturing costs should also be lowered in order to further 

reduce the cost of solar electricity. To address the challenge of scalability of lab-based fabrication 

techniques to mass production, this project utilized a laser-based rapid thermal annealing technique 

to process CdTe solar cells. Within the PV industry the use of laser processing can reduce the 

manufacturing costs through improved module efficiencies and higher throughput [39]. The higher 

throughput can result of reduced manufacturing time and a scalable technique, useful in industrial 

facilities. Laser-based CdCl2 treatment relies in the localized nature of laser processing to heat 

treat films in a reduced time period, comparative to the traditional CdCl2 thermal anneal.  
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CHAPTER 4: PERFORMANCE LIMITING DEFECTS IN CDTE 
 

Carrier concentration and lifetime are parameters which require attention to achieve 

improved VOC in CdTe solar cells. Carrier concentration in semiconductors is increased through 

doping. There are challenges associated with achieving, high p-type doping in CdTe thin films. 

Mainly the limitations are associated with low solubility, dopants with high ionization energy, and 

the compensatory effect, a result of the spontaneous formation of defects or complexes with 

opposite charge. The presence of defects causes electronic states within the bandgap and causes 

change to both the electrical and optical properties. Therefore, an understanding of the CdTe defect 

properties is imperative for future progress.  

4.1. CdTe Defects  

The atomic structure of CdTe tends to be zinc blende with a face-centered cubic 

configuration. The unit cell has tetrahedral arrangement with each of the Cd atoms surrounded by 

four Te atoms. Any disorder to this arrangement causes defects to form. The common native point 

defects for CdTe are given in Table 2.   

Table 2 Native defects present in CdTe. 

Defect (Notation) Description 
Cadmium vacancy (VCd) Missing Cd atom on lattice  

Tellurium vacancy (VTe) Missing Te atom on lattice 

Cd at Tellurium antisite (CdTe) Cd atom on Te lattice site 

Te at Cadmium antisite (TeCd) Te atom on Cd lattice site 

Cadmium interstitial (Cdi) Extra Cd atom within the lattice 

Tellurium interstitial (Tei) Extra Te atom within the lattice 
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CdTe’s atomic spacing is larger than most zinc blend structures. Consequently, the material 

accommodates readily for interstitial atoms [10]. Because cohesive strength correlates inversely 

with atomic spacing, the structure is relatively weak. This characteristic suggest that the energy 

required to form vacancies is low, so the concentration of vacancies is relatively high. In support, 

a high concentration of native defects are more likely to form in II-VI compounds than III-V 

because of the bond types. Most atoms in CdTe are bonded ionically, requiring positive and 

negative charged particles. 

4.1.1. Doping CdTe  

CdTe can be intrinsically or extrinsically doped. Intrinsic relates to the native atoms, thus 

an intrinsically doped film will have the following native defects: Cd (p-type) or Te (n-type) 

vacancies and Cd (n-type) or Te (p-type) interstitials. Extrinsic doping is the intentional 

incorporation of atoms not native to CdTe. Substitutional defects occur when the impurity atom 

replaces a host atom (Cd or Te) on the lattice site. Group I elements like copper (Cu), occupy a Cd 

vacancy (VCd) site and form the substitutional defect, CuCd. Likewise, Group V dopants such as 

antimony (Sb), phosphorus (P) and Arsenic (As) can occupy a Te vacancy (VTe) site and form 

substitutional defects (SbTe, PTe, AsTe). In addition, the impurity atoms can cause interstitial defects 

to form and complexes. Defect complexes arise when native defects combine with substitutional 

ones.   

4.1.2. Role of Native Defects  

The ability to dope CdTe either p- or n-type is achieved by the formation of native point 

defects. P-type conductivity reflects an increase in acceptor (hole) concentration. A doubly ionized 

Cd vacancy (VCd
2+) contributes two holes to the lattice. Similarly, n-type conductivity is achieved 

when the concentration of donors (electrons) is increased. The Cd interstitial when ionized (Cdi
-) 
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contributes an electron to the lattice. As a result, intrinsic doping is achieved through the formation 

of native defects such as VCd and Tei for p-type, and VTe and Cdi for n-type.   

4.2. Theoretical Study of Defects in CdTe  

Point defects within semiconductors are defined by two main properties: formation energy 

and transition (or ionization) energy. Formation energy, as the name suggests, describes the ease 

at which a defect can be formed. The defects with high formation energy are less likely to occur. 

Transition energy is used to describe the defect’s position within the energy bandgap. Those 

defects with small ionization (transition) energy are more likely to contribute to conduction given 

a supply of thermal energy at room temperature.   

Numerical methods and models are used to determine defect properties. The properties are 

calculated by first reducing Schrödinger’s equation for many electrons into an effective single 

electron scenario, using the Density Functional Theory (DFT). The simplification of such a 

complex system requires several approximations. The three most common approximations are: 

(a) Generalized Gradient Approximation (GGA) 

(b) Local Density Approximation (LDA) 

(c) Heyd-Scuseria-Ernzerhod (HSE)  

The DFT and GGA approximation was popular in many initial CdTe studies and used to determine 

the exact ground state of defects [40]. Unfortunately, the base of these approaches has 

shortcomings, most important being the inaccurate estimation of bandgap energy values. 

Consequently, the HSE hybrid functional, which is more computationally intensive, is used instead 

[41]. The latest version of the HSE hybrid functional (HSE 06) models defect properties by placing 

the defect at the center of a periodic super cell. A super cell represents multiple unit cells, joined 

to one large cell. The size or number of atoms in the unit cell causes computational complexity. It 
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has been shown that a model using a super cell with less than 128 atoms in size has less reliable 

results, because the defect-defect interaction is stronger in this configuration and may lead to 

misleading analysis [42]. Selecting the approximations (GGA, LDA and HSE) and super cell size 

affect the ground state energies and thus the calculated system. The calculations are sensitive to 

minor changes in the ground state energies of the system, therefore they are affected by the 

assumptions [43]. The transition level changes with the various assumptions reveal the 

involvedness of modeling. 

4.2.1. Calculated Intrinsic Defects 

The most recent theoretical study of intrinsic CdTe defects using HSE06 functional 

determined the VCd to be a shallow acceptor and VTe to be a shallow donor. The shallow nature of 

VCd means the defect has lower ionization energy and can readily contribute holes. Compensation 

is one of the main factors limiting doping in CdTe. The phenomenon manifests through the ease 

of formation for competing native defects. The formation energy of native point defects 

determined as function of Fermi energy (EF) using the most recent HSE assumption is presented 
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in Fig. 11 [44].  The slope reflects the ionization/activation of the defect. VCd was again determined 

an acceptor as reflected by the negative slope in the figure. Cdi, VTe, and Tei were all found to be 

donors (positive slope). The formation energy of the defects depends strongly on the growth 

condition, whether the CdTe film were grown in a Cd- or Te- rich environment.  

 Under Cd and Te rich conditions, as the EF level moves towards the valence band 

maximum, CdTe becomes more p-type and the formation energy of donor defects, like Cdi and 

VTe, decreases. For p-type doping under Te-rich conditions, EF is pinned at 0.7 eV from valence 

band maximum (VBM) at point A. The level is pinned below point A, because the formation of 

acceptor defects VCd
2- is compensated by the formation of donor defects VTe

2+.   

 In addition to carrier concentration, the lifetime is important for solar cell performance. 

The lifetime of minority carriers is limited by mid-gap states in CdTe. The Shockley-Read Hall 

(SRH) model shows the most efficient recombination centers are deep level defects in the middle 

Figure 11 Point defects of CdTe and their formation energy in different growth environments 
(Te and Cd rich). (Reprinted with permission [44].) 
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of the bandgap[17] [45]. Through approximations, TeCd and Tei, were shown to be the dominating 

mid-gap defects at 0.57 eV and 0.57 eV, respectively [46].  

4.2.2. Extrinsic Defects – p-type Dopants  

Acceptor states are formed when Group I elements like Na and Cu, occupy the VCd forming 

NaCd and CuCd substitutional defects. Donor states are formed when the Group I dopants form 

interstitial defects (Nai and Cui). The formation energies of Group I dopants in CdTe are presented 

in the Fig. 12 [47]. NaCd was determined to be a shallow acceptor defect with transition level at 

0.05 eV above VBM and Nai was determined a donor with transition level at 0.04 eV below the 

conduction band maximum (CBM). The formation of the donor state level can limit doping 

because of compensation. As seen in the figure, NaCd and Nai compensate when EF is pinned at 

point B. 

Acceptor states are also formed when Group V elements (P and As) occupy the Te vacancy 

(VTe). The formation energy of the acceptor defects calculated using the HSE06 approximation as 

Figure 12 Formation Energy of Group I dopants in CdTe. (Reprinted with permission 
[47].) 
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function of EF for different growth conditions, are presented in Fig.13 PTe (0.07 eV from VBM) 

and AsTe (0.1 eV from VBM) form very shallow acceptor states. The donor state of the Pi was not 

shown to be a compensatory defect. The main compensating defect was shown to be a donor defect, 

referred to as an AX center, which forms when the substitutional PTe defect is surrounded by four 

Cd atoms. Sometimes the defect can migrate towards the Te atom, forming a P-Te bond breaking 

two bands with Cd, as seen in Fig.13 [48]. The AX center was found to have lower formation 

energy than any of the interstitial defects (Asi or Pi). 

4.2.3. Extrinsic Defects- CdCl2 Heat Treatment 

The CdCl2 heat treatment is a method to improve the structural and electronic properties of 

the CdTe layer. The CdCl2 heat treatment is known for influencing defects within the material. For 

instance, it increases shallow acceptors by further doping the CdTe layer p-type. It is of interest to 

explain the role of Cl in improving device performance. Cl as a Group VII element because of its 

valence electrons and therefore is expected to replace VTe, forming the shallow donor level of ClTe. 

In addition, the ClTe can combine with a cadmium vacancy (VCd) forming a complex acceptor 

Figure 13 Formation Energy of Group V dopants and bonding diagram of CdTe:P. 
(Reprinted with permission [48].) 
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defect (A-center) [38]. When Cl goes interstitial Cli, it forms a donor defect as well.  Considering 

the heat treatment effects native defects, low-temperature photoluminescence was used to 

investigate the radiative states resultant from the new laser based processing. 

 The Cl treatment improves p-doping in the CdTe layer. This improvement is attributed to 

the defect complex involving ClTe and VCd, forming the A-centers (VCd+ClTe). These centers were 

found to be shallow acceptors states (0.11 eV above VBM), thus explaining the increase to p-

doping. The formation of A-centers relies on the availability of VCd, without these native defects, 

the Cl forms the substitutional donor defects mentions above.  

4.3. Photoluminescence (PL) Study of CdTe Defects  

An investigation of the fabrication processes influence on the defects of CdTe thin films, 

is made comprehensive with an understanding of the present findings known to the scientific 

community. This section provides a review of PL studies performed by other groups on, CdTe 

grown with different experimental details. 

The CdTe heterojunction properties depend on the deposition methods[49] [50]. The post 

deposition CdCl2 heat treatment and Cu doping of the CdTe layer have been shown to improve 

film quality and device performance [51] [52]. The back contact process is attributed with defect 

formation that improves function and increase acceptor levels [53].  The thermal anneal range is 

also influential on device performance [54]. The role of impurities like, chlorine, copper, oxygen, 

helium and native defects have been previously investigated. The results of such investigation are 

sometimes inconsistent. This section aims to ascertain PL characteristics as a function of common 

impurities and processing techniques. 
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4.3.1. PL Study of Intrinsic Defects 

Investigation for both single crystal (sX) and polycrystalline (pX) CdTe were previously 

explored using PL. Emission lines at 1.55 (A center) and 1.47eV (Y- band) are commonly observed 

defect bands [55] [56].  The latter is noted as the Y-emission band and is comprised of strong 

phonon replicas, indicating coupling with the crystal lattice [55, 57, 58]. Anneal of sX CdTe at 

high temperature were shown to alter the defect structure, such that the common transitions at 

1.30-1.50 eV region were not observed. This result determines impurities were not present to form 

the center. The nature of the A-center was readily discussed by many authors [57, 59-65], with a 

common conclusion that the transition dealt in part with the cadmium vacancy (VCd) [56]. The 

1.10 eV transition in sX CdTe was ascribed to a transition involving the tellurium vacancy 

(VTe)[66].  

The low temperature PL spectra for pX CdTe had similar emission lines to sX CdTe, 

especially in the excitonic region. The energetic regions and PL bands mentioned above will be 

used to investigate the defect structures of pX CdTe. For pX films, exciton related emission lines 

tend to be broader and less frequently observed. Sophisticated techniques such as high-resolution 

spectroscopy allowed for the broad band to be resolved into 4 single peaks: 1.596 (FE), 1.593eV 

(BE-donor), 1.597 and 1.587 (shared acceptor) [67]. The 1.59 eV transition is commonly 

associated with chlorine related impurity transitions in both pX and sX CdTe films.  

The 1.55eV PL emission line is also readily observed. Its origin is well argued. In the sX 

material, it is considered to be associated with a VCd [68, 69]. Cardenas et al. described the line in 

pX as being related to a free to bound transition. Halliday et al., Arguilar- Hernandez et al., and 

Van Gheluwe et al. reported a double emissions peak at this energy value, resulting in peaks at 

1.551 and 1.558eV [59, 69]. The transitions were assigned to donor-acceptor transition and 
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electron-acceptor transition, respectively. Cl was again suggested to be involved with this 

transition by the authors. Kraft et al. observed the 1.55eV transition to also be comprised of double 

peaks, using intensity dependent measurements the results support the previously mentioned 

assignments [70]. 

The PL band commonly observed at 1.40 eV is broad. The emission band is referred to as 

the Y-band and typically influenced by the A-center transition [60]. Although the origin of the 

region is ambiguous it is agreed that, all as-deposited pX CdTe thin films have the A-center 

transition and when no luminescence is observed in this region, it is typically ascribed to non-

radiative recombination with VCd. The complexity of this band has led to many observations. Once 

attributed to surface damage, however through further investigations [71, 72]the band was 

determined to be due to bulk defects. Later, Hoffman et al. used PL measurements along with 

magnetic resonance to determine which intrinsic defects [60]. Eventually concluding the 

commonly observed 1.40 eV band is due an A-center (cation vacancy-donor pair). It has been 

suggested due to its energetic location that a peak at 1.44 eV within the band is caused specifically 

by the VCd  [53]. 

The zero phonon line for this wide region has been narrowed to either 1.457eV [55, 64, 67] 

or 1.479eV [55, 60, 61]. This transition was attributed to the presence of chlorine, while others 

suggest the transition is associated with copper or oxygen [70]. The 1.479eV was observed by 

Kraft et al. and assumed to be due to excitons bound to dislocations. This idea was supported by 

laser excitation intensity which increases the population of excitons while decreasing the mean 

distance and thus the transition energy. The band structure suggest, radiative recombination 

processes between complex defects. The formation of the A-center is because of impurities and 

heat treatments [55, 73, 74]. 
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PL emission about the 1.30 eV region are commonly referenced as the Z-band. The Z-band 

is ascribed to involve a donor-acceptor pair (DAP) transition. Assignments for this region are 

ambiguous, some groups relate the transition to the presence of oxygen [41], while others suggest 

the transition is due to intrinsic defects [75]. The 1.324 eV transition was determined to be 

associated with DAP transition. A 6meV blue shift in the temperature dependent measurement, 

along with theoretical calculation and perturbed angular correction, were used to support the donor 

assignment for this transition to VCd [75]. The PL emission at 1.332eV was reported [70]. Films 

for this study were deposited in an inert environment. PL emission from the CdTe side of the film 

resulted in two main emission lines at 1.20 eV and 1.40 eV. The PL spectra from CdS/CdTe 

junction was noticeably different, having a broad peak at 1.33 eV and a small shoulder at 1.51 eV. 

The change in spectra was described as two acceptor levels at the interface, which encountered a 

donor related oxygen impurity, changing the radiative mechanism of the pX CdTe. The difference 

in ambient, from O2+He to He, was noted in a higher energy shift for interface PL emission. 

4.3.2. PL Study of Extrinsic Defects  

Investigation for both single crystal (sX) and polycrystalline (pX) CdTe with extrinsic 

dopants were previously explored. The single crystal has little application for solar cell devices, 

however understanding the material properties from a singular perspective creates a basis for 

expectation and understanding in a more complex film (polycrystalline)[71]. sX CdTe is favored 

as a high resistivity semiconductor for use in optical detectors. The material resistivity is 

influenced by the compensation of electrically active intrinsic defects. There are a set of commonly 

observed luminescence bands for semiconductors [70]. The PL spectrum of CdTe is presented in 

terms of three main energy bands: (I) 1.59eV, (II) 1.55eV band, and (III) 1.45eV.  
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Emission lines from Region I (1.56 – 1.59eV) are attributed to excitonic transitions. As 

stated earlier, excitons are radiative recombination from an electron and hole bound by Coulombic 

force. Emission spectra observed in this region were identified as free excitons and bound excitons- 

trapped at different impurities and defects [55, 56, 76]. The binding energy (Eb) of the exciton is 

related to the ionization energy (Ei) of the trap for II-VI materials, such that the ratio of the two 

energy values can distinguish between whether an exciton is bound to a neutral acceptor or to a 

neutral donor. It was determined that the ratio Eb to Ei for excitons trapped at neutral acceptors and 

those trapped at neutral donors, to be about 0.1 and 0.2, respectively [77]. In addition, the shallow 

transitions were shown to be hydrogen-like, which is a characteristic of bound electrons and optical 

phonons.  

Of interest is to further expound upon the types of acceptor or donor involved in typical 

CdTe radiative recombination process. Distinctly observed emission bands for this region were: 

1.593, 1.592, 1.589, and 1.583eV. Free exciton peaks are typically observed at 1.596eV, because 

of CdTe Rydberg energy value of 9.1 meV and its band gap energy of 1.606eV at low 

temperature[78]. The 1.593 eV transition was assigned to a shallow chemical donor [79, 80]. The 

donor in the assignment was suggested to be caused by impurities like, Indium (In) or residual 

halogens and group III elements [81, 82].  

The emission line at 1.592eV was shown to involve recombination with an ionized donor.  

The assignment was confirmed by several research groups’ investigation of Zeeman splitting and 

energy [76]. The intentionally doped single crystal CdTe with Indium showed several emission 

lines at 1.596, 1.593, 1.589 and 1.584eV [83] The free exciton was only observed in the low doped 

film and the bound exciton emission intensity decreased with increasing dopant. Likely because 

of competition between recombination centers and a lower generation of excitons. A conclusion 
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from the optical and electrical measurements can be drawn that, when the net residual impurity is 

a donor, the hydrogenic donor is likely an impurity from Group III or Group VII. If the residual 

impurity is an acceptor, the hydrogenic donor level is a native defect. There has been some 

evidence to a non-hydrogen like model for these transitions which require further research to be 

fully understood [84-86].  

Deep PL emissions provide characteristics for defects and impurities which contribute to 

the near-midgap localized levels. Typically the centers are attributed to: native defects and 

impurities. The impurities usually have deep valance electrons or unfilled inner shells, like 

transition or rare earth elements [87]. Information is provided by the literature on shallow donor- 

acceptor pair transitions, as mentioned in the section above. However, deep donor- acceptors pairs 

are not studied much through PL measurements, as these transitions are typically non radiative. 

The investigation of doped pX CdTe and observed PL emission at 0.70 eV and 1.10 eV 

[88]. Both PL bands were shown to involve two elementary bands. The sample doped with Cu and 

Cl was position at 0.70 eV, while the sample doped with Cl was at 1.10 eV. The involvement of a 

native donor in the DAP recombination process, along with an understanding of CdTe cubic lattice 

and the position of interstitial atoms, led to the identification of, a donor at Te site and an acceptor 

at an interstitial site. The interstitial requirement of tetrahedral symmetry resulted in the 

assignment of VTe-Tei as possibility [88].  Optical detection along with conventional spin 

resonance were used to support this finding [72].  

Impurities can occupy substitutional sites and fill-in vacancies on the lattice. Therefore a 

great deal of investigations were executed to explore the influence of dopant on the defect structure 

of CdTe [60, 72, 89-92]. CdTe with antimony (Sb) and reported deep transitions about the 1.10 eV 

[93]. Considering the defect reaction theory, the acceptor center of Te is likely to be filled by Sb. 
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The findings are in support of the aforementioned assignment for the VTe for this deep transition 

in CdTe.  

4.4. Research Motivation and Objectives  

The presented literature provides a basis of investigation for the CdTe films. The 

discrepancy between defect assignments and the lack of literature on novel processing conditions 

are motivation for this research project. The main objective for this study is to reveal radiative 

states of the CdTe layer and heterojunction due to different impurities, incorporated through 

deposition process, controlled doping, and post-deposition annealing.  

The processing conditions under investigation include the effect of Cd- and Te-rich growth 

conditions on the formation of native point defects. Also the effect of growth conditions on dopant 

incorporation and the effects of CdSe thickness and CdCl2 heat treatment on CST alloy formation, 

were explored. Once the radiative states are revealed through PL, the subsequent objectives are to 

identify the structural defect (or complex) responsible for the localized levels and explain their 

role and its influence on solar cell properties. 
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CHAPTER 5: FABRICATION AND PL MEASUREMENT SYSTEM 
 

The fabrication details for the CdTe thin films grown with different deposition and 

processing steps are provided. The Thin Film Photovoltaic Laboratory’s Fabrication team has 

access to several deposition techniques: Close Spaced Sublimation (CSS), Elemental Vapor 

Transport (EVT), Chemical Bath Deposition (CBD), and RF Sputtering. The focus of this work 

was to investigate the effect of stoichiometric control during the EVT process and dopant 

incorporation in CdTe thin films. The effect of CdSe thickness during the post-deposition CdCl2 

heat treatment on the formation of CdSeXTe1-X alloys from CdSe/CdTe bilayers were also 

explored. Lastly, the development of a laser annealing process as a high throughput alternative to 

traditionally used heat treatment processes was studied. Details for the fabrication of each layer 

and post deposition treatment for each CdTe solar cell are presented  

The CdTe solar cells studied were deposited in the superstrate configuration. The standard 

solar cell stack was (Fig. 14) Substrate/Transparent Conductive Oxide (TCO)/CdS/CdTe. The 

glass substrates were Corning 7059. They were briefly cleaned (etched) clean using 10% 

hydrofluoric acid solution, and dried using N2 prior to deposition of the TCO layer.  

 

 

 

 

 

 

Glass Substrate 

Transparent Conductive Oxide (TCO) 

Cadmium Sulfide (CdS) 

Cadmium Telluride (CdTe) 

Back Contact 

Figure 14 Superstrate configuration of CdTe/CdS solar cell. 
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5.1. Intrinsic EVT (CdTe) 

5.1.1. Transparent Conductive Oxide (TCO)  

The front contact of the glass superstrate configuration requires a transparent conductive 

oxide layer (TCO). A good TCO layer is crucial for efficient solar cells. Some of the criteria 

include: stability under high temperatures, high transparency in visible region (400-900 nm) and 

low resistivity (2 x 10-4 Ω-cm or sheet resistance of approximately 10 Ω/�). In addition to these 

requirements, a TCO bi-layer provides enhanced performance for the device. The first layer is 

highly conductive, which facilitates current collection, while the second layer is thin and highly 

resistive which extends the window layer. Extending the window layer limits lattice mismatch and 

the formation of pin holes along with shunt paths for the device. 

The front contract of the CdTe solar cells used in this study were bi-layers of indium tin 

oxide (ITO) and tin oxide (TO or SnO2). The undoped SnO2 layers serves as the buffer for micro-

shunts. Both the ITO and SnO2 were deposited on the glass substrate via RF sputtering at 250 °C. 

5.1.2. CdS Layer 

All CdS layers in this study were deposited by Chemical Bath Deposition (CBD). The 

deposition occurs through a chemical reaction. The cadmium source was cadmium acetate 

(Cd(CH3COO)2) with purity of 99.995% and the sulfur source was thiourea (CH4N2S) with the 

same purity. Ammonium acetate (NH4Ac) and ammonium hydroxide (NH4OH) were used to 

control the chemical reaction’s pH balance. The glass substrates already coated with the TCO were 

immersed in DI water, which was maintained at 80-90 °C throughout the deposition. A hot plate 

was used to control the temperature. The solution was obtained by mixing the cadmium source 

with pH balance controls (buffer source) and specific amounts of the sulfur source over small 

intervals. The thickness of the CBD CdS layer was controlled by varying the deposition time. After 



46 
 

the CBD deposition the samples were rinsed in warm water and ultrasonically cleaned to rid the 

surface of any particulates. 

5.1.3. CdTe Layer – Elemental Vapor Transport  

The Elemental Vapor Transport (EVT) deposition system was comprised of several zones 

made from graphite. Their purpose was to house the elements: Te, Cd and dopant(s). As illustrated 

in the schematic (Fig. 15), all zones can be independently heated and have their own gas flow, 

which controls the amount of vapor being transported. The mixing zone is held at the highest 

temperature, between the elemental zones and the substrate location. The high temperature 

prevents any pre-deposition. The term Cd/Te ratio, will be used to describe the ratio of elemental 

Cd and Te vapors transported during the deposition process. Further details on the zone 

temperature and flow rates can be found elsewhere [94, 95]. The final thickness for the CdTe layer 

was approximately 4-7 μm. 

 

 

Figure 15 Schematic of the Elemental Vapor Transport (EVT) deposition technique. 
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5.1.4. CdTe Layer – Close Spaced Sublimation  

The CdTe layer in the CdSeXTe1-X and laser annealed films were deposited by the close 

spaced sublimation (CSS). The deposition reactor consist of a quartz tube, graphite plates, tungsten 

lamps, source material and inlets for inert ambient. In the reactor, the most important parameters 

for the deposition were: source temperature, substrate temperature, spacing between source and 

substrate, pressure in chamber, and the ambient gas. The substrate was placed on one of the 

graphite plates, in close proximity to the source material (CdTe powder) that was also housed in a 

graphite plate. Quartz spacers were used to keep the substrate in certain distance from the source. 

Using tungsten lamps, the graphite plates were heated independently. The temperature was 

monitored by thermocouples which were inserted inside of the plates.  

5.1.5. CdCl2 Heat Treatment  

The importance of the cadmium chloride (CdCl2) heat treatment on solar cell performance 

was discussed in section 3.1.3. The treatment in this study was done by evaporating the CdCl2 onto 

the surface of the CdTe layer. The standard heat treatment was performed at 375°C in O2 and He 

ambient for 25 minutes.  

5.1.6. CdCl2 Heat Treatment – CdTe/CdSe Bi-Layer 

The CdCl2 heat treatment (HT) was used in the synthesis of CST alloys, to facilitate anneal 

of the CdSe/CdTe bi-layers and interdiffusion. The treatment was performed at high temperatures 

ranging between 390-430 °C in O2 and He ambient. All CdCl2 HT were performed for 30 minutes. 

5.1.7. CdCl2 Heat Treatment – Laser Anneal  

The laser power density (LPD) and duration of anneal effect the intermixing of the CdS 

and CdTe layers during the CdCl2 heat treatment. The CdCl2 based-laser anneal was done with a 

60W dual diode laser with emission at 808 nm. The NIR laser was Coherent Fiber Optic Duo. 
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Optical adjustments were made to expand the 800 μm2 laser beam to a rectangular size of 1 x 5 

cm2. The LPD were 1.5 to 3 W/cm2 in a He ambient. The anneal duration ranged from 1 to 30 

minutes. The laser anneal process was executed with a stationery beam. The cells under anneal 

were either held stationery under the beam or scanned continuously, using the Velmex motorized 

X-Y stage [36].  

5.2. Extrinsic EVT (CdTe:Sb) 

Antimony (Sb) was the Group VI dopant used in the deposition of extrinsically in-situ 

doped CdTe thin films. The depositions were performed under near-atmospheric pressure of 700 

Torr with about 2-3 liter/min flow of ultra-high purity He. As discussed previously, the gas phase 

stoichiometry was varied by controlling the Cd and Te zone temperatures (and flow rates). The 

devices in this study are identified in terms of the elemental vapor ratio (Cd/Te) and gas phase 

dopant concentration. The Cd/Te ratios used for the CdTe:Sb films were 1.0, 1.5, 2.0, and 3.0. The 

Sb concentrations were: 600, 125,000, and 250,000 ppm, were introduced in the gas mixture during 

the EVT deposition. All other components of the solar cell, CdS and CdCl2 heat treatment were 

deposited under the same conditions, as mentioned above.  

5.3. Extrinsic EVT (CdTe:P) 

Phosphorus (P) is the other the other Group VI dopant used in extrinsic CdTe thin films. 

The films were grown under stoichiometric and Cd-rich conditions (Cd/Te vapor ratios: 1.0, 2.0, 

and 3.0). The gas phase concentrations used were 4,000 and 16,000 ppm). These concentrations 

describe the dopant amount in the gas phase, and not what was incorporated into the CdTe films. 

All other components of the solar cell, CdS and CdCl2 heat treatment were deposited under the 

same conditions, as mentioned above.  
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5.4. CdSeXTe1-X Alloy (CdSe Layer) 

The device configuration for the different solar cell architecture was: 

glass/ITO/CdS/CdSe/CdTe/Cu-doped graphite. RF sputtering was used on the Corning Eagle XG 

glass substrates to deposit a layer ITO. The CdS and CdTe layers were deposited as mentioned in 

the above sections. The CST alloy layer was formed through the annealing of CdTe/CdSe bi-

layers. The CdSe layer was deposited using RF sputtering in Ar ambient at room temperature. The 

CdSe thicknesses varied, from 75-1,500Å.   

5.5. Photoluminescence Setup  

The photoluminescence (PL) measurements setup used a SPEX 500M monochromator 

containing a 600 mm/groove grating. The measurements have an energetic resolution of 0.5-3meV, 

determined by the entrance slit on the monochromator. The PL spectra was captured with a 

synchronous detection system that was optimized for the system requirements. A reference 

frequency of 108 Hz was used with the chopper (EG&G Park Model 107) and Lock In-amplifier 

(EG&G Park Model 5209). The signal was detected by an InGaAs photodetector, with a 

thermoelectric cooling device and onboard amplifier, along with a low-noise amplifier (Standard 

Figure 16 Schematic diagram of the PL measurement including optics and electronic 
equipment. 
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Research Systems SR 560).  See Fig. 16 for a schematic of the PL measurement and Fig. 17 for a 

photograph of the system.  

Figure 17 Photograph of PL measurement set-up. 

5.5.1. Intensity Measurement Details and Optics 

PL excitation source was provided by Coherent’s OBIS Fiber Diode laser at 640nm 

(hυ=1.9 eV) and 405nm (hυ=2.3 eV). The PL measurements were intensity and temperature 

dependent. For the intensity based measurement, the power ranged from 0.5-30 mW for the 640nm 

excitation line and from 1-15 mW for the 405nm excitation. The spot size incident on the CdTe 

Figure 18 Optical measurement details including the focal length and apertures size to determine 
the spot size. 
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film during measurements was approximately 7 μm, as determined from the wavelength, focal 

length and laser beam aperture size (See Fig. 18).  

5.5.2. Temperature Measurement Details  

The temperature dependent measurement examined the radiative transitions in the 

temperature range of 25-110 K. The low temperature range was obtained using a closed-loop 

helium cryosystem. The system was comprised of CTI-Cryogenic’s (Helix Standard) refrigerator 

(Model 22) and compressor (Model SC) and a custom built optical head with windows made of 

fused silica. The temperature controller was upgraded during this study for improved accuracy. 

Originally, the Lakeshore 805A Temperature controller used a single silicon diode located on the 

coldfinger of the cryosystem. This sensor location resulted in error of the actual sample 

temperature. Therefore, a second sensor was implemented, located on the copper sample stage in 

addition to the one on the cold finger. To incorporate these two sensors, an upgraded Lakeshore 

Model 325 controller was used. Only the EVT films doped with Phosphorus were measured with 

the improved temperature sensing setup. Therefore all other sample results were adjusted for 

temperature errors. 
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CHAPTER 6: RESULTS AND DISCUSSION 
 

The main objective for this study of bulk CdTe and the CdTe heterojunction is to reveal 

radiative states. The localized states arise due to different impurities that are incorporated through 

deposition process, controlled doping, and post-deposition anneal. Therefore, the CdTe films were 

processed in various ways to explore the changes to the energetic diagram. They are grouped in 

four general categories: 

(a) Intrinsic CdTe deposited by EVT 

(b) Extrinsic CdTe (Group V dopants- Sb and P) deposited by EVT 

(c) CdSe/CdTe and CdSeXTe1-X alloys 

(d) CdCl2 Heat Treatment performed with Laser Anneal 

For discussion purposes the photoluminescence (PL) spectra are commonly divided into separate 

energy regions: 

(a) 1.57 – 1.59 eV 

(b) 1.50 – 1.56 eV 

(c) 1.30 – 1.49 eV  

(d) 0.70 – 1.29 eV 

Broad PL bands often are comprised of several sub-bands; the wide bands were 

deconvoluted using a data analysis tool. The complex PL bands in these spectral regions were 

deconvoluted into elementary components (or sub-bands) using the Lorentzian function. The 

energy values precision was based on the mathematical accuracy of the deconvolution process 

[96]. It should be noted, that elementary bands differing 1-2 meV are considered to have the same 
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origin and ambiguous treatment on the number of bands is possible. The behavior of these 

elementary components were considered for their dependence on temperature and incident 

excitation power. 

Please note data in this study have been published elsewhere. The intrinsic EVT results 

were presented in the Thin Solid Films journal [97]. The laser anneal data [36]and CdTe:P data 

were presented in the IEEE PVSC  conference proceedings [98]. The CdTe:Sb will be submitted 

for journal publication.  

6.1. PL of Intrinsic CdTe 

The EVT allows for control of film stoichiometry and can therefore be utilized to affect 

the formation of point defects.  The objective to study deposition processes is explored through 

the effect of Cd- and Te-rich growth conditions on the formation of native point defects.  Three 

growth regimes are considered: (a) Stoichiometric, where the films are grown under a near 

stoichiometric Cd/Te vapor ratio (Cd/Te=1.0); (b) Te-rich, where the films are grown under excess 

partial pressure of Te vapors (Cd/Te=0.35), and (c) Cd-rich where the films are grown under excess 

partial pressure of Cd vapors (Cd/Te=2.0). 

6.1.1. Region I: 1.57 – 1.59 eV 

The radiative recombination for excitons were observed in the spectral region of 1.575-

1.598 eV. A wide band of about 25 meV was observed in films of all stoichiometric conditions. 

The broad band was determined through analysis to be comprised of four sub-bands. A list of all 

exciton peak energies for the varying Cd/Te ratio are presented in Table 3. Interpretation of this 

band, considers the 1.606 eV bandgap (0K) and the exciton Rydberg energy for CdTe is 9.1 meV 

[99]. Consequently, a free exciton was determined for the emission line at 1.598 eV. The emission 

lines at 1.592 eV and 1.585 eV were determined to be bound excitons. The higher energy line was 
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bound to a donor with a binding energy of 6 meV [100] and the lower energy line is associated 

with an acceptor with a binding energy of 13 meV [75]. The latter assignment was determined by 

the annihilation of electrons in that transition.  

Table 3 Exciton radiative annihilation: peak position and Cd/Te ratio at 15K. 

Cd/Te vapor pressure ratio Peak position  
(eV) 

FWHM  
(eV) 

Intensity 
 (arb. units) 

2.00 1.592 0.011 9.045 
 1.585 0.011 16.718 

 1.576 0.013 18.887 

 1.567 0.015 11.976 

1.25 1.597 0.007 411.996 

 1.592 0.008 439.793 

 1.585 0.009 465.647 

 1.577 0.012 439.202 

1.00 1.599 0.006 78.531 

 1.592 0.008 78.257 

 1.585 0.017 97.718 

 1.576 0.018 83.981 

0.75 1.599 0.008 93.604 

 1.592 0.008 105.118 

 1.585 0.010 147.962 

 1.577 0.013 99.155 

0.60 1.598 0.007 250.792 

 1.591 0.008 247.357 

 1.585 0.010 319.268 

 1.576 0.015 242.767 

0.45 1.598 0.007 1192.782 

 1.591 0.008 1381.519 
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A general understanding of the donor and acceptor position has been established [99]. The 

defect chemistry of CdTe, identifies neutral donors (D) to be position between 18-109 meV and 

neutral acceptors (A) between 39-236 meV. Ionized D are suggested to be positioned about 30 

meV and about 65 meV for ionized A, as determine by the temperature dependence[97].  

An understanding of the excitonic behavior in the EVT films, is explored through the 

intensity dependent relationship of the transition. All the PL emission show defect bands that have 

a linear dependence on PL excitation [101], which is expressed with the luminescence dependence 

equation IPL=Iexc
k.. Further details are provided in previous Section 2.3. 

Presented in Table 4 values of k as function of Cd/Te vapor pressure ratio. For Cd/Te 1.0 

the value is approximately 1.3-1.8 depending upon the defect peak it is associated with. This is the 

only value which is in normal range for CdTe [102]. High values (k=2 and above) were observed 

for all Cd/Te ratios except for the stoichiometric films. An explanation for square excitation 

dependence is because of an increase in the number of recombination paths.  

Table 4 Power exponent for the dependence of the PL intensity vs. PL excitation power, 15K. 

Cd/Te 

vapor 

pressure 

ratio 

k1.598eV k1.592 eV k1.585 eV k1.577 eV k1.547eV k1.497  eV k1.486 

eV 

k1.474 

eV 

k1.470 

eV 

k1.36x-

1.37x eV 

2.00 - - - - - - - - 3.15 2.47 

1.25 3.07 3.03 3.24 3.35 2.20 1.96 1.91 1.75 - 2.31 

1.00 1.86 1.60 1.68 1.62 1.61 1.51 1.48 1.31 - 1.83 

0.75 1.73 2.06 2.07 2.08 1.55 1.41 1.6 1.36 - 1.71 

0.60 2.02 1.99 2.00 1.85 - 1.44 1.31 1.33 - 1.79 

0.45 2.23 2.15 2.24 2.08 1.83 1.59 1.74 1.49 - 1.88 

0.35 2.26 2.18 2.13 2.40 - 1.94 1.77 1.88 - - 
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A final observation of the exciton transitions is that the changes observed with the Cd/Te 

ratio are important. Free excitons were hypothesized to have its maximum intensity in the 

stoichiometric film (Cd/Te 1.0). However, the intensity was observed to decrease as the Cd/Te 

ratio decreased with the most intense transition recorded for Cd/Te 0.45 (Te- rich film). As 

observed in Fig.19, the Cd/Te ratio of 0.45 and 1.25 indicate the higher radiative recombination 

rates. The free exciton transition was hardly observed in the Cd rich film (CdTe= 2.0). The 

deficiency is probably due to excess Cd atoms screening the exciton formation. 

6.1.2. Region II: 1.50 – 1.56 eV 

The emission band present at 1.547 eV is not present in all Cd/Te ratios. Likewise to the 

excitonic transitions, the maximum radiative intensity for this band was observed for the Cd/Te 

0.45 (Te-rich film). The temperature dependence of this band, suggests it involves a donor-

acceptor pair recombination, involving a defect level at 23 meV. The donor state may be the same 

that was involved in the exciton binding. The probability of increased shallow states in-between 

Figure 19 The edge radiative recombination in CdTe. (Reprinted with permission [97].) 
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the conduction band and defect level is supported by the power function on excitation intensity. 

The acceptor level was determined to be EV+0.0036 meV. 

6.1.3. Region III: 1.30 – 1.49 eV  

The PL spectra in this wide energy range varied greatly as the Cd/Te ratio changed, as 

illustrated In the Fig. 20. Deconvolution analysis of the wide range determined the bands were 

comprised of 8-10 sub-bands. The nature of the elementary bands varied within in the films, 

explained by the power dependent exponential captured in Table 4. The sub-bands peaks 

dependence on temperature, allowed for activation energies to be calculated.  

All the bands in this region are rather complex. The set of transitions about 1.47, 1.48 and 

1.49 eV were observed in most of the CdTe films. They all exhibit a linear dependence with 

Figure 20 The deconvolution of PL spectra in the 1.30-1.53 eV region vs. Cd/Te ratios. 
(Reprinted with permission [97].) 
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excitation intensity, which suggest an e--A transition. It is presumed that the level is an acceptor, 

because the transition is quenched in Cd-rich samples. The formation of impurity bands and the 

presence of several acceptors levels is also possible. The 1.44 eV transition coincides energetically 

with the Cd-vacancy related defect, with 1.42 eV as its phonon replica.  

The peak position of the 1.36 eV band also known as the z-band in CdTe, varies slightly 

depending upon the Cd and Te vapor pressure. The activation energy for this transition ranges 

from 52 meV to 22 meV as the Cd/Te ratio decreases. The power law dependence indicates a value 

of k=1.88. Consequently, the transition may be associated with an e--A transition, where the 

acceptor level is caused by dislocations [103]. Or the band to level transition occurs from Cdi
2+ to 

valence band (where Cdi is position at EC-0.23 eV)[104]. 

6.1.4. Summary of Key Findings for Intrinsic CdTe Deposited by EVT 

• Radiative annihilation of excitons were enhanced in the more Te- rich films 

• 1.47–1.50 eV - shallow D and A states  

• 1.36x–1.37x eV - band to level transition 

• 1.042 eV and 1.129 eV – CdTe native defects to levels  

6.2. PL of CdTe:Sb  

In this section, the results for CdTe films doped with Sb that were deposited by the EVT 

technique are presented.  The CdTe: Sb films were deposited under various Cd/Te ratios and Sb 

vapor concentrations: Cd/Te 1.0-3.0 and Sb vapors of 600 to 250,000 ppm.  

Fig. 21 presents the PL spectra obtained for CdTe: Sb films deposited at Cd/Te ratios of 

1.0 and 1.5 with two Sb concentrations (150,000 and 250,000 ppm). An ‘as-deposited’ film was 

measured for reference. All films exhibited excitonic PL transitions. Spectra for intrinsic and 

doped films had the 1.40 eV band in common. The defect band at 1.10 eV was present in the doped 
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films and not the as-deposited film, suggesting that the transition involves Sb related defects. The 

elementary bands present in the spectra are presented in Table 5.  

Table 5 Elementary bands determined through deconvolution for all CdTe:Sb vs. CdTe ratios. 

 Sb 600 ppm Sb – 125,000 ppm Sb – 250,000 ppm 
Cd/ Te Ratio 1.50 1.00 2.00 3.00 1.50 2.00 3.00 
I 1.562 1.566 1.569  1.565   
II 1.412 1.415   1.418   
 1.374 1.377 1.369  1.379   
III 1.217 1.198 1.205 1.209 1.205 1.205 1.217 
 1.177 1.158 1.162 1.166 1.164 1.162 1.168 
 1.133 1.114 1.119 1.121 1.118 1.118 1.118 
 1.086 1.061 1.075 1.072 1.071 1.075 1.067 
 1.036  1.028 1.014 1.027 1.029 1.016 

 

6.2.1. Region I: 1.57 – 1.59 eV 

The main transition detected in the near band edge spectral region was a narrow peak 

centered at 1.56 or 1.57 eV, depending upon film composition. (See Fig. 21).  The CdTe films with 

Cd/Te ratio near 1.0 and varying Sb concentrations revealed a linear dependence on laser intensity, 

as shown in Fig. 22. The 1.56 eV and 1.57 eV peaks in Cd/Te ratio 1.0 and 2.0 for films with Sb 

concentration of 125,000 ppm, had values of n=1.20 and 1.35, respectively. Whereas the peak at 

1.564 eV in films with Sb concentration of 250,000 had n value of 1.48. Analysis of this peak 

revealed characteristics indicative of CdTe excitons radiative annihilation. The excitonic nature of 

a band edge transition can be verified by studying the intensity dependence on the photoexcitation 

source. A super linear dependence is indicative of a transition involving excitons [105]. 
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The 1.572 eV band was suggested to involve recombination of an electron in the 

conduction band to a neutral double acceptor (like VCd) [106]. To further investigate the native 

defects in the bound excitonic transition, Fig. 21 shows that the edge transition was in all near 

stoichiometric films (Cd/Te ratio of approximately 1.0) regardless of the doping. In addition, the 

transition was less intense in films grown under Cd/Te ratio of 2.0 with Sb vapor concentration of 

Figure 21 The PL spectra of all CdTe films, including CdTe:Sb and the undoped (as-
deposited) film. 

Figure 22 The PL intensity of selected bands vs. laser excitation power. 
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125,000 ppm but for this same ratio at concentration of 250,000 ppm it was undetectable. For all 

the Cd/Te ratio of 3.0, the band was not observed.  

Free-excitons are typically observed in CdTe PL spectra nearest to the band edge, at 1.596 

eV as determined by the Rydberg binding energy of 9.1 meV [99]. The presence of these transitions 

are typically indicators of crystalline material. The lack of free exciton transitions along with not 

detecting the 1.57 eV transition at high Cd/Te ratios, suggests that Cd – rich conditions markedly 

affect the material. Considering the nature of this transition was predominantly effected by Cd-

richness and not dopant concentration, this further support the hypothesis that the 1.57 eV band is 

associated with exciton bound (e-A0) to native defects, such as VCd. 

6.2.2. Region II: 1.30 – 1.56 eV 

The broad band centered at 1.40 eV was present in all CdTe:Sb film. The deconvolution 

analysis determine the wide band was comprised of two sub-bands: 1.37 eV and 1.42 eV. Two 

elementary bands were determined due to the best statistical fit with an R2 value of 0.99. 

Depending on the Cd/Te vapor ratio, the location of the sub-bands varied within 0.01 eV of the 

aforementioned values. The wide band has an asymmetrical shape, and strong dependence on 

temperature. 

Figure 23 The PL spectra of CdTe:Sb with two dopant concentrations vs. Cd/Te ratio. 
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Fig. 23 presents the PL spectra for two Sb concentrations (ppm) 125k (a) and 250k (b) with 

Cd/Te ratios from 1.0 - 3.0. The 1.40 eV transition was detected in all CdTe films near 

stoichiometry. This defect band is present in the 250k ppm samples above Cd/Te 1.0. For the Sb 

doped film of 125k ppm, the band is comparably lower at Cd/Te 2.0 and is fully quenched at Cd/Te 

3.0. The higher ratios are expected to have more cadmium in the films.  

The band located at 1.36 eV is a commonly observed CdTe defect band. In previous studies, 

it was observed in the intrinsic EVT films [97] and determined to be a band to acceptor transition 

[103]. The acceptor has been said to be present on crystallite boundary and caused by dislocations. 

Alternatively, the same band was observed and associated with the Cdi
2+ [104]. Considering the 

1.37 eV band in this study exhibited a nonlinear power dependence and the transition is suppressed 

in Cd-rich films, the acceptor is likely the Cadmium vacancy site (VCd).  

Defect bands in the 1.42-1.45eV range are common in polycrystalline CdTe [57, 101, 107].  

The temperature dependence of each elementary band for the films with Sb concentration of 

250,000 ppm is presented in Fig. 24. The 1.42 eV band exhibits the temperature dependence seen 

in Fig. 25, therefore the transition is assigned to a D-A recombination process.  In previous studies 

this transition was attributed to defect complexes involving Cd-vacancy related defect [108]. Since 

Figure 24 Temperature dependence of selected bands for Cd/Te 1.0 film with Sb concentration 
of 250,000 ppm. 
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the two peaks are energetically close, it is probable that they share an acceptor state (VCd) but 

originate from different donors. 

6.2.3. Region III: 0.70 – 1.29 eV 

The PL spectra in this energy range show a deep defect band centered at 1.15 eV. The band 

exhibits an asymmetrical shape with the tail end towards lower energies. The deep transition is 

only detected in CdTe films doped with Sb. The 1.15 eV band into several sub bands: 1.20, 1.16, 

1.12, 1.08 and 1.02 eV. The most drastic change of the PL spectrum related to Sb doping is the 

appearance of the 1.15 eV band, therefore it requires further consideration.  

The 1.15 eV band was observed in all the Sb-doped films but it was substantially less 

intense for the Cd/Te 2.0 at the highest doping concentration, as seen in Fig. 20. In samples with 

the transition, an increase in the photoexcitation intensity caused the PL emission to be quenched. 

The intensity dependence suggests an involvement with transitions from band to defect levels. 

Ascertaining the origin of the defect in this transition is complicated because the trend with Cd/Te 

ratio and doping concentration is inconsistent. 

Figure 25 Temperature dependence of Cd/Te 1.0 film with Sb concentration of 250,000 ppm. 
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The deep level transition centered about 1.10 eV in CdTe has been interpreted several ways 

using different spectroscopy techniques, concluding involvement with either residual impurities 

[109] or intrinsic defects [73, 91, 110, 111]. Through optical detection and conventional spin 

resonance, the band observed at 1.1 eV was related to VTe [106]. Through radiation damage 

experiments, the connection between the 1.10 eV PL band and the displacement of Te was verified 

[112]. The proposed native defects were VTe or Tei. In the cathodluminescence study of 1.10 eV 

band in single crystal CdTe:Sb, it was also attributed to the point defect from the Te lattice [93] .  

Considering the literature and observations, the assignment of native defects (VTe) 

involvement in the 1.10 eV band is suggested.  In support, the growth condition of the films (excess 

Cd vapor pressure) increase the probability of Te vacancies, therefore facilitating the incorporation 

of Sb as a substitutional dopant. Thus explaining the unique observation of the 1.10 eV band in 

CdTe:Sb films only. Accordingly, the deep defect is suggested to involve the electrically active, 

SbTe, acceptor. 

6.2.4. Verification of Sb Incorporation   

The purpose for studying CdTe:Sb is to investigate the point defects associated with the p-

type doping mechanisms. Dopant efficiency is the percentage of dopant atoms in the film that will 

contribute to the carrier concentration. Secondary ion mass spectroscopy (SIMS) was used to 

verify Sb incorporation into the films and capacitance- voltage (CV) measurements was used to 

determine the doping efficiency [95]. Successful dopant incorporation for films with high Sb 

concentrations (125,000 and 250,000 ppm) were confirmed. The data for the film with the higher 

Sb vapor content (250,000 ppm) showed an increase in dopant concentration from 1017 (125,000 

ppm) to 1018 atoms cm-3. CV measurements determined the CdTe:Sb films had low doping 

efficiency, with approximately 0.01-0.1% of the added Sb atoms contributing to the net hole 
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concentration [95]. Results from PL measurements also support successful dopant incorporation, 

but further investigation is required to understand the doping efficiency limitations. 

6.2.5. Summary of Key Findings for Extrinsic CdTe:Sb 

• 1.42 eV VCd related defect 

• PL intensity for the 1.40 eV transition decreased in Cd-rich growth condition, suggests 

Cd-related defect concentration was reached  

• 1.15 eV was only present in doped films, suggests a VTe and Sb- related defect band 

6.3. PL of CdTe:P  

In this section, the results for CdTe films doped with P that were deposited by the EVT 

technique are presented. The dopant concentrations were 4,000 and 16,000 ppm, and the Cd/Te 

ratios were 1.0, 2.0, and 3.0. There was a substantial change in PL spectra for the two doping 

concentrations, as presented in Fig. 26.  At the lower doping concentration (4,000 ppm) all films 

had four PL bands in common: 1.00, 1.36, 1.46 and 1.57 eV. When the dopant concertation 

increased to 16,000 ppm these common transitions changed. The spectra for the 16,000 ppm films 

with Cd/Te ratio of 1.0 and 3.0 were comprised of similar transitions. The Cd/Te 2.0 film showed 

mainly a strong transition at 1.51 eV. Table 6 shows the detailed energetic positions at different 

Figure 26 The PL spectra for the two concentrations of P as a function of Cd/Te ratios. 
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ratios for the two P concentrations. The following sections present a more detailed analysis of the 

PL transitions separated into their energetic regions. 

6.3.1. Region I: 1.57 – 1.59 eV 

The excitonic transition at 1.57 eV was present in all films. The transition increased in 

intensity, as the films with P gas phase concentration of 4,000 ppm became more Cd-rich. 

However, when the P concentration increased to 16,000 ppm, this PL band remained pronounced 

only for Cd/Te ratios of 1.0 and 3.0. In the film grown under Cd/Te 2.0 condition, the 1.57 eV 

transition was comparatively weak and a new band emerged at 1.51 eV with high intensity. 

Considering the 1.57 eV band is present in all films, no matter the dopant or film 

stoichiometry, this suggests a dependence on native defects. In the previous PL study of undoped 

CdTe EVT films the excitonic transition at 1.585 eV was observed and assigned to the annihilation 

of electrons bound to an acceptor, while the 1.577 eV transition was considered a phonon replica 

[97]. Single crystal CdTe films doped via P implantation also exhibited PL bands at 1.591 eV [101] 

and 1.588 eV [113]. The former was associated with Cdi and the latter with an acceptor exciton 

line.  The literature partially supports assignment of the 1.57 eV transition in EVT CdTe to an 

acceptor state effected by excess Cd. 

6.3.2. Region II: 1.50 – 1.56 eV 

Spectra in the range of 1.50-1.55 eV change greatly with increasing Cd/Te ratio and 

increased doping. As observed in Fig. 26 (left), the P-doped film of 4,000 ppm has no PL band in 

this region for films deposited with a Cd/Te ratio of 1.0. A band at 1.51 eV was pronounced for 

the Cd/Te 2.0 and at 1.54 eV for the Cd/Te 3.0 films. The results for the films with P at 16,000 

ppm shows a relatively different spectrum when compared to the lower doping concentration. The 
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trend of no PL band at Cd/Te 1.0 is consistent, as seen in Fig. 22 (right) but both 1.51 eV and 1.54 

eV bands exist for Cd/Te ratio 2.0 and 3.0.  

Table 6 Elementary bands determined through deconvolution for all CdTe:P vs. CdTe ratios. 

 Phosphorus: 4,000 ppm Phosphorus: 16,000 ppm 

Cd/Te Ratio 1.0 2.0 3.0 1.0 2.0 3.0 

I 1.574 1.571 1.577 1.576 1.571 1.577 

II   1.553    

  1.543 1.544  1.543 1.539 

   1.527    

  1.516   1.518 1.511 

    1.504   

III       

  1.465 1.468 1.465 1.456 1.467 

 1.431      

 1.350 1.380 1.364 1.357  1.369 

 1.263 1.200 1.285 1.276 1.296  

       

IV 1.02 1.056 1.045 1.05 1.06 1.01 
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The 1.54 eV band was predominant in the Cd/Te 2.0 and P- 4,000 ppm film. Temperature 

dependent analysis presented in Fig. 27, suggests that the band is associated with donor-acceptor 

pairs (DAP) transitions. The acceptor states for the 1.54 eV PL band may be associated with P 

and/or native defects.  

A previous study of intrinsic CdTe films grown by EVT reported a band at 1.547 eV [97]. 

This band was most pronounced in Te- rich films and decreased in Cd-rich films, indicative of a 

transition related to the quenching of VCd [114].  In another study of P-doped CdTe films, the 1.543 

eV band was observed and PTe was assigned to be the shallow acceptor involved in the transition 

[115]. Another study of P-doped CdTe reported an increase in hole concentration after the 

additional incorporation of Cd. This increase was attributed to increased acceptors (PTe) in a trade 

for donor states such as PCd [116].  The defect, PTe, forms a shallow singly ionized acceptor [115]. 

Reported Hall Effect measurements determine PTe substitutions to form a shallow acceptor state 

35-70 meV above the valence band. In support of the above, PL reports indicated that this level is 

Figure 27 Temperature dependent PL spectra for CdTe film with Cd/Te vapor ratio of 2.0 and P 
concentration of 4,000 ppm. 
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60-70 meV above the valence band [115]. In addition, the effective mass theory assigned PTe with 

a transition energy of 68 meV [115-117]. 

The above literature results along with the deposition conditions (Cd-rich: Cd/Te 2.0 and 

3.0 with high P concentration) support the assignment of PTe as the shallow acceptor involved in 

the 1.54 eV transition. The absence of this band in stoichiometric films (Cd/Te 1.0), suggest a 

screening mechanism involving native defects may occur. The 1.51 and 1.54 eV bands change 

with dopant and stoichiometry prove there may be a favorable growth condition for efficiently 

incorporating P into the films. 

6.3.3. Region III: 1.30 – 1.49 eV 

The nature of the emission bands near 1.4 eV change with Cd/Te ratio and the doping 

concentrations. Deconvolution of bands in this region resulted in several elementary bands as 

indicated in Table 6. The most common were transitions at approximately 1.36 and 1.46 eV.  

The 1.46 eV emission line was common for all Cd/Te ratios with phosphorus at 16,000 

ppm (see Table 6). The films at 4,000 ppm also had this transition. This selected PL band 

consistently exhibited a linear dependence with excitation power. Fig. 4 shows the PL intensity 

versus excitation power for this band in films of Cd/Te ratios 2.0 and 3.0 at the lower doping 

concentration. The linear dependence on excitation intensity, suggests the emission is the result of 

a band to level transitions (i.e. e-A).  

Sub-bands within the 1.4 eV transition have commonly been attributed to native defects 

with VCd complexes as the acceptor states [103]. The presence of an impurity band or several 

acceptors relatively close to each other, such as PTe or Pi, cannot be excluded [103, 116].  

The bands near 1.36 eV are present in all films except the Cd/Te 2.0 with highest doping. 

The transition exhibited an intensity dependence and was associated with band to acceptor 
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transitions [97]. In previous studies, the acceptor states for the 1.36 eV transition were suggested 

to be present on crystallite boundaries and within the dislocation core [111]. The incorporation of 

P can cause the bond between Cd-Te atoms to break due to large electronegativity, resultant in Te 

dangling bonds [103]. The absence of this band in films with higher dopant concentration may be 

a result of the Te related defects becoming occupied by P. 

6.3.4. Verification of P Incorporation   

Secondary ion mass spectroscopy (SIMS) was used as a supportive material 

characterization tool, to verify the presence of P in the CdTe thin films. The average P 

concentration was calculated to be 1017 cm3 for the Cd/Te 1.0 film deposited with 16,000 ppm. 

This suggests approximately 0.01% of P during the gas phase deposition was incorporated in to 

the film [118]. Considering the PL results, it can be inferred that some of the P dopant may have 

gone interstitial (Pi) and not formed electrically active acceptor defects (PTe). Optimization of the 

dopant concertation and growth environment (Cd-rich) are necessary to further enhance the p-

doping in CdTe.  

6.3.5. Summary of Key Findings for Extrinsic CdTe:P 

• 1.51 and 1.54 eV transitions are affected by both Cd-rich growth condition and P 

dopant concentration 

• Radiative states were suggested to be caused by structural damage due the presence 

of excess P in the film  

6.4. PL of CdSe/CdTe Films 

In this section, the results for CdTe films fabricated by annealing CdSe/CdTe bilayers 

(CdCl2 HT) are presented. The PL analysis, presented in Fig. 28, revealed several differences 

between the spectra of films with different CdSe thicknesses. The spectra for films with the thickest 
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CdSe (1,000 and 1,500 Å) layer were distinctly different in comparison to the thinner CdSe films 

(CdSe 300 Å). The spectra for the thicker films showed only one band centered about 1.30 eV with 

several shoulders. The spectra for the thinner films CdSe films (150 Å) showed two main PL 

bands, centered at 1.50 eV and 1.30 eV. These impurity bands are commonly observed in 

polycrystalline CdTe. Considering this, it is suggested that small CdSe thicknesses do not 

significantly affect the defect structure. The deconvoluted data is given in Table 7, providing the 

peak position for the elemental bands of each of the thicknesses.   

Table 7 Elementary bands determined through deconvolution for films with varying CdSe 
thickness. 

CdSe Thickness ( Å ) 75 150 300 1,000 1,500 
Peak position (eV)  1.504  1.504   
 1.488  1.485 1.452  

 1.376 1.372  1.367  
   1.349  1.351 
 1.326 1.313  1.325 1.317 

 1.285  1.297  1.281 
  1.256 1.252 1.254  
    1.184 1.158 

    1.123 1.064 

Figure 28 The PL spectra for all CdSe thickness of >300Å. 
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Each of the elementary bands presented in Table 7 displayed a different linear response for 

the intensity dependence measurement. The values of n are given as the function of CdSe thickness 

in Table 8. The underlying recombination process can be identified from the behavior of the PL 

intensity, where 1< n< 2 for exciton-like transition and n<1 for free-to-bound and donor-acceptor 

pair transitions.  

Table 8 Power exponential dependence of CdTe as a function of CdSe thickness. 

CdSe 

Thickness 

( Å ) 

n1.50eV n1.48eV n1.37eV n1.34eV n1.32eV n1.29-

1.25eV 

n1.18-

1.12 

n1.06eV 

75 1.53 2.16 0.829  0.598 0.566   

150   0.993  0.907 0.794   

300 1.99 2.06  0.632 0.886 0.504   

1,000  1.14 0.623   0.705 0.547 0.526 

1,500    0.863 0.660 0.552 0.622 0.663 

 

6.4.1. Region I: 1.30 – 1.50 eV 

Temperature dependent and intensity dependent measurements were carried out to reveal 

the nature of the defect related PL bands. As observed in Fig. 29, the 1.50 eV band in the CdSe 75 

Å film exhibited a thermal quench, while the thicker film (CdSe 1,000 Å) exhibited a red shift with 

temperature. The 1.347 eV band were caused by an external quenching mechanism that was 

attributed to recombination with a charged acceptor, such as the cation vacancy (VCd) [119]. 
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6.4.2. Region II: 0.80 – 1.29 eV 

1.06eV band was determined to be caused by an internal quench mechanism, with a donor-

acceptor pair recombination from the same cation vacancy and a selenium vacancy or ClSe, as the 

donor (ACd
- + DSe

+) [120]. 

6.4.3. Se Diffusion Profiles 

Transmission Electron Microscope (TEM) was employed on these to determine the 

compositional analysis of the CdTe/CdSe films. TEM results presented elsewhere [121], 

determined there was both a Se- rich and Te-rich region within the CST alloy layer, as the Se 

content increases layer thickness. Consequently, PL spectra was likely collected from the Se-rich 

region, as the probe of the measurements was within the beginning of the CdTe layer. The CdSe 

layer thickness is important for forming a uniform CST alloy layer, considering the devices with 

“unreacted” CdSe were poor in performance [122]. Also, there was significant Cl diffusion shown 

in the TEM for films processed with increased CdCl2 HT temperature. In addition, through deep-

level transient spectroscopy Se- related defect complexes were suggested for the thicker CdSe 

films [122]. 

Figure 29 Temperature dependent PL spectra for CdSe thickness of 75 and 1,000 Å, both treated 
with CdCl2 at 430 °C.  
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6.4.4. Summary of Key Findings for CdSe Profiles in CdTe/ CST Alloy  

• Thicker films have transitions involving the native defect (VCd) and impurities (Cl and 

Se) 

• Films were nonhomogeneous at large CdSe layer thicknesses (CdSe 1,000 Å) 

• No bandgap change was detected in thin CdSe layer, suggest minimum alloying 

6.5. PL of Laser Annealed Films 

 In this section, the results for CdTe films deposited by CSS with CdCl2 post deposition 

process are presented.  The post deposition process compared the thermal to laser-based-anneal. 

The as-deposited film resulted in a typical CdTe spectra. It can be seen from Fig. 30, the PL 

spectrum consists of two large bands with maximums at 1.42 eV and 1.25 eV.  As stated before, 

the band with a maximum at 1.42 eV, according to [110] is caused by D-A recombination and is 

determined by the concentration of Cd vacancies in CdTe films. The concentration of Cd vacancies 

determines the intensity of acceptors and respectively the intensity of this band. 

 

Figure 30 PL spectra of as-deposited CdTe and CdCl2 HT CdTe with thermal anneal and 
various laser annealing conditions. 
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6.5.1. Region I: 1.50 – 1.55 eV 

The As deposited film had a rather complex spectra. The shape of 1.42 eV band contains a 

series of small maximums in the energy range from 1.510 eV to 1.378 eV. These features were 

mentioned in [110] and are explained as LO phonon replicas of donor-acceptor transition between 

the donor level formed by Cl atoms with the energy of 14 meV and acceptor level. This rationale 

is provided because, Cu atoms can be found in Cd material as uncontrolled impurities. The energy 

of LO phonons that form this particularities are 21 meV [123]. 

6.5.2. Region II: 1.20 – 1.49 eV 

The CdCl2 post-deposition processing was done in the presence of O2. The band with a 

maximum at 1.25 eV is considered as the radiative recombination with the participation of donor 

level that is formed by oxygen atoms [54, 123]. Only oxygen atoms or excess of Cd atoms can 

cause the large band at lower energies. As is can be seen from the dynamics of the PL spectra in 

Fig. 30, the different treatment of CdTe film in the presence of CdCl2 leads to the quench of PL 

Figure 31 As-deposited CdTe and CdCl2 HT CdTe with standard thermal anneal. 
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bands from this energy region. The band with the maximum at 1.25 eV is presented only in 

polycrystalline as-deposited samples. It can be considered that the presence of PL band with the 

maximum at 1.25 eV is based on oxygen atoms in CdTe films [66]. 

It is well known that the CdCl2 treatment of CdTe films leads to the homogenization of 

films and the dimension of crystallites increases. This transformation of crystallites modifies the 

structure of the diagram of energy levels that stimulates the photosensitivity process. After the 

thermal treatment of samples (Fig. 31) the 1.25 eV band is completely quenched. The thermal 

treatment influences the 1.42 eV band, associated with VCd as well. The correlation between laser 

power and defect band intensity is clear. Fig. 32 presents the PL spectra when the power of laser 

increases from 2.35 W/cm2 to 2.50 W/cm2 (higher power translates to higher annealing). This 

temperature effect causes the increased doping of CdTe films with Cl atoms (from the CdCl2 HT) 

and reduces the native defects (VCd). Considering the band with maximum at 1.42 eV still prevails 

as the heat treatment power increases, it is determined that the band is associated to VCd [123] with 

the donor that probably is formed by Cl impurities (VCd -Cl complex) [110, 124]. 
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Figure 32 CdCl2 treated CdTe films annealed with laser anneal at varying power densities. 

6.5.3. Effectiveness of Laser Anneal 

The post deposition process of CdCl2 heat treatment is critical for CdTe based solar cells. 

Considering the LA treatment resulted in defect complexes (VCd+ClTe), its effect on devices is 

expected to be similar to the thermal anneal process.  

6.5.4. Summary of Key Findings for Laser Anneal CdCl2 Treatment 

• Laser anneal (LA) post deposition processing results in the same emission spectra as 

the thermal anneal (TA) process 

• VCd -Cl complex was identified in both LA and TA 
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CHAPTER 7: CONCLUSION AND FUTURE WORK 
 

A low-temperature photoluminescence study of the CdTe layer and heterojunction was 

successful in revealing the radiative states as a function of processing (deposition condition, 

controlled doping, and post-deposition anneal). The processes were shown to influence structural 

defects as evidenced by the quenching of certain PL bands. Identifying the defects involved with 

the radiative transitions, and explaining their role in solar cell performance was complex. 

Investigations gathered fundamental information on doping concentrations, native defect 

formation and stoichiometric control. Conclusions of this study are given below.   

7.1. Summary of Conclusions  

A significant difference was observed for the change in radiative channels of films 

deposited by EVT with varying stoichiometric conditions, from Te-rich to Cd-rich. The CdTe films 

that were deposited by the EVT technique with varying Cd/Te ratio and varying Sb vapor 

concentrations were characterized. Several defect bands were detected and the point defects 

involved with the transitions were determined. The near band edge peak near 1.57 eV was 

determined to involve a bound exciton and an acceptor, most likely the VCd.  In addition, the 1.38 

and 1.42 eV bands were attributed to donor-acceptor pair transition, probably involving a common 

acceptor defect, such as VCd. Furthermore, the deep defect at 1.15 eV was only detected in Sb 

doped films and suggested to involve specifically the Te sublattice, native defects (VTe). In 

conclusion, the EVT system offered control of native defect formation, influenced film quality and 

dopant incorporation. Further optimization of the growth conditions (Cd/Te ratio and Sb 

concentration) is required for systematic dopant incorporation into the films to potentially improve 
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carrier concentration. The increased concentration should help with the Voc in the application of 

CdTe solar cells. 

PL spectra was analyzed for CdTe films grown by EVT technique with varying Cd/Te ratio 

and varying P vapor concentrations. The 1.54 eV band was determined to involve a donor-acceptor 

pair transition. Experimental conditions and theoretical evidence support the assignment of PTe as 

the shallow state involved in the transition. Bands near 1.36 and 1.46 eV were determined to be 

band to level transitions, the 1.36 eV was suggested to result from damage caused during dopant 

incorporation. Analysis of the deep radiative transitions at 1.00 eV and 0.70 eV determined were 

related to native defects. Although, the optimum deposition conditions for incorporating 

phosphorus is yet to be fully determined, the PL results suggest Cd/Te ratios 2.0 and 3.0 were more 

favorable. 

The effect of CdSe thickness on the Se profile between the CdTe/CdSe bilayer were 

explored. The films with lower CdSe thicknesses were well inter-diffused and displayed a more 

homogeneous grain structure that contributed to the uniform CST alloy. Analysis of the PL 

findings showed different transitions from the junction, as the CdSe layer thickness increased, 

which also supports the inhomogeneity of the CST alloy. These preliminary findings can be used 

to explain the performance loss in VOC, because of the interface structure and nonhomogeneous 

absorber layer in CST alloys. Overall, the laser treatment was successful in producing the same 

defect modification as those seen in traditional heat treated CdCl2 films.  

7.2. Future Work 

Future considerations for this work include the development of a defect catalogue for all 

growing conditions. A repository of material properties, which include the recombination levels 

along with structural defect assignment for each of the CdTe deposition processes is useful. Also, 
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to add quantitative validity, the temperature dependence must be explored further. To further 

understanding the doping mechanisms, a study of n-type films grown by EVT should be explored.  

This project will lend the PV community information on CdTe defects, ultimately 

influencing fabrication conditions and the performance of solar cells. Helping to increase the 

conversion efficiency of solar cells, is a way of contributing to the deployment of solar energy 

technology. Through the deployment of renewable energy technology, like CdTe thin-film solar 

cells, I am contributing to the clean energy initiative and towards visions of a sustainable future.  
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A.1 Permission for Figure 2 

 The permission below is for the use of material in Chapter 1 [1].  
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