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Abstract 

 

Cadmium Telluride (CdTe) is a leading thin film photovoltaic (PV) material due to its near ideal 

bandgap of 1.45 eV and its high optical absorption coefficient. Advancements in efficiencies of CdTe/CdS 

solar cells over the past few decades have come from improving the short circuit current (JSC) and Fill Factor 

(FF) but the Open Circuit Voltage (VOC) has been stagnant. Further improvements in efficiencies should 

come from increased VOC’s. VOC’s can be improved by increasing the acceptor concentration and minority 

carrier lifetime. Both these parameters can be controlled by manipulating the native defect concentration in 

CdTe which can be achieved by varying CdTe stoichiometry.  

In this study, a deposition system called Elemental Vapor Transport was used to vary the CdTe 

stoichiometry with an intent to change the native defect concentration and therefore pave way to increase 

acceptor concentration and lifetimes. Elemental cadmium and tellurium were heated in dedicated zones 

and their vapors were transported to the substrate using a carrier gas. By varying the temperatures and 

flowrates of the carrier gas through the zones, the gas phase Cd/Te ratio was varied to deposit Cd-rich, Te-

rich and stoichiometric films. 

Structural properties were investigated using Scanning Electron Microscopy (SEM), X-Ray 

Diffraction (XRD), and Transmission Electron Microscopy (EDS). Electrical characterization of completed 

devices was carried out by Current-Voltage (J-V), Capacitance-Voltage (C-V), and Spectral Response (SR) 

and Deep Level Transient Spectroscopy (DLTS) measurements. 

Cd-rich films showed smaller grain sizes and lesser degree of preferential orientation. Te-rich films 

showed increased acceptor concentration and carrier lifetimes and solar cells fabricated using these films 

showed higher VOC’s compared to Cd-rich and stoichiometric films .Higher degree of CdTe-CdS mixing was 

observed at the interface for films deposited at increased substrate temperatures.  
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Chapter 1: Introduction 

 

Renewable energy from wind, sunlight, geothermal heat, biomass and water provide extensive 

benefits to our climate, health and economy. Global warming emissions trap heat and are steadily 

increasing the planet’s temperature creating detrimental impacts on human life. Electricity production 

accounts for more than one-third of the U.S. global warming emissions with the majority generated by coal-

fired power plants. On the other hand, renewable energy sources produce little or no global warming 

emissions. Harvesting energy from sunlight is a simple and elegant way to produce electricity. It is one of 

the cleanest forms of energy which produces no air pollution or hazardous waste, as it does not require 

fuels to be transported or combusted. It is free and abundant because the source is the Sun [1]. Solar 

energy is quite evenly distributed across the globe and varies by only a factor of three across densely 

populated areas [2]. Solar cells (also called Photovoltaic cells) convert light to electricity making use of the 

photovoltaic effect The PV market is growing rapidly at a rate of over 25% annually [3] 

1.1 PV Technologies 

The PV technologies can be classified into two main categories as wafer and thin film based. 

1.1.1 Wafer Based PV 

Three wafer based PV technologies exist today and are discussed below. 

1.1.1.1 Crystalline Silicon 

The first PV cell capable of generating ‘sufficient’ power to run electronic equipment from sunlight 

was demonstrated by Daryl Chain and Calvin Fuller using Silicon in 1954 [4]. The efficiency of the first 

reported Si solar cell was 6%. Since then, substantial advancements have been made and current 

efficiencies have reached 26.3% [5]. Today, Si solar cells constitute about 90% of the current global 

production capacity and are considered the most mature of all the PV technologies [15]. Si solar cells can 

be classified as single crystalline and multi crystalline. The market shares in 2014 were 35% for single and 

55% for multi crystalline solar cells. 
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1. Mono (single) Crystalline 

As the name indicates, these cells are made from single crystals of Silicon (Si). Cylindrical single 

crystals are grown by the Czochralski or the float zone methods [6,7]. The cells are then sliced from 

large crystals grown under controlled conditions. The production costs for this type of Si are quiet 

high making it the most expensive PV technology. Current record efficiencies are at 26.3% for small 

area cells and 22.4% for large area modules [5]. 

2. Multi-Crystalline Si 

These cells are made of multi-crystalline Si wafers. The processing cost is lower than their single 

crystal counterparts. They are typically produced by cooling graphite mold filled with molten silicon 

[8].The cells have randomly oriented grains sizes of around 1 cm2 area. The random orientation of 

grains gives rise to grain boundaries which produce defects which are detrimental for charge 

collection. This causes the cells to have lower efficiencies than single crystal Si cells. Current record 

efficiencies are at 20.8% for small area cells and 18.5% for large area modules [5].  

Si has an indirect bandgap and therefore a low absorption coefficient. Both these qualities are not 

ideal for efficient conversion of light to electricity.  In order to compensate these limitations, a very thick 

layer of the Si wafer is needed to absorb most of the incident light. Typical wafer thicknesses are about 100 

– 300 µm which adds to the high processing cost of Si, increasing the overall price of the module. In 

crystalline Si solar cells, the cost of Si constitutes 40% of the final module price [9]. In addition to increasing 

the thickness of the Si layer, the surface is textured into a pyramid like structures, which reflect light off the 

edges increasing the path length of the light resulting in increased absorption. This process is called light 

trapping and is utilized by most commercial modules available today [10]. Key innovations such as backside 

contacting [11] and laser grooving [12] are also commonly used to improve efficiencies of Si solar cells. 

1.1.1.2 GaAs Solar Cells 

GaAs is an III-V semiconductor whose material properties make it an attractive candidate for PV 

applications. Its direct bandgap, which is well matched to the solar spectrum, coupled with strong absorption 

has led to efficiencies of 28.8% for small area cells and 24.1% for modules [13, 5]. However, the high 

manufacturing costs for these cells have limited their usage to space applications and concentrated solar 

power cells (discussed below). The most expensive component of these solar cells is the GaAs parent 
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wafer, which is grown by epitaxy. Recent advancements have reduced the costs by using a technique called 

epitaxial liftoff which creates very thin layers of GaAs from the parent wafer allowing the wafer to be used 

multiple times [14].  Nevertheless, the cost of this technology is high even when compared to single crystal 

Si solar cells [15]. Presently these cells are predominantly used in space applications.  

1.1.1.3 III-V Multi-junction Cells 

The use of multiple junctions can improve the efficiencies of the cells dramatically. Multiple 

junctions (also called sub cells) are stacked on the top of each other and each sub cell absorbs light from 

specific region of the solar spectrum. The sub cells are arranged in such a way that the light is incident on 

the material with the largest bandgap. The bandgaps of the materials decrease as light travels away from 

the point of incidence. The conversion efficiency increases with the number of sub cells. The maximum 

theoretical efficiency that can be obtained by a single junction cell is close to 33%. For a cell with 2 junctions, 

this limit increases to 54%, and for a theoretical infinite number of junctions, the limit reaches 86%.  III-V 

semiconductors made of (Al,Ga,In) and N,P,As, Sb can form high quality crystalline films with variable 

bandgaps leading to efficiencies up to 46% for a 4 junction cell [16].  

The solar cell parameters namely Open Circuit Voltage (VOC), Short Circuit Current (JSC) and Fill 

factor (FF) (to be discussed later) increase with increasing the light intensity resulting in a rise in efficiency. 

The light intensity can be increased by using solar concentrators. These systems make use of mirrors and 

lenses to concentrate solar power over a larger area to a smaller surface. The increased intensity of light 

reduces the cell area required and therefore the overall cost. Currently, GaAs solar cells and multiple 

junction solar cells are dominantly used in concentrated systems and space applications with some pilot 

lines in terrestrial applications due to high cost  

In summary, the leading PV technology is Si with a 90% market share. The other wafer based PV 

technologies are currently limited to space applications sue to the cost involved in the manufacture.  

1.1.2 Commercial Thin Films 

The remaining 10% of the PV market is constituted mainly by thin film solar cells. These are made 

of very thin absorber layers compared to that of Si solar cells. Typically the absorber thicknesses for Si 

solar cells are in the range of 300 to 400 microns while thin film solar cells have absorbers in the range of 

few microns due to high absorption coefficients. The reduced thickness decreases the overall capital cost 
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of production making this technology a low cost alternative to Si PV technology. Unlike the wafer-based 

cells, these cells are deposited on glass, plastic or metal substrates. Thin films can be subdivided into 

commercial thin film and emerging thin films. They are the low cost alternative to crystalline Si solar cells. 

Key Thin film technologies include the following. 

1.1.2.1 Amorphous Si 

Amorphous Si offers a better absorption than crystalline Si. However, its larger bandgap (1.7-1.8 

eV) does not match the solar spectrum well [17,18]. As a result, these cells exhibit lower efficiencies. They 

are typically deposited by plasma enhanced chemical vapor deposition (CVD) at low substrate 

temperatures [17]. These cells are well suited for low power applications such as calculators as they are 

prone to light-induced degradation. Their efficiencies are limited to 13.4% for a triple junction cell [13] which 

is not encouraging for commercial scale manufacturing. Moreover, these solar cells are known to degrade 

upon exposure to light causing serious stability issues making it undesirable for commercial applications 

[19]. This technology is on a decline due to lowering costs of other commercial PV technologies. 

1.1.2.2 CdTe 

CdTe is the leading thin film PV technology on the market today. It has a market share of 5% in the 

global PV market and a 56% share in the thin film market as of 2013 [20]. With an ideal bandgap of 1.45 

eV and a very strong absorption coefficient CdTe is an ideal candidate for PV applications. It offers the 

lowest module costs compared to any other PV technology on the market today. Toxicity of Cadmium (Cd) 

and scarcity of tellurium (Te) are concerns with respect to this technology. Current record efficiency is at 

21.5% and has surpassed the efficiency of multi-crystalline Si solar cells [5].  

1.1.2.3 Copper Indium Gallium Diselinide 

Copper indium gallium diselinede (CuInxGa1-xSe2 or CIGS) is a compound semiconductor with a 

direct bandgap of 1.1-1.2 eV [16]. It has a market share of 2% and a thin film market share of 22%. While 

laboratory results have been promising, large scale production was found to be extremely difficult due to 

the complex stoichiometry. The advantage however this technology has over CdTe is that it uses lower 

amounts of Cd or none at all.  
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1.1.3 Emerging Thin Film PV’s 

Emerging PV technologies employ nano-structured materials that can be engineered to achieve 

the desired optical and electronic properties [16]. These technologies offer low cost fabrication that attract 

commercial scale production.  

1.1.3.1 Dye-Sensitized Solar Cells (DSSC)  

DSSC are considered to be the pioneer in the emerging thin film market and are currently regarded 

as the most mature of nanomaterial-based PV technology. These were invented by Michael Graetzel and 

are commonly referred as the Graetzel cells [21]. They employ an organic dye, which can produce electricity 

when exposed to light. Charge separation is achieved using a transparent inorganic paste, typically TiO2. 

Charge conduction is achieved through an electrolyte. DSSC’s have achieved efficiencies up to 11.9% and 

8.8% at the cell and module level respectively [5].  However, the use of liquid electrolyte causes problems 

such as instability, risk of evaporation and a limited operating temperature [22] and have paved way for the 

innovation of pervoskites.  

1.1.3.2 Perovskites 

Perovskites cells have evolved from DSSC’s and are the fastest growing PV technology achieving 

an efficiency up to 20.1% in less than 3 years of their development [23].A perovskite solar cell includes a 

perovskite structured compound, most commonly a hybrid organic-inorganic lead or tin halide-based 

material, as the light absorber.  The term “perovskite” refers to the ABX3 crystal structure, and the most 

widely investigated perovskite for solar cells is the hybrid organic–inorganic lead halide CH3NH3- 

Pb(I,Cl,Br)3 [16]. Key advantages of this class of material include low materials and manufacturing cost. In 

addition, the bandgap of these materials can be easily tuned to match the solar spectrum. Key challenges 

include high sensitivity to moisture, phase separation and the use of toxic lead [24]. This technology is in 

its early stages of commercialization and there further research is needed to ascertain stability. Figure 1 

shows the efficiencies of various PV technologies commercially available in the market today. [25] 

1.2 Why CdTe? 

The choice of materials for PV applications is based on the following requirements [26]: 

1. A direct bandgap material in the range of 1-1.5 eV for maximum photovoltaic conversion 

2. A high optical absorption coefficient (104-105 cm-1) in the wavelength region of 300-1000nm 
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3. The ability to form both p and n-type materials 

Si has a low absorption coefficient because of its indirect bandgap, therefore a very thick absorber 

layer is necessary to absorb all of the incident light [27]. However, Si solar cells have emerged to being the 

natural first choice for PV applications due to the vast advancements in the manufacturing process. 

Research on low cost alternatives to Si revealed that many III-V and II-VI compound semiconductors meet 

the above mentioned criteria. However, only CdTe cells have shown great potential for replacing silicon 

solar cells for commercial terrestrial applications with compound semiconductors like GaAs, CdSe, InP 

having very high manufacturing costs [28].  Today the efficiency of CdTe solar cells has surpassed that of 

multi-crystalline Si. CdTe is a widely renowned photovoltaic absorber whose attractive properties have 

made it one of the leading PV technologies in the world today. An ideal bandgap of 1.45 eV and its high 

optical absorption coefficient of 104 cm-1 make it one of the best choices for absorbers in PV technology. 

Using the relationship E= hc/λ, (where E is the energy, h is the plank’s constant, c is the velocity of light 

and λ is the wavelength) a bandgap of 1.45 eV translates to an absorption edge of 850 nm. This implies 

that CdTe can absorb light with wavelengths below 850 nm. Therefore, CdTe has the capability to absorb 

light throughout the visible spectrum (400 to 900 nm). Using Beer-Ambert’s law, an absorption coefficient 

of 104 cm-1 implies that a 2 µm CdTe film has the capability to absorb 90% of the photons in the visible 

 

Figure 1: Efficiency chart of various PV technologies [25] 
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spectrum range. However, homojunction CdTe devices are practically not viable due to very high surface 

recombination velocity. Therefore, CdTe is typically used in conjunction with CdS, which acts as an n-type 

window layer completing the heterojunction. 
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Chapter 2: Semiconductors and Solar Cells 

 

2.1 Semiconductors 

Semiconductors are materials whose conductivity lies in between those of metals and insulators. 

In their purest form they are called intrinsic semiconductors and have low electrical conductivity. Their 

conductivity can be increased by controlled incorporation of impurities and such semiconductors are called 

extrinsic semiconductors. This process is called doping and the impurities are called dopants. Extrinsic 

semiconductors can be classified as p-type or n-type depending on the type of impurity added. Si belongs 

to Group IV of the periodic table and has 4 valence electrons. When doped with a Group V element like 

Phosphorus (P), an extra electron is added making it n-type. Similarly, a Group III element like Boron (B) 

adds a hole making Si p-type. N-type dopants increase electron concentrations in the semiconductor and 

are called donors while P-type dopants increase hole concentrations and are called acceptors. 

Semiconductors comprised of two or more elements are called compound semiconductors. Examples are 

III-V semiconductors such as GaAs, GaN and II-VI semiconductors such as CdTe, CdS etc.  

2.2 P.N Junction  

2.2.1 Homojunction under Equilibrium 

A homojunction is formed when a p-type and n-type semiconductors of the same material are 

contacted. The Figure 2 (left) shows the band diagram of p and n-type semiconductors at equilibrium. The 

n-type region has a high concentration of electrons and the p-type region has a high concentration of holes. 

The Fermi energy level is the maximum energy of an electron at 0K which is closer to the valence band 

(VB) in the p-type semiconductor and to the conduction band (CB) in the n-type semiconductor.  When a 

contact is established between the p and n regions, the majority carriers from the n-region (electrons) 

diffuse to the p-region. Similarly, the majority carriers from the p-region (holes) diffuse towards the n-region. 

This diffusion of charge carriers constitutes the diffusion current and leaves behind uncompensated charge 

of acceptor ions (negative) and donor ions (positive) respectively. The uncompensated charge creates an 
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electric field, which is called the built-in electric field. This electric field is spread across a region called the 

depletion region (also called the space charge region) and creates a drift current which is equal and 

opposite of the diffusion current. The potential caused due to the accumulation of uncompensated charges 

on either side of the junction is called built-in potential, Vbi. Under thermal equilibrium, the Fermi energy is 

spatially continuous across the p-n junction. As a result, the conduction and valence bands bend by an 

amount equal to qVbi. This is called the potential barrier and it represents the energy an electron on the n-

side has to overcome to go over to the conduction band on the p-side. The band diagram of a p-n junction 

under equilibrium is shown in Figure 2 (right).  

The built-in potential is given by: 

 𝑉𝑏𝑖 =
𝑘𝑇

𝑞
× 𝑙𝑛 (

𝑁𝐴 𝑁𝐷

𝑛𝑖
2 ) (1) 

where NA and ND are acceptor and donor concentrations in the p and n-type regions, ni is the intrinsic carrier 

concentration. K is the Boltzmann constant, and T is the absolute temperature. 

2.2.2 Homojunction under Forward and Reverse Bias 

When a p-n homojunction is forward biased, the majority of the applied voltage (VA) drops across 

the depletion region. Therefore, the potential barrier decreases by an amount equal to the applied voltage. 

The electrons on the n-side can now readily overcome the barrier to reach the p-side. The band diagram 

of a p-n junction under forward bias is shown in Figure 3 (left)Under reverse bias, the applied voltage adds 

to the built-in potential and the electrons on the n-type region have a higher barrier to crossover to the 

conduction band of the p-type region. The barrier is now given by the following equation: 

 𝑉 = (𝑞 ∗ [𝑉𝑏𝑖 + 𝑉𝑎])  (2) 

         

Figure 2: p and n-type semiconductors before contact (left & center), p-n junction at equilibrium (right) 
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A p-n junction under reverse bias is shown in Figure 3 (right). The current – voltage relationship of 

a p-n junction in equilibrium is given by equation 3  Where I0 is the reverse saturation current, A is the diode 

quality factor, which lies between 1 and 2 which describes the dominant recombination in the junction. 

 𝐼 = 𝐼𝑜 × (𝑒
𝑞𝑉

𝐴𝑘𝑇 − 1) (3)  

2.3 Heterojunction 

Heterojunctions are formed between two different semiconductor materials. They are named Type 

I, II and III depending on their band alignment.. Figure 4 (left) shows the band diagram of a type I n- p 

heterojunction before a contact is established. Egn and Egp are the bandgaps, Φn and Φp are the Fermi 

levels, and χn and χp are the electron affinities of the n and p-type semiconductors respectively. When a 

junction is formed, as in the case of homojunctions, the Fermi energy is constant throughout the material 

under equilibrium conditions. When the Fermi energies align, discontinuities in the conduction band (ΔEC) 

and valence band (ΔEV) accommodate the difference between the semiconductor bandgaps (ΔEG). The 

discontinuities in the conduction and valence bands are given by: 

 ΔEC= χP- χn (4) 

 ΔEV= EgP- Egn- ΔEc   (5) 

The total built-in potential Vbi is equal by the sum of the partial built-in voltages (Vbn + Vbp), where 

Vbn and Vbp are the electrostatic potentials at equilibrium of the n and p semiconductors respectively. The 

major difference between a homojunction and a heterojunction is the barrier height seen by the carriers 

(electrons and holes). In the case of a homojunction under equilibrium, the barrier height seen by the 

 

Figure 3: p-n junction under forward bias (left) and reverse bias (right) 
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electrons and holes was equal to the built-in potential Vbi. Therefore the magnitude of hole and electron 

currents is determined by the doping levels. In the case of a heterojunction, the barrier is not the same as 

seen by the electrons and holes due to a difference in the built-in potentials on the n and p sides. The 

barrier height for electrons in Figure 4 (right) is larger than for holes.  

2.4 Solar Cells 

2.4.1 Solar Spectrum and Air Mass 

The power density of the solar radiation incident on the earth is constant outside the atmosphere 

and expressed in W/m2. Before the solar radiation reaches the earth’s surface, light gets absorbed or 

scattered due to various constituents of the atmosphere like water vapor, CO2 etc. In addition to local 

atmosphere, factors such as the latitude, season and pollution, affect the solar power reaching the earth’s 

surface. This causes a variation in the solar power density, which changes with location. A quantity called 

Air Mass (AM) is used to quantify the attenuation of solar power density as light passes through the earth’s 

atmosphere.  AM is defined as the path length of the sun’s radiation normalized to the shortest path. It is 

given by the formula: AM = 1/cosϴ, where ϴ is the angle between the path length at the point of interest 

and the normal at which sun is at the zenith. AM0 corresponds to the power density in outer space and AM 

1.0 refers to the irradiation when the sun is at the zenith. The measured power density at AM0 condition is 

1.353kW/m2 and 1040 W/m2 at AM1.0.  AM 1.5 was chosen to be the global standard to compare solar cell 

efficiencies measured across the world and has a power density of 844 W/m2. For convenience, the 

spectrum was normalized to 1000 W/m2. Figure 5 shows AM 0 and AM 1.5 spectrum [29]. 

   

Figure 4: Heterojunction before and after contact (left and right) 
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2.4.2 Solar Cell Operation 

A solar cell is a device that converts light energy to electric energy based on the Photovoltaic effect 

(PV). The PV effect can be described in 3 steps: 

1. Absorption of light 

2. Separation of photo-generated charge carriers  

3. Collection of photo-generated charge carriers 

A solar cell essentially consists of a p-n junction. When photons with energy greater than the 

bandgap of the semiconductor material are incident, they excite carriers and generate electron-hole pairs. 

These carriers are called photo-generated carriers and the process is called light absorption. The carriers 

generated close to the depletion region come under the influence of the built-in electric field and are 

separated by the field. Finally, the separated carriers are collected by metal contacts at the two ends of the 

junction.  

The heterojunction consisting of a wide-bandgap n-semiconductor, (CdS) and a narrow bandgap 

p-semiconductor (CdTe) is shown in Figure 6 [30].The wide bandgap semiconductor (represented with 

subscript 1) is called the window layer and the narrow bandgap semiconductor (represented with subscript 

2) is called the absorber. Photons with incident energy less than Eg1 (Eh1 > hν) will pass through the n-CdS 

layer and only those photons with energy greater than the bandgap (of CdS) will be absorbed. Photons with 

 

Figure 5: Solar spectrum under AM 0 and 1.5 conditions [29] 
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energy hν ≥ Eg2 and less than Eg1 will get absorbed in the p-type semiconductor (CdTe). Carriers generated 

within a diffusion length of the junction are collected. Heterojunction solar cells have better efficiencies over 

their homojunction counterparts due to greater collection in the short wavelength (λ) region. The wider 

bandgap of the window layer allows more photons (from the short λ region) to enter the absorber layer 

resulting in more photo-generated carriers.  

2.4.3 Solar Cell Parameters 

The major performance parameters for Solar Cells are: Open-Circuit Voltage (VOC), Short-Circuit 

Current (JSC), Fill factor (FF) and Efficiency (η). Figure 7 shows the IV characteristics of a solar cell in the 

dark and under illumination [31]. 

The current is given by:  

 𝐼 = 𝐼𝑠 × (𝑒
𝑞𝑉

𝐴𝑘𝑇 − 1) − 𝐼𝑃ℎ (6) 

IS is the reverse saturation current, IPh is the photo-generated current.  

Voc is the voltage output when the attached load is infinite and from equation 5, setting I=0 the 

equation for Voc is given by 

 𝑉𝑜𝑐 =
𝐴𝑘𝑇

𝑞
× ln (

𝐼𝑝ℎ

𝐼𝑠
+ 1) (7) 

The maximum possible area Pmax= Imax * Vmax for a given current voltage curve determined the FF, 

which is defined by 

 

Figure 6: Band structure of n-CdS and p- CdTe solar cell 
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 𝐹𝐹 =
𝑉𝑚𝑎𝑥∗ 𝐼𝑚𝑎𝑥

𝑉𝑂𝐶∗𝐼𝑆𝐶
 (8)  

The efficiency of the solar cell (η) is calculated by using the three parameters Voc, Isc and FF by the 

following expression: 

 𝜂 =
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
=

𝑉𝑂𝐶 𝐹𝐹 𝐼𝑆𝐶

𝑃𝑖𝑛
 (9) 

where Pin, is the incident light power.  

The efficiency of a solar cell is influenced by series (Rs), and shunt (Rsh) resistances. For an ideal 

solar cell the series resistance is zero and the shunt resistance is infinite. All practical devices have finite 

series and shunt resistances.  By taking the series and shunt resistances into account, the new equation 

for current is:  

 𝐼 = 𝐼𝑠 × (𝑒
𝑞(𝑉−𝐼𝑅𝑆)

𝐴𝑘𝑇 − 1) − 𝐼𝑝ℎ +
(𝑉−𝐼𝑅𝑆)

𝑅𝑆ℎ
 (10) 

The series resistance is due to the resistance of the contacts and the bulk of the device material. 

Defects like pinholes, grain boundaries and dislocations in the solar cell are responsible for low shunt 

resistance. A low shunt resistance produces high leakage currents which decrease the values of Voc and 

 

Figure 7: I-V characteristics of a p-n junction in dark and light  
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FF. Series resistance also reduces the FF. Figure 8 shows the equivalent circuit of a solar cell with series 

and shunt resistances.  

 

 

Figure 8: Equivalent circuit of a solar cell 
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Chapter 3: CdTe Technology 

 

3.1 Current Status 

Efforts to improve the conversion efficiency of CdTe solar cells has been active for the past several 

years. Table 1 shows the champion cell efficiencies achieved by various research groups over this time 

frame. After a period of stagnation for 10 years (between 2001 and 2011), the CdTe technology has 

experienced a rapid growth over the past few years. The current record laboratory efficiency is at 21.5% 

and module efficiency is at 18.5% [32] both held by First Solar, the leading manufacturer of CdTe based 

PV modules. The highest efficiency at the University level is 18.3% and was achieved by CSU [33]. 

 

Table 1: Efficiencies of CdTe champion cells over the past two decades 

Year Team 
Efficiency 

(%) 
VOC 

(mV) 
JSC  

(mA/cm2) 
FF 
(%) 

Ref. 

1993 USF 15.8 843 25.1 74.5 [34] 

1997 Matsushita 16.0 840 26.1 73.1 [35] 

2001 NREL 16.4 848 25.9 74.5 [36] 

2001 NREL 16.7 845 26.1 75.5 [37] 

2011 FSLR 17.3 845 27.0 75.8 [38] 

2012 GE 18.3 857 27.0 79.0 [39] 

2012 FSLR 18.7 852 28.6 76.7 [40] 

2013 FSLR 19.0 872 28.0 78.0 [40] 

2014 FSLR 21.5 876 30.25 79.4 [5] 

2016 CSU 18.3 863 26.8 79.2 [33] 

 

 

3.2 Future Potential 

Considering the theoretical limit for photovoltaic conversion (Shockley- Queisser limit) of 33% there 

is an opportunity for increasing the efficiency of CdTe devices [41]. The limiting values for the open-circuit 

voltage (VOC), short-circuit current (JSC) and fill factor (FF) for CdTe Solar Cells were calculated to be 
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1.156V, 30.5 mA/cm2 and 88.7% respectively [42]. The corresponding values for the current champion cell 

are 887 mV (VOC), 30.3 mA/cm2 (JSC) and 78.0% (FF). While the JSC seems to have approached its practical 

limit, VOC and FF have room for improvement.  Fill factors can be improved further by improving the VOC 

[43]. Therefore, further improvements in efficiency is possible if VOC is increased.  

Figure 9 shows the improvement in Voc, FF, Jsc for the champion cells. While JSC and FF show 

constant growth, the VOC seems to have stagnated for the past 20 years. Though VOC’s above 1 volt have 

been reported recently by employing n-type CdTe [44] and single crystal CdTe [45] as the absorber layer, 

most high efficiency polycrystalline devices continue to be in the 870-900 mV range. The improvement in 

JSC can be understood by studying the Q.E. curves for the respective solar cells (Figure 10) [42]. The 

collection in the shorter wavelength region (λ< 510 nm) has shown a gradual increase over the years. This 

 

 

Figure 9: JSC, FF and VOC improvement for champion cells. The red dotted line represents the limiting 
value 
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is indicative of reduced absorption in the window layer (CdS), which can be achieved by reducing its 

thickness or by using a replacement to CdS. In addition to reducing window layer absorption, the latest 

champion device fabricated by First Solar also modified the bandgap of CdTe by incorporating Selenium 

(Se) to increase absorption above 850 nm [33]. Unlike the case with JSC, factors limiting VOC cannot be 

understood by analyzing the JV or Q.E. curves. Due to the limited understanding of the complex physics 

involved with polycrystalline devices, there are no direct measurements available to estimate the limiting 

factors to VOC. However, a set of parameters called “third level; metrics” have been defined earlier [46] to 

gain insight into the VOC limiting factors. These metrics break down JSC, VOC and FF to their constituents 

like carrier lifetimes, acceptor concentrations etc., which can be directly measured and therefore pave the 

way towards VOC improvement.  Based on these metrics, and several other studies the prominent reasons 

for poor VOC’s in CdTe/CdS solar cells are: 

1. Low acceptor (hole) concentrations and minority carrier lifetimes in CdTe layer 

2. Non-ohmic back contact 

3. Poor interface quality at the CdTe/CdS junction 

3.3 Strategies to Improve Open Circuit Voltage (VOC) 

3.3.1 Improvement of Back Contact 

Due to the high electron affinity of CdTe, most metals form non-ohmic back contacts to CdTe. The 

resulting Schottky barrier causes the valence and conduction bands to bend at the back contact. This band 

bending inhibits hole collection and also increases voltage-limiting recombination and therefore reduces 

 

Figure 10: Q.E curves for champion cells [42] 
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VOC. A strategy to include an electron reflector layer at the back contact has been suggested to reflect 

electrons from the back surface and improve VOC’s [47]. This strategy is currently being investigated by 

various groups using materials like CdMgTe and ZnTe [48,49]. 

3.3.2 Improving Acceptor Concentration and Lifetime  

Major limitations to VOC improvement are the poor acceptor (hole) concentrations and lifetimes in 

CdTe. As-deposited CdTe films have carrier lifetimes and hole densities on the order of 1013 cm-3 and pico 

seconds respectively. During cell fabrication, both these parameters are improved by employing post-

deposition treatments (to be discussed later). Nevertheless, the carrier concentrations for the best 

CdTe/CdS devices are currently in the range of 1015cm-3 and lifetimes are in the order of a few nanoseconds 

[46]. These values cannot yield VOC’s beyond the current threshold.  

Figure 11 shows wxAMPS simulation [50] of the VOC dependence on minority carrier lifetime and 

acceptor concentration in CdTe. The simulations have been performed for a CdTe/CdS solar cell with SnO2 

as the front contact. The mid-gap defect concentration was varied to achieve the desired carrier lifetimes. 

Improving VOC is noticeably caused by improving the acceptor concentration.  As the carrier concentration 

increases, the role of minority carrier lifetimes becomes increasingly dominant. For carrier concentrations 

above 1015 cm-3, VOC is significantly affected by the minority carrier lifetime. For instance, for a concentration 

of 1013 cm-3, an increase in minority carrier lifetime from 1ns to 10 ns causes the VOC to improve by less 

 

Figure 11:  wxAMPS simulation of VOC dependence on doping concentration and lifetime 
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than 3 mV. Whereas, for a concentration of 1016 cm-3 improving the carrier lifetime from 1ns to 10 ns causes 

the VOC to improve by about 40 mV. Acceptor concentration levels up to 1016 cm-3 along with lifetimes above 

5 ns are necessary to improve VOC beyond 900 mV.  

Though higher acceptor densities yield better VOC‘s, improving acceptor concentrations without 

improving lifetimes may result in the reduction of FF faster than the VOC increase thereby reducing the 

overall performance [51,52].  Increasing acceptor concentration results in a reduction of the depletion width 

(space charge region). This causes more light to be absorbed outside the space charge region where the 

effect of built-in electric field is nonexistent. With little or no electric field to separate the photo-generated 

carriers, they tend to recombine.  However, the carriers can diffuse to a length equal to the diffusion length 

(LD) before they recombine. Therefore, the collection in the quasi-neutral region (where there is no effect of 

the built-in electric field) is limited by diffusion length (LD) of the carriers. LD depends on mobility (µ) and 

minority carrier lifetime (τ), and is given by the equation: LD = [kTµτ/q] 1/2. Therefore, improving both the 

carrier concentration and the minority carrier lifetimes are essential to achieve higher VOC’s and therefore 

higher efficiencies. 

In this study, VOC enhancement through improving carrier concentration and lifetime is investigated. 

The details regarding implementing this approach will be discussed in the subsequent sections. 

3.3.3 Key Points  

● Further improvements in efficiencies of CdTe solar cells is possible only by increasing VOC’s 

● To improve VOC the acceptor concentration and carrier lifetime need to be improved 

simultaneously 

● Acceptor concentrations of 1016 cm-3 along with lifetimes > 5 ns are necessary to improve 

VOC
’s beyond the current state of the art devices. Current values are below 1015 cm-3 

(acceptor concentration) and less than 5 ns. 
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Chapter 4: p-type Doping and Lifetime Limitations in CdTe 

 

As is the case with any semiconductor, carrier concentration can be increased by doping. A major 

bottleneck in improving the VOC of CdTe solar cells is the difficulty in achieving high p-type doping in CdTe. 

The main factors that limit p-doping in CdTe are [53]: 

1. Low dopant solubility  

2. High dopant ionization energies  

3. Formation of oppositely charged defect states which compensate p-doping 

In CdTe, ‘native defects’ play a major role in influencing the acceptor concentration and lifetimes 

and hence the VOC. Knowledge of the defect properties is necessary to identify the dominating factors 

limiting the doping and carrier lifetimes in CdTe. 

4.1 Defects in Semiconductors 

The crystal lattice consists of periodic arrangement of atoms. Deviation from the perfect single 

crystal causes ‘defects’ to be formed in the lattice. The presence of defects causes electronic states to be 

formed within the bandgap. These states can cause major changes in the electrical and optical properties 

of semiconductors. Therefore, a thorough understanding of defects is necessary to achieve higher VOC’s. 

Defects can be broadly classified into two categories: a) Native or Intrinsic defects and b) Impurity related 

defects. 

4.1.1 Native Intrinsic Defects  

Native defects arise due to disorder of host atoms in the crystal lattice. These defects can be 

broadly classified as point, line, plane and volume defects. Common native point defects are vacancies, 

interstitials and antisite defects. Vacancy defects arise when one of the host atoms is missing from its lattice 

site. An interstitial defect arises when an extra atom tries to occupy a lattice site of the host atom and 

remains within the lattice due to unavailability of a lattice site. Antisite defects arise when one of the host 

atoms occupies a lattice site that belongs to another host atom. 
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4.1.2 Impurity Defects  

Defect states can also arise due to impurity incorporation. Impurities may be added intentionally to 

improve the conductivity by the process of doping.  These states can either improve electronic properties 

such as carrier concentration etc. or form trap states which can be detrimental for carrier transport. 

4.2 Defects in CdTe 

4.2.1 Intrinsic Defects 

CdTe exists in the zinc blende structure with a face centered cubic and hexagonal lattice 

configuration. The resulting tetrahedron arrangement causes each Cd atom to be surrounded by 4 Te atoms 

and vice-versa as shown in Figure 12 [54]. Disarrangement of the atoms in the lattice causes many defects 

to form. A description of all native point defects in CdTe is given in the Table 2 below.  

Table 2: List of native point defects that can form in CdTe 

Notation Defect Name Description 

VCd Cadmium vacancy Missing Cd atom 

Tei Tellurium interstitial Extra Te atom in the lattice 

TeCd Te at cadmium antisite Te occupying a Cd lattice site 

CdTe Cd at Tellurium antisite Cd occupying a Te lattice site 

VTe Tellurium vacancy Missing Te atom 

Cdi Cadmium interstitial Extra Cd atom in the lattice 

 

 

Figure 12: Unit cell of CdTe [54] 
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4.2.2 Impurity Related Defects 

Defects can also be formed due to impurity atoms in the crystal lattice. Substitutional defects, as 

the name suggests, are formed when the impurity atom occupies a lattice site belonging to a host atom (in 

this case, Cd or Te). Group I elements such as Copper (Cu) and Group V elements such as Antimony (Sb), 

by occupying a cadmium vacancy (VCd) or a Tellurium vacancy (VTe) can form substitutional defects such 

as CuCd, SbTe respectively. Similarly, Group III elements like Indium (In) can occupy a VCd to form 

substitutional defect, InCd. Impurity atoms can also form interstitial defects like Cui and Cli etc. In CdTe, 

substitutional defects can also combine with native defects to form complex defects. An example of a 

complex defect is an A-center, which is formed when the Cl substitutional defect, ClTe combines with a VCd 

(VCd-ClTe). 

4.2.3 Role of Native Point Defects in CdTe 

CdTe is an amphoteric semiconductor, which can be doped both p and n-type [55]. Doping in CdTe 

is possible both intrinsically and extrinsically using native point defects. A Cadmium Vacancy defect (VCd), 

when doubly ionized forms VCd
2+ and contributes two holes to the lattice thereby increasing the acceptor 

(hole) concentration i.e. p-type conductivity. Similarly, a Cadmium interstitial defect (Cdi) when ionized 

forms Cdi
-1 and contributes an electron thereby increasing the donor (electron) concentration i.e. n-type 

conductivity. Therefore, intrinsic doping can be achieved through the creation of native defects such as 

VCd’s and VTe’s (p and n-type respectively) or Cdi and Tei (n and p respectively). Alternatively p or n-type 

doping can be achieved with the addition of extrinsic impurities. When the host atom (Cd or Te) is 

substituted by an element which has one less valence electron (than the host), an acceptor defect is 

created.  

 

Table 3: Examples of substitutional defects in CdTe 

Element Group Defect Type of defect 

Cu I CuCd Acceptor 

Sb V SbTe Acceptor 

Al III AlCd Donor 

Cl VII ClTe Donor 
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Similarly, an element with an extra valence electron creates a donor defect by substituting the host 

atom. For example, Group V elements like Sb can substitute a missing Te atom i.e. VTe (group VI) to form 

SbTe which is an acceptor and therefore increase p-type conductivity. Similarly, a Group I element like Cu, 

can occupy a VCd (Group I) to form acceptor defect CuCd. On the other hand, a group III element occupying 

a VCd and a group VI element occupying a VTe would increase the electron concentration and hence n-type 

conductivity. In order to effectively dope CdTe the conditions must be favorable to incorporate the chosen 

dopant. To dope CdTe p-type using Group V elements, (which will replace Te or occupy a VTe), it is 

necessary to create VTe’s in order to create the respective substitutional defects.  

It should be noted that defects can create acceptor states and improve conduction, or create trap 

states and act as recombination centers which limit carrier lifetimes. Examples of substitutional defects in 

CdTe are listed in Table 3. 

4.3 Theoretical Study of Defects in CdTe 

The main properties which define a defect are the formation energy and the transition energy (also 

called ionization energy). The formation energy defines the ease of formation of a defect.  The higher the 

formation energy of a defect, the less likely it is to occur. The transition energy refers to the position of the 

defect in the bandgap. Defects with smaller ionization (transition) energies are more likely to contribute 

towards conduction at room temperature. 

 Many research groups have attempted to quantify the defect properties by using numerical 

methods. To calculate the defect properties Schrodinger’s equation for many electrons is reduced to an 

effective single electron problem using the Density Functional Theory (DFT). However, the solution to the 

DFT model is iterative and involves the use of various approximations to converge at the solution. Some of 

the popularly used approximations under DFT are: 

1. Local Density Approximation (LDA) 

2. Generalized Gradient Approximation (GGA) 

3. Heyd-Scuseria-Ernzerhof: (HSE) 

DFT and GGA provide exact information about the ground state defect properties [56] and many initial 

studies relied on these two approaches to calculate the defect properties. However, these approaches have 

several shortcomings, the most important of which is the inaccurate estimation of the bandgap. Recently, 
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the LDA and GGA approximations have been replaced by the computationally intensive and more accurate 

hybrid functional [57]. Since 2012, the latest version of the hybrid functional, Heyd-Scuseria-Ernzerhof 

(HSE) functional, HSE 06, is being used by various groups to calculate the defect properties.  The defect 

properties are modeled by placing the defect at the center of a periodic supercell (multiple unit cells joined 

to make one large cell). The complexity of the problem increases with the size of the supercell. Various 

research groups used supercells with different sizes (number of atoms) depending on their computational 

capabilities. However, it was recently shown that any supercell with less than 128 atoms in size would lead 

to stronger defect-defect interaction and the reliability of the calculations is reduced [58].  In addition to 

choosing the approximation (LDA, GGA, HSE) and supercell size researchers are often forced to employ 

many approximations due to the complexity of the calculations.  The calculations are extremely sensitive 

to minor changes in the ground state energies of the calculated systems and therefore can be affected by 

any approximations/assumptions made [59] 

 

Table 4: Summary of theoretical defect calculation studies reported by various groups 

Group Year Approx. 
Super 
Cell 
Size 

Assumptions Ref 

Berding et 
al. 

1999 LDA 32 

 To account for the bandgap error of the 
Local Density Approximation (LDA) 
approach, the donor levels were shifted 
upward by 0.85 eV. 

 A gradient corrected energy of 0.55 per 
Cadmium atom and 0.59 eV per Tellurium 
atoms was added to each supercell 

[60] 

Su Hei 
Wei et al. 

2002 LDA 32/64 

 To reduce the LDA bandgap error, the 
calculations were performed 
nonrelativistically. 

 The error was estimated to be 0.2 eV for 
formation energies and 0.1 eV for transition 
energies. 

[53] 

Du et al. 2008 LDA 64  [61] 

Du et al. 2012 PBE/HSE 64/216  [62] 

Su Hei 
Wei et al. 

2013 HSE 06 216  [67] 

Krasikov 
et al. 

2016 HSE 06 64 
 For charged defect super cells, a potential 

alignment correction scheme was employed. 
[63] 

.
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Figure 13: Defect transition energies of native CdTe defects calculated by various groups. The same defects are marked in the same color 
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4.3.1 Transition Energies of Intrinsic Defects 

The summary of the calculations performed by various groups are shown in the Table 4 below in 

chronological order: The variations in the defect transition levels reveal the complex nature of the 

calculations. The calculations performed using the latest HSE06 functional are highlighted in. Figure 13. 

VCd was found to be a shallow acceptor defect and VTe was found to be a shallow donor defect according 

to HSE06 calculations. This implies that VCd has lower ionization energies and can readily contribute holes 

than other acceptor defects like Tei.  

4.3.2 Compensation by Intrinsic Defects 

Figure 14 shows formation energies of some of intrinsic point defects as a function of Fermi energy 

(EF) calculated using the HSE06 functional [64]. The energy where the slope of the formation energy 

changes is the transition energy of the defect, i.e. a non-zero slope of a defect indicates that the defect is 

ionized/activated. VCd was found to be an acceptor (negative slope) while Cdi, VTe and Tei were found to be 

donors (positive slope). The calculations showed that formation energies depend on the growth conditions. 

The formation energy for the VCd defect was found to be lower under Te-rich conditions compared to Cd- 

 
 Reprinted with permission from Ma, Jie, et al. "Dependence of the minority-carrier lifetime on the stoichiometry of CdTe using time-

resolved photoluminescence and first-principles calculations." Physical review letters 111.6 (2013): by the American Physical Society 

 

Figure 14: Formation energies of native point defects in CdTe [64] 
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rich conditions. Under Cd and Te rich conditions, as the Fermi level moves towards the valence band 

maximum (VBM) (making CdTe more p-type), the formation energy of the donor defects (Cdi, VTe) 

decreases (Figure). For p-type doping under Te-rich conditions, the Fermi level was found to be pinned at 

0.7 eV from the VBM (point A). This is because, if EF is below point A, the formation of acceptor defects 

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

2+. Similarly, under the Cd-rich conditions the 

Fermi level was found to be pinned at 1.2 eV because below point B, the formation of donor defect VTe
2+ is 

spontaneous compensating the acceptor defect, VCd
2+. This phenomenon, called compensation, is one of 

the main factors limiting doping in CdTe.  

4.3.3 Lifetime Limiting Defects 

The main process that limits carrier lifetimes in CdTe is the ‘defect-mediated’ recombination. 

According to the Shockley-Read Hall (SRH) model, the most efficient recombination centers are deep level 

defects in the middle of the bandgap [65,66]. SRH recombination is believed to be the primary mechanism 

limiting minority carrier lifetime in CdTe. According to the calculation performed using HSE TeCd and Tei 

were found to be the main mid-gap states in CdTe [67].  A study by Krasikov et al. [63] also used the HSE 

approach and found that the capture rate of TeCd defect is the highest among all mid-gap defects making it 

 

Figure 15: Mid-gap states in CdTe which limit carrier lifetimes [67] 
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the main defect responsible for limiting lifetimes. The formation energy diagram shows that TeCd has lower 

formation energy under Te-rich conditions. Figure 15* shows the main mid-gap defects in CdTe. 

4.3.4 P- Doping: Group I Dopants 

Group I elements like Na and Cu can form acceptor states NaCd and CuCd respectively by occupying 

a VCd. In addition to acceptor states, Group I dopants also form interstitial defects like Na i, and Cui which 

are donors. The acceptor defect NaCd was found to be a very shallow defect with its transition level at 0.05 

eV above the VBM and Nai was found to be donor with transitional level of 0.04 eV below the CBM [68]. 

The donor states can act as compensating defects limiting p-type doping. Figure 16 shows the defect 

formation energies for NaCd and Nai as a function of EF under Cd-rich and Te-rich growth conditions. Similar 

to the intrinsic defects, NaCd and Nai compensate when EF is below point B (0.36 eV above VBM) under 

Te-rich growth conditions. P-doping under Cd-rich conditions is not effective with Na, as the EF is pinned at 

about 1 eV above the VBM (point A).  Cu also a group I impurity continues to play a key role in CdTe and 

is therefore discussed in more detail below. 

 
*Reprinted from Gessert, T. A., et al. "Research strategies toward improving thin-film CdTe photovoltaic devices beyond 20% 

conversion efficiency." Solar Energy Materials and Solar Cells 119 (2013) with permission from Elsevier. 

 

Figure 16: Formation energies of Group I dopants in CdTe 
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4.3.5 P- Doping: Group V Dopants 

Figure 17† shows the formation energy for P and As as a function of EF under Cd-rich and Te-rich 

conditions. P and As (Group V elements) are expected to replace Te (Group VI) to form acceptor states.  

According to the calculations performed using the HSE06 approximation, P and As form very shallow 

acceptor states (0.07 and 0.1 eV from VBM respectively) [69].  Unlike the Group I dopants, interstitials were 

not found to be the main compensating defects for Group V elements. When a P atom occupies a Te site, 

it forms the substitutional defect PTe where it is surrounded by four Cd atoms. In some occasions the P 

atom (in the Te site) moves towards a neighboring Te atom to form a P-Te bond breaking two bonds with 

Cd (Figure 17, right). This results in the formation of a new defect state called the AX center which is a 

donor. It was found that the AX center donor defects have lower formation energies than P i or Asi making 

them the main compensating defects. Under equilibrium growth conditions, the Fermi level was found to be 

pinned at 0.32 eV and 0.36 eV for p-doping using P and As respectively. This corresponds to a net acceptor 

density of approximately 1014/cm3.  

 
†Reprinted from Yang, Ji-Hui, et al. "Enhanced p-type dopability of P and As in CdTe using non-equilibrium thermal 

processing." Journal of Applied Physics 118.2 (2015) with permission of AIP publishing. 

 

Figure 17: Formation energy of Group V dopants in CdTe (left); AX center formation (right) [69] 
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4.3.6 Cu and Cl Related Defects  

Cu and Cl treatments have widely been accepted to be crucial for achieving high efficiency 

CdTe/CdS solar cells. In addition to aiding the formation of an Ohmic back contact to CdTe, Cu has been 

experimentally proven to increase the p-type conductivity in CdTe [70]. Irrespective of the method used for 

CdTe deposition, the Cl treatment is known to improve the structural and electronic properties of the CdTe 

layer and improve the efficiency of CdTe/CdS solar cells. Numerous mechanisms have been proposed to 

explain the role of Cu and Cl in improving device performance.  The theoretical predictions of various 

defects introduced by Cu and Cl are discussed in this section. The role of Cu and Cl in cell fabrication will 

be discussed in detail in subsequent chapters. 

Cu is a Group I dopant and like Na can occupy a VCd to form the substitutional acceptor defect, 

CuCd. The formation energies of Cu related defects in CdTe under Cd and Te rich conditions are shown in 

Figure 18 (right) [71]. Cu forms a shallow defect with an acceptor level at 0.16 eV above the VBM. The 

formation energy of the acceptor defect CuCd is always lower than the compensating defect Cui. This makes 

Cu the best cation (Cd) substitutional defect in CdTe.  

 
Reprinted from Yang, Ji-Hui, et al. "First-principles study of roles of Cu and Cl in polycrystalline CdTe." Journal of Applied 

Physics 119.4 (2016): 045104. with permission of AIP publishing 

 

Figure 18: Formation energy of Cl and Cu related defects in CdTe (left and right respectively) [71] 
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Figure 18 (left) shows the defects formed due to Cl in CdTe [64]. Cl being a Group VI element, is 

expected to form a donor defect (ClTe) by occupying a VTe. In addition to ClTe, it also forms other interstitial 

defects like Cli+ which is also a donor. One of the advantages of Cl treatment was improved p-doping in the 

CdTe layer. ClTe can form complex defects by combining with VCd called A-centers (VCd + ClTe). A centers 

were found to be very shallow acceptor states at 0.11 eV above the VBM which explains the increase in p-

doping often observed in experiments. However, the concentration of the A-centers is dependent on the 

availability of VCd’s. Once all the VCd’s are consumed, Cl can no longer form A-centers but starts to form 

ClTe and Cli+ which are both donor defects. Therefore, the amount of Cl incorporation has to be controlled. 

4.4 Summary of Theoretical Studies 

Table 5 shows the ease of formation of various native defects which influence the doping 

mechanism and carrier lifetime in CdTe. Te-rich conditions which favor the formation of VCd (the main 

intrinsic acceptor defect responsible for p-type doping) also favor the formation of mid-gap states, TeCd and 

Tei, which are detrimental for carrier lifetimes.  Cd-rich conditions on the other hand do not favor the 

formation of VCd, TeCd or Tei. This would result in poor carrier concentration due to a lower VCd concentration 

and good carrier lifetimes due to lower concentration of mid-gap states i.e. TeCd or Tei. This implies that Te-

rich conditions favor better acceptor concentrations and also poor lifetimes, which will not yield high 

efficiency devices. In addition to native defects the following observations can be made regarding dopants:  

● Cu is the best Group I dopant and since it forms very shallow acceptor states CuCd 

however, it also forms interstitial states Cui, which are donors. 

● Cl forms substitutional defects ClTe which can combine with VCd defects to form shallow 

acceptors called A-centers 

● Compensating defects due to dopants limit p-doping in CdTe  

 

Table 5: Ease of formation of various defects at Cd-rich and Te-rich conditions 

Defects Ease of Formation Effect 

VCd Difficult Low carrier conc. 

VTe Easy 
Shallow donor: 

Self-compensation for  VCd 

Cdi Easy 
Shallow donor: 

Self-compensation for VCd 

TeCd Difficult Improved lifetime 
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Table 5 (Continued) 

Tei Difficult Improved lifetime 

VCd Easy High carrier conc. 

VTe Difficult Shallow donors 

Cdi Difficult Shallow donors 

TeCd Easy Poor lifetime 

Tei Easy Poor lifetime 

 

4.5 Experimental Study of Native Defects in CdTe 

Table 6 below shows the defect transition levels of native point defects measured by various groups 

using: Deep level Transient Spectroscopy (DLTS), photo deep level transient spectroscopy (PDLTS), 

photo-induced current transient spectroscopy (PICTS), admittance spectroscopy (AS), photoluminescence 

(PL), electron paramagnetic resonance (EPR) and modulated photocurrent (MPC). VCd and VTe defects 

were found to be a shallow acceptor defect by various groups which is in agreement with theoretical studies.  

 

Table 6: Experimentally determined defect transition energies of CdTe intrinsic defects by various groups 

Defect Transition Transition Energy Measurement 

VCd 

(0/-1) 0.145 AS [72] 

 0.14 PL [73] 

 0.14 DLTS [74] 

 0.18 PICTS [75] 

(0/-2) 0.38 DLTS  [73] 

 0.4 DLTS [74] 

TeCd 
(+2/+1) 0.32 PDLTS, PICTS [74] 

(+1/0) 0.2 EPR 71[76] 

VTe 
(+2/0) 0.04 PL [73] 

(+2/+1) 0.06 PL [73] 

Tei (+2/0) 0.46 AS [72] 

 

4.6 Doping CdTe through Stoichiometry Control: Previous Experimental Work 

Doping CdTe through stoichiometry control was investigated by various groups. A brief review of 

such studies is discussed in this section. 

4.6.1 Control of Stoichiometry by Varying Substrate Temperature 

According to the CdTe phase diagram, films deposited at higher temperatures tend to be more Te-

rich while samples grown at low temperatures are Cd-rich [77].  This approach was used to study the effect 

of CdTe stoichiometry on minority carrier lifetime [67]. CdTe films were grown at temperatures of 484° C 

and 625° C. Qualitative verification of changes in stoichiometry was performed using Inductively Coupled 
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Mass Spectroscopy (ICP MS). The Cd: Te ratios measured were 1.00 ± 0.001 for 484° C sample and 0.98 

± 0.01 for sample grown at 625° C. Time Resolved Photoluminescence (TRPL) measurements estimated 

carrier lifetimes for the Cd-rich sample to be nearly 10 ns and for the Te-rich sample to be 1-2 ns.  Higher 

VOC were reported for Cd-rich samples (0.83V for 484° C) samples and (0.78V for 625° C). Similar studies 

on very large grain polycrystalline samples with grain sizes of approximately 1mm were reported to follow 

similar trends with Cd-rich films exhibiting carrier lifetimes up to 20 ns and Te-rich samples exhibiting 

lifetimes of about 3 ns. Large grain structure could improve the performance of the solar cell by reducing 

grain boundary related defects and hence enhancing carrier lifetimes. However, for the samples heat 

treated with Cl and Cu incorporation, other effects like CdS thinning could also play a role. At high substrate 

temperatures such as 600° C CdS could intermix with CdTe and lead to CdS thinning causing lower VOC’s. 

Similar procedures followed earlier by the same group yielded contradicting results with VOC increasing with 

increase in substrate temperature [78].  

4.6.2 Stoichiometry Change by Stacked Elemental Layer Method 

Stacked Elemental Layer was used by [79] to achieve variation in stoichiometry. The physical 

properties were investigated using XRD, AFM and Transmittance and reflectance measurements. Bi layers 

of Te/Cd were deposited on glass substrates by evaporation with pressures at 10-6 to 10-5 Torr range. The 

desired stoichiometry was achieved by varying the thickness of the individual Te and Cd layers. The 

deposited bi-layers were subsequently annealed at temperatures ranging from 170 to 250°C for different 

time periods. It was found that CdTe formation starts at 170° C with the presence of Te and Cd free phases, 

but useful optical properties (characteristic absorption edge at 830 nm) were found only when the 

temperatures above 300° C.  

4.6.3 Vapor Growth of CdTe from Elemental Cd and Te 

Vapor growth of CdTe was used to control stoichiometry of CdTe for laser window application was 

investigated by [80] using elemental Cd and Te sources. The deposition was carried out at near atmosphere 

by independently controlling the vapor pressures of Cd and Te sources above their respective melting 

points. The electrical conductivity was found to increase with increase in Te gas phase during growth. Voids 

were observed at the grain boundaries when the films were grown near stoichiometric conditions or at high 
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super saturations. Depositions at substrate temperatures as high as 950° C exhibited better 

microstructures.  

4.6.4 Te-rich Films by CSS Method 

CdTe films were deposited by CSS and then made Te-rich by evaporating Te onto the same 

substrate by [81]. The stoichiometry was varied by evaporating 0.5,1,2,3,4 mg of Te onto CdTe substrates. 

The structure of the film was analyzed by XRD and SEM. EMPA measurements were conducted to study 

the composition. Hall measurements were conducted to study mobility and carrier concentration. An 

increase in grain size was observed with increase in Te content. XRD measurements indicated an increase 

in crystal quality with increase in Te content. Hall measurements indicated an increase in carrier 

concentration with increase in Te content.  

4.6.5 Cd Self-Sputtering of CdTe 

CdTe-Cd target was used as the sputtering source by [82] to deposit Cd rich films. N-type CdTe 

films were successfully made and the conductivity change from p to n-type was observed. The presence of 

interstitial Cd was said to be the reason for the change of conductivity. 

4.7 Motivation and Objectives 

The review of theoretical and experimental studies discussed in the previous section ascertains 

that control over stoichiometry is necessary to achieve high doping levels and carrier lifetimes in CdTe. 

With this understanding, choosing a Cd or Te-rich condition growth regime over the other is not a direct or 

an easy choice. Though several groups have attempted stoichiometry control in CdTe, consolidated efforts 

to improve carrier concentration and lifetimes have not been adequate. In this study, CdTe is deposited 

using the Elemental Vapor Transport (EVT) method. In this method, elemental Cd and Te are used to 

deposit CdTe in excess Cd or excess Te conditions which enables for the control of native defect 

concentration and therefore pave the way to improve acceptor concentrations and carrier lifetimes. The 

deposition system enables precise control over stoichiometry.  The objectives of this study are to: 

1. Undertake a systematic approach in order to create favorable conditions for improved p-

doping and carrier lifetimes in p-CdTe through stoichiometry control. 

2. Study the effect Cu and Cl treatments on Cd-rich and Te-rich films. 
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Chapter 5: Experimental Methods 

 

The solar cell fabrication and characterization methods used in this work are discussed in this 

section. CdTe solar cells can be fabricated either in a substrate or a superstrate configuration. The basic 

superstrate structure which is predominantly used, is glass//TCO/CdS/CdTe/Back contact as shown in 

Figure 19. The substrate configuration is essentially the inverse of the superstrate configuration i.e. back 

contact/CdTe/CdS/TCO deposited on an opaque substrate. All high efficiency devices till date have the 

superstrate structure. The substrate configuration, is less successful due to problems such as poor ohmic 

contact to CdTe and poor CdS/CdTe/junction quality [83]. 

5.1 Cell Fabrication 

5.1.1 Glass 

The choice of the glass is generally dependent on the operating temperatures of the subsequent 

processing steps. Borosilicate glass is used for higher operating temperatures (~600° C) and soda-lime 

glass is used for lower temperatures (< 500° C) [84]. Typically, higher deposition temperatures (>550° C) 

result in the highest efficiencies of CdTe solar cells. In this study, Eagle XT was used as the glass substrate. 

Back contact    

CdTe absorber layer 

CdS window layer In 

Transparent contact (TCO) 

Glass substrate 

Figure 19: Superstrate CdTe solar cell configuration 
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It is an alkali free borosilicate glass with a transmittance of >90% in the wavelength range of 380-2200 nm. 

Prior to deposition of the front contact, the substrates were cleaned with D.I water and etched for a very 

short period using 10 % HF solution. 

5.1.2 Front Contact (Transparent Conducting Oxide) 

Transparent conductors are materials which possess high optical transmission. The main 

characteristics that are required for a material to qualify as a Transparent Conducting Oxide are [85]: 

1. High transparency in 400 nm -900 nm wavelength range 

2. Low resistivity (Typically in the order of ~ 10-4 Ω cm or a sheet resistance of about 10 Ω/ 

3. Good thermal and chemical stability to support further high temperature processing steps.  

For CdTe solar cells, the TCO should have an electron affinity of less than 4.5 eV in order to form 

an ohmic contact to the n-type CdS layer. Some of the popular TCOs used in CdTe solar cells are Florine 

doped Tin Oxide (SnO2:F), Tin doped Indium oxide (In2O3:Sn) and Cadmium Stannate (Cd2SnO4). Table 7 

shows the properties these TCO and buffer layers [85].Typically the TCO for high efficiency CdTe solar 

cells utilize a bi-layer structure for the TCO. This consists of a high conducting layer which enables current 

collection and a thin high resistive buffer layer which prevents the formation of pinholes and shunt paths. 

The buffer layer also serves as an extension to the window layer which allows for employing a thinner 

window layer. Reducing the thickness eliminates parasitic current losses in the window layer increasing the 

efficiency. 

 

Table 7: Properties of popular TCO and buffer layers used in CdTe/CdS solar cells [85] 

Material Resistivity (Ω cm) Transparency (%) 

SnO2 8.0 x 10-4 80 

SnO2:F 4.0x 10-4 84 

In2O3:Sn 2 0x 10-4 85 

Cd2SnO4 2.0x 10-4 92 

In2O3: F 2.5 x 10-4 85 

Zn2SnO4 1.0 x 10-2 90 

ZnO: In 8.0 x 10-4 85 

 

In this study Indium oxide doped with Sn, popularly known as Indium Tin Oxide (ITO) was used as 

the front contact and SnO2 was used as the buffer layer. Both the layers were deposited using RF sputtering 
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on the pre-cleaned glass substrates. The thickness of the ITO layer was between 2500 and 3000 Å while 

that for SnO2 was between 1000 and 1500 Å. The deposition was carried out at 250° C in ultra-high purity 

argon ( Ar) ambient. The substrate holder was rotated during deposition to maintain uniform thickness. The 

front contact (ITO) was deposited from a (In2O3/SnO2, 90/10 wt%) 99.9995% without a vacuum break 

between depositions. 

5.1.3 Window Layer 

The primary function of the window layer is to form a junction with the absorber and allow maximum 

light to reach the absorber. The bandgap of the window layer should be as high as possible and the 

thickness has to be as low as possible to allow maximum amount of light to reach the absorber. CdS layer 

has been the best heterojunction partner for CdTe in spite of the 10% lattice mismatch between the two 

layers. This is due to the fact that they are both miscible. The reaction between CdTe and CdS at high 

temperatures (which is typically reached during CdTe deposition or subsequent CdCl2 treatment) leads to 

formation of an interfacial layer CdS(1-x)Tex. The formation of this layer is believed to reduce the lattice 

mismatch between CdTe and CdS and improve the junction properties [86]. CdS has a bandgap of 2.4 eV 

which corresponds to a wavelength of 510 nm. A considerable amount of the solar spectrum falls below 

510 nm. Due to the poor properties of the CdS layer, the light absorbed in this layer does not contribute to 

photocurrent. The theoretical maximum for CdTe based on its bandgap is 30.5 mA/cm2, out of which up to 

7 mA/cm2 could be potentially lost due to a thick (> 500 Å) CdS layer[87]. Therefore, the CdS layer is kept 

as thin as possible. Typical CdS thickness is less than 100 nm. However, thinning the CdS could have an 

adverse effect on the solar cell performance. Thin CdS is known to reduce the VOC and FF [87].  Another 

disadvantage of using thin CdS layer is the formation of pinholes. Pinholes lead to micro junctions to form 

between CdTe and the front TCO layer reducing solar cell performance.  Therefore, the thickness has to 

be optimized to get the maximum possible current while eliminating any shunt paths. 

CdS films can be deposited using various techniques like vacuum evaporation, spray deposition, 

electrodeposition, screen printing, chemical vapor deposition, RF sputtering and Chemical Bath Deposition 

(CBD) [88]. Of these techniques, films grown by CBD are known to have excellent optical and electrical 

properties. Moreover, the process is simple, readily scalable with low fabrication cost [88]. In this study, 

CdS was deposited using CBD. Deposition of CdS using CBD is based on slow release of Cd2+ and S2- 
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ions  in an aqueous alkaline solution [89]. Cadmium acetate is used as cadmium source. Thiourea is used 

as sulfur source, ammonium acetate (NH4Ac) and ammonium hydroxide (NH4OH) are used as buffers to 

maintain alkalinity and control the reaction speed. The ITO/SnO2 coated glass substrates were immersed 

in DI water pre heated to 80° C. The Cd and S precursors (viz. cadmium acetate and Thiourea) along with 

the buffer agents are added in regular intervals to the D.I. water. The temperature was maintained at 80-

85 ˚C using  a constant temperature bath. The solution was continuously stirred with a magnetic stirrer. The 

thickness of CdS can be changed by varying the deposition time. The reaction steps were proposed by J. 

Herrero et al. [90] and are provided here: 

Cd(CH3COO)2↔Cd2++2CH3COO-  

NH3+HOH↔NH4
++OH- 

Cd(NH3)4
2+ +2OH-↔ [Cd(OH)2(NH3)2]+2NH3 

[Cd(OH)2(NH3)2]+SC(NH2)2→ [Cd(OH)2(NH3)2SC(NH2)2 

[Cd(OH)2(NH3)2SC(NH2)2]→CdS(S)+CN3H5+NH3+2HOH 

After the deposition, the samples were rinsed with warm water in an ultra-sonic bath to eliminate 

any large particles that may have adhered to the substrate surface during the reaction. Heterogeneous 

growth is preferred to homogenous growth in the solution which results in the formation of large particles.  

5.1.4 CdTe Layer 

One major advantage of CdTe is the resilience it shows towards changes in deposition techniques 

[83]. Such tolerance to the deposition techniques resulted in the development of many deposition 

techniques. The electronic properties of CdTe manufactured by various processes described above are 

generally dependent on post deposition treatment [91]. The most common deposition methods are 

sputtering [92], electrodeposition [93], [94], screen printing [95], metal-organic chemical vapor deposition 

[96] and close-spaced sublimation (CSS) [97], [98]. Each of these present their own advantages with CSS 

and vapor transport yielding the best results to date [99,100]. Figure 20 shows the Phase diagram of CdTe 

[101]. In the high temperature regime, CdTe is p-type due to more pronounced deviation around 

stoichiometry in the Te-side, giving rise to Te-over pressure during growth which results in p-type 

conductivity of as-deposited CdTe [102]. 
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5.1.4.1 Elemental Vapor Transport 

The basis for vapor deposition of CdTe is the equilibrium between Cd and Te vapors and the CdTe 

solid [4].  The relatively low vapor pressure of CdTe compared to elemental Cd and Te facilitates the 

deposition of single phase solid films over a wide range of substrate temperatures [103]. In this study, CdTe 

is deposited using a technique called Elemental Vapor Transport (EVT). The major advantage of this 

process is in situ control of stoichiometry which, as discussed in the previous sections can pave the way 

for CdTe devices with higher carrier densities and lifetimes.  The schematic diagram for the EVT process 

is shown in Figure 21. Vapors of elemental Cd and Te were used to deposit polycrystalline CdTe using the 

EVT process (Figure 21). Cd and Te metals of 99.999% purity were loaded into dedicated zones made of 

high purity graphite. Each zone was independently heated using 6KW tungsten halogen lamp heaters. A 

mixing zone where the substrate is located was placed after the last elemental zone. Each elemental zone 

was supplied with UHP Helium (He) carrier gas (through quartz tubes) with dedicated mass flow controllers 

to control the flow rate. Condensation of elemental vapors is desirable only on the substrate and has to be 

avoided elsewhere. Therefore, the zones were placed such that the temperature increases from the inlet 

to the outlet of the reactor, with the mixing zone held at the highest temperature. The sample holder was 

positioned in the mixing zone such that the temperature was between 580 and 600° C. The gas phase 

 

Figure 20: Phase diagram of CdTe [83] 
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Cd/Te ratio was varied by controlling the vapor transport of Cd and Te in order to influence the stoichiometry 

of the CdTe films. Mass transfer depends on the vapor pressures of Cd and Te and therefore is a function 

of the temperatures of the individual zones and flow rates of the carrier gases.  The vapor pressures for Cd 

and Te were obtained from previous studies [104], [105]. The pressure of the chamber was maintained at 

700 Torr using a mechanical pump and a pressure control valve. The flowrates of the mixing zone was 

maintained at 2L/min and the flowrates of the elemental zones were varied between 250cc/min to 400 

cc/min. The temperatures of the Cd and Te zones were varied in the range of 435 – 460 and 535 - 560° C 

respectively to achieve the desired Cd/Te ratios. The temperatures of the mixing zone was maintained 

between 700 - 720° C. Prior to each deposition, the chamber was purged with UHP He several times to 

eliminate O2 in the reactor.  

5.1.5 CdCl2 Heat Treatment 

CdCl2 heat treatment is widely accepted as a necessary step to fabricate high efficiency CdTe/CdS 

solar cells. The properties of the CdTe layer are vastly influenced by the CdCl2 treatment. This process is 

known to have three major effects on the CdTe solar cell:  (a) CdTe grain enhancement; (b) enhanced inter 

diffusion between CdTe and CdS; (c) grain boundary passivation/lifetime improvement via the formation of 

Cl-related complexes in CdTe [106]. CdCl2 HT was observed to cause recrystallization in CBD grown CdS 

process enhancing grain growth. This treatment was also found to reduce interface state densities by 

causing CdS diffusion into CdTe [107]. Inter-diffusion of S near the CdTe/CdS junction is known to improve 

the electronic properties of CdS/CdTe junction by reducing the lattice mismatch between CdS and CdTe 

 

Figure 21: Schematic of the Elemental Vapor Transport 
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[108].In addition to improving the structural properties,  the morphology of the films, Cl treatment was found 

to increase the shallow-acceptors concentration giving rise to additional p-type CdTe doping [109]. 

CdCl2 HT can be performed by dipping the CdTe layer in a CdCl2: CH3OH or CdCl2: H2O solution 

followed by drying and heat treating at high temperatures up to 450° C in air. Though this method is simple 

for laboratory size devices and is also scalable for larger substrates. However, this approach leaves CdCl2 

residue on the surface which must be cleaned and therefore increases the number of processing steps 

[110]. Alternatively, the CdTe layer can be exposed to CdCl2 vapor followed by a thermal anneal in the 

presence of O2 at high temperatures. 

In this study, the CdCl2 process was carried out by depositing CdCl2 onto the CdTe surface by 

evaporation and subsequently heat treating at high temperatures in the range of 375° - 410° C in O2 and 

He ambient.  

5.1.6 Back Contact 

The formation of stable, low resistance and non-rectifying contact to p-CdTe is a challenge in the 

fabrication of high efficiency CdTe/CdS solar cells. P-type CdTe has a high electron affinity (χ=4.5 eV) and 

a bandgap of 1.45 eV and has a work function close to 5.8 eV.  To form an ohmic contact, the contact metal 

should have a work function greater than that of p-type CdTe. There exists very few metals with such a 

high work function (Pt, Au etc.). Use of lower work function metals results in the formation of Schottky 

barriers giving rise to an undesirable back barrier.  The presence of back contact barrier can reduce the 

performance of the solar cell by limiting hole transport. The back barrier changes the I-V characteristics of 

the solar cell by causing what is referred to as “roll-over”.  

The presence of the back barrier is hard to eliminate, alternatively, a stable back contact with 

reduced barrier height is formed by one of the following methods: 

1. Heavily doping the back surface to reduce the barrier followed by metal deposition to 

facilitate tunneling. 

2. Using an interlayer or a buffer layer with a very high function such as HgTe or ZnTe [111]  

5.1.6.1 Etching the CdTe Surface 

The surface of the CdTe layer can be heavily doped by etching which changes the defect chemistry 

of CdTe surface. Etching serves two purposes: a) It provides a p+ Te-rich layer and b) removes any residual 
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oxides from the CdTe surface that might have been formed during the CdCl2 treatment. The most common 

etchants used are Br2/methanol solutions, aqueous nitric acid/phosphoric acid mixtures (NP) and chromate 

etches (K2Cr2O7:H2SO4). Etching converts the surface of the CdTe film to a Te-rich p+ type conductive layer. 

This layer facilitates easier hole transfer from the CdTe layer to the Te-rich layer and to the back contact 

metal electrode by reducing the valence band offset. 

5.1.6.2 Back Contacts 

Cu is one of the most popular metal used in the back contact preparation in CdTe solar cells. It 

serves a dual role in improving the performance of CdTe solar cells. As mentioned in the earlier sections, 

Cu forms acceptor states by occupying VCd’s to form CuCd improving p-type doping. When used as the back 

contact, Cu forms Cu2Te with the Te-rich layer (formed as a result of the etching). The Cu2Te layer is known 

to cause band bending at the CdTe/Te interface lowering the back barrier. Cu is generally used in 

combination with other metals to form the back contact. Commonly used Cu containing back contacts are 

Cu/Au [112], Cu2Te [113], ZnTe doped with Cu [114], graphite paste doped with Cu [115], Cu/Mo.  

Though Cu offers the above mentioned advantages, several studies have proved that Cu degrades 

the performance of the solar cell in the long run. ‘Excess’ Cu can also decrease p-doping by forming 

compensating defects Cui. Cu is known to be a fast migrator towards to CdTe/CdS junction under thermal 

stress. At the junction, Cu forms mid-gap states which act as recombination centers which lower the carrier 

lifetimes [116]. Therefore, controlled amounts of Cu has to be used when used as a back contact. Owing 

to the stability issues in Cu based back contacts, Cu free contacts have been widely been investigated. 

Examples of Cu free back contacts are: Ni: P [117], Sb2Te3 [118] and HgTe [119]. 

In this study, MoN/Mo was used as the back contact. MoN was deposited by RF sputtering under 

Ar and N2 followed by the deposition of Mo layer in Ar ambient. The thicknesses of the MoN and Mo layers 

was around 500 and 5000 Å respectively. Cu was added on select films after the MoN/Mo layer in order to 

limit the Cu migration towards the junction. Plain graphite ink was also used for select films where the 

influence of Cu needed to be avoided.  
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5.2 Device Characterization   

5.2.1 I-V Measurements 

The current-voltage (I-V) curve under light gives many important parameters of the solar cell such 

as the VOC and FF. Current voltage characteristics were measured using a solar simulator calibrated to AM 

1.5 condition. The light intensity was adjusted to replicate AM 1.5 illumination with the help of a Si reference. 

A four point Kelvin probe measurement was used to eliminate the effect of parasitic contact resistances. A 

keithely 2410 Source meter was used to sweep the voltage and measure the current. A LabVIEW program 

was used to collect the I-V data and calculate the FF, JSC and VOC. 

5.2.2 Spectral Response 

Spectral response (SR) is defined as the ratio of the current generated by the solar cell to the power 

incident on it.  Quantum efficiency (QE) is defined as the ratio of the number if collected electrons to the 

number of incident photons. If all the photons at a particular wavelength are absorbed and all the photo-

generated carriers are collected, the resulting Q.E is unity. The QE is measured over the range of the 

spectrum between 400 and 900 nm which can be used to calculate the SR. The absorption coefficient is a 

function of the wavelength and therefore, the current generated by the solar cell changes as a function of 

wavelength. Quantum efficiency is a useful technique which estimates the current generated at different 

wavelengths. It is also useful to determine the losses due to reflection, transmission and recombination. An 

Oriel monochromater (model 74100) was used to measure the spectral response. A GE400W/120V Quartz 

line lamp was used as the light source and its intensity was calibrated using a silicon reference photodiode. 

LabVIEW program was used to collect and plot the data. The current response of the reference was first 

measured (IReference) followed by the current response of the solar cell (IDevice). The QE was then calculated 

according to the formula: 

 QEDevice =  QEReference ∗  
IDevice

IReference
 (11) 

The current density is then calculated by integrating the Q.EDevice multiplied by the AM 1.5 

equivalent current.  

5.2.3 Temperature-Resistivity Measurements 

Temperature-resistivity measurement is a simple yet useful tool to analyze the electrical properties 

of a semiconductor. The resistivity of a semiconductor is inversely proportional to the carrier concentration 



 

45 

and mobility. Depending on the transition energy level, different defects and dopants are activated at 

different temperatures which affect the carrier concentration. The resistivity of doped semiconductors can 

be described by an Arrhenius temperature dependence given by the following equation: 

 ρ = ρo ∗ exp [
Ea

kT
] (12) 

where ρ is the resistivity at a particular temperature in Ω-cm, ρo is the pre-exponential resistivity in Ω-cm, 

Ea is the activation energy in eV, k is the Boltzmann’s constant and T is the temperature in K. By measuring 

the resistivity as a function of temperature, it is possible to estimate the activation energy of the defects. 

Resistivity of the deposited films were measured by Keithley electrometers with the 4-point 

measurement method. Co-linear Au contacts were deposited using DC sputtering in Ar ambient. The 

measurements were performed inside a Faraday cage. The temperature was varied from -40˚C to 120˚C 

using liquid N2 and heater. 

5.2.4 Capacitance-Voltage Measurements 

The Capacitance-Voltage technique is commonly used to characterize the carrier density of 

semiconductors. The measurement relies on the fact that the width of a reverse biased space-charge region 

of a semiconductor junction depends on the applied voltage. The measurement assumes the device to be 

an n+- p or a p+- n junction. When an alternating voltage is applied to an n+- p junction, the width of the 

space charge changes mainly on the p region. Due to heavy doping on the n-side, the change in depletion 

width is negligible. The change in depletion width causes a change in the junction capacitance. By 

measuring the change in junction capacitance with respect to the change in voltage, it is possible to estimate 

the carrier density in the p-region. The depletion region of a p-n junction can be approximated as a parallel 

plate capacitor with a junction capacitance given by: 

 C =  ϵ 
A

W
 (13) 

where ϵ is permittivity, A is the area of the device and W is the distance between the plates (in this case, 

the edges of the depletion region).  

The width of the space charge (depletion) region in a p-n is given by: 

 W = √
2ε

qNA
(Vbi − V) (14) 
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where NA is the carrier density of the p-type semiconductor, Vbi is the built-in voltage, and V is the applied 

voltage. 

By substituting for ‘W’ in ‘C’, the C can be re-written as: 

 C = ε 
A

√
2ε

qNA
(Vbi−V)

 (15) 

By rearranging the above equation we obtain: 

 
A2

C2 =
2

qεNA
(Vbi − V) (16) 

A plot of 1/C2 vs V yields the carrier density and the intercept gives the built-in potential.  

5.2.5 Time Resolved Photoluminescence (TRPL) 

Minority carrier lifetimes can be measured by the TRPL technique. The film or device under study 

is excited with a laser pulse of known energy. As a result, carriers are excited from their ground state to an 

excited state. After a short delay, the carriers return to their ground state emitting a photon in the process. 

By measuring the time delay between the sample excitation and photon emission by the detector, the carrier 

lifetime can be estimated. In this study, TRPL measurements were performed at the National Renewable 

Energy Laboratory (NREL) with single photon excitation (1PE) and two photon excitation (2PE) time 

resolved photoluminescence (TRPL) measurements [120]. The films/carriers were excited from the glass 

side through the window layer (CdS) with 700 nm (1PE) and 1200 nm (2PE) wavelength laser beam and 

the photon emission was detected at a wavelength of 840nm. 

5.2.6 Deep Level Transient Spectroscopy (DLTS) 

Deep level Transient Spectroscopy (DLTS) is a technique which can be used to quantify mid-gap 

states. For this work, an instrument was purchased from Sula Technologies (shown in Figure) to perform 

DLTS measurements. The measurement system comprises of a cryo-based cooling stage with a heater, 

temperature controller, and turbo pump to maintain vacuum. The instrument is capable of measuring CV, 

IV, CT and IV along with capacitance transient measurements like DLTS, CCDLTS and CDTLS. 

Temperature ranges from 77K to 500K could be used. Simultaneous generation up to 6 spectra with 

different rate windows could be used to identify deep traps and their respective activation energies.  

During the DLTS measurement the capacitance transient of a reverse biased p+ - n or n+ - p junction 

due to charge carrier injection is measured. The capacitance transient is given by the following equation, 
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 C(t) = C0 [1 −
NT

2ND
exp (−

t

τ
)] (17) 

where, C(t) is the instantaneous capacitance, C0 is the reverse bias background capacitance, NT is the trap 

concentration, ND is the doping concentration and τ is the carrier lifetime. 

Depending on the type (majority or minority) of the trap levels activating at a certain temperature in 

the semiconductor the change in the transient can be negative or positive (Figure 22). The capacitance 

decay rate changes due to the change in the thermal emission rate and is therefore a function of 

temperature. A plot of change in capacitance (ΔC) observed through a temporal rate window (Δt) vs. 

temperature (T) results in the DLTS spectrum.  A majority carrier trap yields a negative peak, while a 

minority carrier trap produces a positive peak in the DLTS spectra. The trap concentration is calculated 

from the peak intensity. The activation energy and capture cross section of the trap can be calculated from 

analyzing the Arrhenius plot of the peak positions at different rate windows [121]. 

5.2.7 Morphology and Structure Analysis  

Film Thickness was measured using Dektak 3030ST profilometer. XRD measurements were made 

to study the crystallographic properties using Panalytical X’pert Pro with a Copper (Cu) kα source. The 

grain morphology was studied using Scanning Electron Microscopy (SEM) on Hitachi S800 with an 

accelerating voltage of 25 KV. Electron Dispersive Spectroscopy (EDX) was used to estimate the film 

composition on select samples. Samples for EDX were prepared by focused Ion Beam milling using a dual 

 

Figure 22: Capacitance transient on a reverse biased p-n junction due to carrier injection. A negative 
capacitance change, ΔC (left) indicates a majority carrier trap, while a positive ΔC (right) indicates a 
minority carrier trap. Δt signifies the rate window. 
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beam FEI Nova 600 Nanolab. EDX analysis has been carried out using a Tecnai F20 operating at 200 kV 

equipped with an Oxford instruments X-max N80 TLE SDD detector 
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Chapter 6: Results 

 

6.1 Introduction 

The main objective of this work is to undertake a systematic study of a process capable of creating 

favorable conditions for efficient doping and improved carrier lifetimes in CdTe thin films by following the 

theoretical guidelines discussed in the previous chapter. Native defects control the carrier concentrations 

and lifetimes in CdTe.  By varying the CdTe stoichiometry, the concentration of native intrinsic defects can 

be controlled.  

In this study, CdTe was deposited from elemental sources namely Cd and Te, using the Elemental 

Vapor Transport process (EVT). Cd and Te were heated to temperatures above their respective melting 

points (321 and 435° C for Cd and Te respectively). The vapors were then transported to a mixing zone 

where the substrate holder was located, using Helium as the carrier gas. Since the vapor pressure of CdTe 

is lower when than that of Cd and Te, the vapors condense readily on the substrate to form solid CdTe. To 

achieve stoichiometry control, the vapor phase Cd/Te ratio was varied to deposit Cd-rich (Cd/Te ratio >1), 

Te-rich (Cd/Te ratio < 1.0) and stoichiometric (Cd/Te ratio 1.0) films. The change in vapor ratio was attained 

by controlling the elemental zone temperatures and flowrates. The theoretically achievable change in 

atomic stoichiometry in CdTe as per the phase diagram is extremely limited. The single-phase, 

homogeneity region for CdTe is capable of supporting a maximum excess of only 4 X 10-3 at. % Cd or 13 

X 10-3 at. % Te [77]. Therefore the actual change in stoichiometry of the CdTe film is expected to be 

infinitesimally small when compared to the change in gas phase Cd/Te ratio. Such minor variation in the 

elemental composition is below or close to the resolution limit of most composition analysis techniques, 

making it difficult to accurately estimate the changes in film stoichiometry. However, the stoichiometry 

change can be ascertained by studying its effect on the electrical properties of the films, based on the 

theoretical studies discussed earlier. Unless otherwise stated the term Cd/Te ratio will be used throughout 

this document to define the gas phase Cd/Te ratio. 
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6.2 Ratio Calculations 

In order to achieve the desired Cd/Te ratio, the amount of Cd and Te vapors reaching the substrate 

have to be controlled. The mass transport and therefore the Cd/Te ratio depends on the vapor pressure of 

Cd and Te and the flowrates through the Cd and Te zones. The Cd/Te ratio was determined using the Ideal 

Gas Law. The vapor pressure of Cd and Te is a function of the temperature. 

The vapor pressure for Cd is given by [104] 

 PCd(torr) = 10
7.66023−

4757.62

TCd+228.438 (18) 

where TCd is the temperature of the Cd zone in Celsius.  The number of moles of Cd was then calculated 

using the ideal gas relationship: 

 nCd =
(PCd∗133.32)∗V

R(TCd+273)
  (19) 

where PCd is the vapor pressure from eq. [17]. R is the ideal gas constant (8.31 J/K/mole), V is the total 

volume calculated using the following equation: 

 VCd(
moles

min
) = FR (

cc

min
) ∗  10−6 ∗ time (mins) (20) 

FR is the flow rate of the carrier gas (Helium) through Cd zone in cc/min controlled by a dedicated 

mass flow controller. 

The vapor pressure for Te is given by [105]: 

 PTe(torr) = 10
6.6385−

4084.38

TTe+98.94  (21) 

The flow rates for Te zone was calculated using the following equation: 

 F. R (Te) =
(nTe∗R)∗(TTe+273)

(PTe∗133.32)∗
10−6

time (mins)

 (22) 

In the above equation, T is the temperature of the Te zone, PTe is the vapor pressure of the Te 

zone calculated from equation 20. nTe is the number of moles of Te determined by the following equation:  

 nTe = nCd/ (Cd/Te ratio) (23) 

For a Cd/Te ratio of 1.0, the number of moles of Te is equal to the number of moles of Cd i.e. nTe 

= nCd. Therefore, by plugging in the value of nCd (calculated from equation 18) for nTe in equation 5, the flow 

rate of the Te zone can be determined. The temperatures of the zones were maintained at least 100 ° C 

above the respective meting points of Cd and Te (321 and 435° C respectively).  
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6.3 Initial Results on Alumina Substrate 

6.3.1 Elimination of Powdery Deposits 

Alumina was chosen as the substrate for the initial set of experiments. The gas phase Cd/Te ratio 

was varied from 0.3 (extreme Te-rich) to 3.0 (extreme Cd-rich). Gas phase nucleation is possible during 

the deposition process which may result in powdery deposits and therefore must be avoided.  Various 

process variables such as flowrates, temperatures of the elemental zones and the substrate temperature 

(temperature of the substrate holder when the deposition was initiated) were optimized to eliminate gas 

phase nucleation. Elemental flowrates greater than 600 cc/min and temperatures above 460° C for Cd and 

560° C for Te resulted in powdery deposits. It is possible that high mass transport increases the collisions 

in the gas phase and causes nucleation in that phase. The flowrates were varied between 250 cc/min to 

400 cc /min for all the experiments conducted in this study. Powdery deposits were observed for substrate 

temperatures less than 550° C. Therefore, a minimum temperature of 550° C was used as a standard for 

all subsequent depositions. The substrate temperature increased from 550° C at the beginning of the 

deposition to around 580° C at the end of the deposition. 

 

Table 8: Temperatures and flowrates for the Cd and Te zones used in this study 

Cd/Te ratio Condition 
T(Cd) 

°C 
T(Te) 

°C 
F.R(Cd) 
cc/min 

F.R.(Te) 
cc/min 

1.0 Stoichiometric 435 535 400 400 

0.7 Te-rich 435 568 400 400 

0.7 Te-rich 435 535 350 500 

1.4 Cd-rich 466 535 400 400 

1.6 Cd-Rich 435 535 550 350 

 

The gas phase Cd/Te ratio and therefore the CdTe stoichiometry can be controlled by changing 

either the temperature or the flowrates of the elemental zones. However, flowrate offers limited control over 

gas phase stoichiometry when compared to temperature since the vapor pressure varies exponentially with 

temperature. Therefore large Cd and Te overpressures can be achieved with relatively small changes in 

temperatures.  For example, to change the Cd/Te ratio from 1.0 to 2.0, with the temperatures and flowrates 

of Te zone constant, the flowrate of the Cd zone has to be increased by 100%. The same change in ratio 

can be achieved by increasing the temperature of cadmium zone by 7%. The temperatures and flowrates 

for various Cd/Te ratios used in this study are shown in Table 8. 
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6.3.2 Film Morphology  

After optimizing the process variables to eliminate powdery deposits, the samples were analyzed 

for structure using X-Ray Diffraction (XRD) and Scanning Electron Microscopy (SEM). Normalized XRD 

patterns are shown in Figure 23 for Cd/Te ratios 1.2, 1.1, 0.8, 0.9 and 0.8. All the films exhibited strong 

(111) preferential orientation. Elemental Cd or Te peaks were not observed.  

SEM images of the EVT-CdTe films with different Cd/Te ratios are shown in Figure 24.The grain 

size increased as the Cd/Te ratio decreased from 2.0 to 0.5. The largest grains were observed for films 

with Cd/Te ratios 0.6 and 0.5. However, further decrease in Cd/Te ratio below 0.4 resulted in grain clustering 

(Figure). Although the film did not exhibit any powdery deposits, the clustering is believed to be due to gas 

phased nucleation.  

6.3.3 Effect of Stoichiometry on Film Conductivity 

To study the influence of stoichiometry variation on CdTe conductivity, temperature-resistivity 

measurements were conducted on films with different Cd/Te ratios. Four co-linear gold contacts sputtered 

(using DC sputtering) on EVT-CdTe films deposited on Alumina. 5Å Cu was then added on select films by 

RF sputtering. The films were annealed at 275°C for 20 mins to diffuse the Cu into the CdTe film. The 

resistivity of as-deposited films was too high to be measured at room temperature (RT) (300K) and below. 

 

Figure 23: XRD plot for EVT-CdTe films with different CdTe ratios 
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Cu decreased the resistivity of the films to ‘measurable’ values. The results presented in this section, are 

for EVT-CdTe films with 5Å Cu. Figure 25 shows the resistivity (σ) Vs 1000/T plot for Cd/Te ratios ~0.4 – 

2.0.  The film with Cd/Te ratio of 0.6 had the lowest resistivity at all temperatures (3 x 104 ohm-cm @ 300K), 

while Cd/Te ratio < 0.4 showed the highest resistivity (5x 105 ohm-cm @ 300 K).  

   

  

Figure 24: SEM images of EVT-CdTe on Alumina with Cd/Te ratios. Clockwise from top left: 2.0, 1.25, 
0.6, 0.5 and 0.4  

 

 

Figure 25: Resistivity vs. 1000/T for EVT-CdTe films deposited at different Cd/Te ratios and doped with 
Cu 
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The room temperature resistivity is plotted against Cd/Te ratio in Figure 26. As the Cd/Te ratio 

decreased from 2.0 to 0.6 resistivity decreased. Further decrease in Cd/Te ratio from 0.6 to 0.4, increased 

the resistivity. As the Cd/Te ratio decreased, (making the films more Te-rich), the concentration of VCd‘s is 

expected to increase since the formation energy of VCd’s is lower under Te-rich growth conditions. Cu is 

known to occupy VCd’s to form acceptor defects CuCd, therefore the concentration of CuCd should also 

increase with decrease in Cd/Te ratio. CuCd was calculated to be 0.22 eV above the VBM in CdTe which is 

shallower defect than VCd at 0.34 eV [64]. Therefore, the conductivity is expected to increase with Cu due 

to increased p-type doping. This explains the decrease in resistivity of the as-deposited films with Cu 

incorporation. The decrease in resistivity with Cd/Te ratio from 2.0 to 0.6 can be attributed to increase p-

doping due to an increase in CuCd concentration. However, the increase in CuCd concentration should result 

in the Cd/Te ratio 0.4 film having the lowest resistivity which was not observed. SEM images in Figure 25 

show poor grain quality for Cd/Te ratio 0.4 which could be detrimental for carrier mobility and hence lead 

to higher resistivity at the lower ratios. Therefore, the morphology of the film influences the resistivity.  

 

Figure 26: Room temperature resistivity Vs Cd/Te ratio 
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6.3.4 Summary of Key Findings from Results on Alumina Substrate 

● Higher partial pressures of Cd and Te resulted in gas phase nucleation and powdery 

deposits. The optimum substrate temperature was found to be 550° C. Temperatures 

below 550° C resulted in powdery deposits. 

● The grain size decreased with increase in Cd/Te ratio i.e. films deposited under Cd-rich 

growth conditions exhibited smaller grain sizes compared to the films deposited under Te-

rich conditions. Films with Cd/Te ratio below 0.4 resulted in grain clustering. 

● The resistivity change was affected by the Cd/Te ratio. The room temperature resistivity 

for the films with Cu decreased with decrease in Cd/Te ratio. The resistivity for the Te-rich 

films was lower than Cd-rich films. This could be due to the increase in the number of 

acceptor defects CuCd’s.  

6.4 Initial Results on ‘CdS/TCO/Glass’ Substrates 

6.4.1 Introduction 

After the initial experiments on Alumina, EVT films were deposited on ‘CdS/TCO/glass’ substrates 

with an intent to fabricate solar cells using the superstrate structure. The fabrication details were discussed 

in chapter 5. Nearly all samples were CdCl2 heat treated (HT). Cu was added for select films to study its 

influence on CdTe stoichiometry. The structural properties as a function of CdTe stoichiometry were studied 

using X-Ray Diffraction (XRD) and Scanning Electron Microscopy (SEM) techniques. Solar cells were 

characterized using Current Voltage (JV) and Spectral response (SR) measurements. Capacitance Voltage 

measurements (CV) were conducted to estimate the carrier concentrations. Time Resolved 

Photoluminescence (TRPL) measurements were performed at the National Renewable Energy Laboratory 

(NREL) to study minority carrier lifetimes. Deep Level Transient Spectroscopy (DLTS) studies were 

conducted to study deep levels in EVT films. The results of above mentioned measurements will be 

presented in the subsequent chapters. In this chapter, the structural properties and mass transport effects 

of EVT- CdTe films are discussed.  

6.4.2 Mass Transport 

As mentioned earlier, the Cd/Te ratio can be changed by adjusting the elemental zone 

temperatures or flowrates. Experiments were conducted to investigate the individual impact of temperature 
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and flowrates on the growth rate of CdTe. The optimized depositions conditions established on the alumina 

substrates were used to set an upper limit for temperatures and flowrates of the elemental zones in order 

to avoid powdery deposits.  

6.4.2.1 Effect of Elemental Zone Temperature 

CdTe films with Cd/Te ratio 1.0 were deposited using different Cd and Te elemental temperatures 

and the thickness of the films was measured. Figure 27 shows the growth rate as a function of the Cd 

elemental zone temperature. The growth rate increased with increase in Cd and Te elemental zone 

temperatures. The vapor pressure increases exponentially with increase in temperature. Since the vapor 

pressure of Cd and Te determines the amount of material evaporated, the mass transfer and therefore the 

growth rate increases with increase in temperature. 

6.4.2.2 Effect of Elemental Flowrate 

To study the influence of elemental flowrate on growth rate, CdTe films with Cd/Te ratio 1.0 were 

deposited using different elemental flowrates of Cd and Te. The flowrates through both the zones were 

maintained to be the equal for all depositions. There was no significant change in growth rate with increase 

in elemental flowrate (Figure 27). The growth rate saturated for elemental flowrates above 100cc/min. This 

indicates that flowrate as low as 100cc/min through the elemental zones is sufficient to transport the 

evaporated material to the substrate. Increasing the flow rate would increase the velocity of the carrier gas 

and not cause additional evaporation of extra Cd and Te molecules. However, flowrates below 250 cc/min 

resulted in pinholes. This could be due to increased dilution of Cd and Te vapors. It should be noted that 

an increase in the elemental flowrates would result in an increase in the total flowrate of vapors in the mixing 

zone. For example, a flowrate of 400 cc/min through Cd and Te zones, the total flowrate in the mixing zone 

would be 2.8L/ min. (800 cc /min (Cd and Te) + 2L/min (mixing zone)). Increasing the elemental flow rate 

to 500 cc/min would increase the total flow rate to 3L/min. 

6.4.2.3 Effect of Mixing Zone Flowrate 

Figure 27 shows the effect of mixing zone flowrate on the deposition rate. The rate increased with 

increase in mixing zone flow. Multiple data points at the mixing zone flow of 2L/min correspond to different 

elemental flowrates. The observed trend suggests that a minimum flowrate is necessary to transport the 
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Cd and Te vapors from the mixing zone to the substrate. Mixing zone flowrates above 3L/min resulted in 

powdery deposits. A mixing zone flowrate of 2L/min was used as a standard.  

6.4.2.4 Effect of Cd/Te Ratio 

The deposition rate showed a strong correlation to the gas phase Cd/Te ratio.  The effect of Cd/Te 

ratio on the growth rate is shown in Figure 28 (left). Films deposited with Cd/Te ratio 2.0 were about 40% 

thinner than films grown with Cd/Te ratio 0.5 for the same deposition time, implying a slower growth rate 

for films deposited above stoichiometry (Cd/Te >1).  The reason for the faster growth rate under Te-rich 

conditions is not fully understood at this point. However, a few speculations based on earlier studies could 

be made. One possibility is that the Cd gas phase molecules form a ‘stagnant layer’ at the substrate 

   

 

Figure 27: Growth rate as a function of Cd zone temperature, elemental flowrate and mixing zone 
flowrate. (Clockwise from left) 
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preventing Te molecules to diffuse through the Cd layer to reach the substrate, consequently lowering the 

deposition rate for films grown above stoichiometry. Such hydrodynamics for MOCVD has been discussed 

earlier in [122]. Another possibility is the Eiley-Rideal mechanism described earlier [123] as a possible 

growth mechanism for CdTe. In this process, gas phase Te (Cd) molecules get adsorbed on the substrate.  

This is followed by the Cd (Te) molecules reacting with the adsorbed Te (Cd) molecules to form CdTe 

before the Te (Cd) molecules re-evaporate. If the re-evaporation rate of Cd is higher than Te, the formation 

of solid CdTe molecule could be slower. 

6.4.2.5 Thickness Profile 

The thickness of the CdTe layer showed a gradient across the area of the substrate. The top half 

was thicker than the bottom half and was used in cell fabrication. The thickness profile is shown in Figure 

28 (right). Since the growth rate showed dependence on the Cd/Te ratio, the deposition times were adjusted 

to achieve a thickness of approximately 5 µm at the center of the substrate.  

6.4.3 Structural Analysis 

6.4.3.1 XRD Analysis 

XRD studies were conducted to study the crystallographic orientation of the films. Figure 29 shows 

XRD data for Cd/Te ratios 0.3, 0.5, 1.0 and 2.0. The temperatures and flow rates used are described on 

the plot. 

   

Figure 28: Growth rate as a function of Cd/Te ratio (left); thickness (in microns) profile on the substrate 
(right) 
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The sharp diffraction peaks at 2ϴ = 23.750°, 39.286°, 46.433°56.82°, and 76.56°correspond to the 

(111), (220), (311), (422) and (511) planes of the cubic CdTe structure [ICCCD Ref 015-0770]. All the films 

exhibit a strong (111) peak indicating preferential orientation along the (111) direction. The film with Cd/Te 

ratio 0.3 exhibited the higher degree of preferential orientation with peaks other than (111) almost non-

existent. Increased crystal quality for Te-rich samples have been reported earlier [124]. The relative 

intensity of (220) and (311) peaks for the film with Cd/Te ratio 2.0 increased indicating a lower degree of 

preferential orientation. Similar result were reported previously for Cd-rich films [125]. For the temperatures 

and flow rates used here, ratio 0.3 appeared to have the better crystallinity compared to Cd/Te ratios 0.5, 

1.0 and 2.0. The mass transfer rate was reduced by lowering the temperatures of the elemental zones. The 

XRD plot for Cd/Te ratios 0.5, 1.0 and 2.0 for lower mass transfer rates. The trend was similar to that of the 

films with higher mass transfer suggesting that the orientation is not effected by the deposition rate. 

6.4.3.2 SEM Analysis 

 Figure 30 shows SEM images for Cd/Te ratios 0.3, 0.5, 1.0 and 2.0.  The grains were densely 

packed and uniform throughout the sample. The grain size increased with decrease in Cd/Te ratio (i.e. 

increase in Te content). The largest grain sizes were observed for Cd/Te ratios 0.3. Increased grain growth 

is often linked to increase in deposition temperature [126]. However, the substrate temperature was not 

altered for any of the depositions.  It was reported in an earlier study [124] that film growth in excess Te 

conditions could lead to improved grain growth by causing smaller grains to merge to form larger grains.  

 

Figure 29: XRD plots for EVT-CdTe ratios 0.3, 0.5, 1.0 and 2.0  
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This claim is supported by the XRD results which show better orientation order for the Cd/Te ratio 0.3.  

Larger grain size can lead to better performance in the solar cell by reducing grain boundary defects.  

6.4.3.3 TEM and EDX Analysis 

Figure 31 shows TEM images for an as-deposited (without CdCl2 HT) CdTe films deposited at 

excess Te (left) and excess Cd (right) conditions. Both films showed grains extending through the thickness 

of the film of about 2 microns in diameter. Twin boundaries were observed in both films. No observable 

change was noticed in the TEM images with respect to change in Cd/Te ratio  

     

   

Figure 30: SEM images for Cd/Te ratios 0.3, 0.5, 1.0 and 2.0 (clockwise from left) 

 

   

Figure 31: TEM images for as-deposited excess Te film (left) and excess Cd film (right) 
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6.4.4 Summary of Key Findings from Structural Analysis 

● The growth rate showed a strong correlation to Cd/Te ratio. Films deposited under Te-rich 

conditions showed higher growth rates. 

● XRD studies showed that films deposited under Te-rich conditions exhibited the highest 

degree of preferential orientation. 

● The grain sizes varied with Cd/Te ratios. Films deposited under Te-rich growth conditions 

showed larger grains than the Cd-rich films 

6.5 Solar Cell Fabrication 

6.5.1 Cell Performance: As-Deposited Films (Without CdCl2 HT) 

After the preliminary morphology and growth studies, the next step was to fabricate solar cells with 

EVT-CdTe films and study the effect of CdTe stoichiometry on cell performance. For this purpose EVT 

CdTe films with Cd/Te ratios 0.5 (Te-rich), 1.0 (Stoichiometric), 1.4 and 2.0 (Cd-rich) were deposited. The 

superstrate structure used was Glass/TCO/CBD-CdS/EVT-CdTe/MoN. The experimental details of the 

solar cells fabrication were discussed in the previous chapters. In order to obtain high efficiency devices, 

CdCl2 HT and Cu incorporation are necessary [83]. However, for these experiments these treatments were 

intentionally avoided to study the effect of CdTe stoichiometry on solar cell performance.  

Solar cells showed poor performance (VOC < 500 mV) for cells with all Cd/Te ratios. The Quantum 

efficiency (Q.E) is shown in Figure 32. The cells with Te-rich CdTe, (Cd/Te ratio < 1.0) showed better 

collection at all wavelengths. The cells with Cd-rich films on the other hand (Cd/Te ratio > 1.0), exhibited 

poor collection. These cells also showed increased collection at the longer wavelengths. The noteworthy 

detail is the shape of the Q.E curves. Typical high efficiency solar cells have Q.E. curves that resemble 

those of the cells with Te-rich (Cd/Te < 1.0) CdTe. In order to form an Ohmic contact to CdTe, the work 

function of the back contact metal has to be at least 5 eV. The work function of Mo is 4.37 eV and therefore, 

Mo forms a non-ohmic back contact to CdTe. The resulting Schottky barrier at the CdTe/Mo interface 

inhibits the collection of holes at the back contact causing roll-over in the JV characteristics.  With a Schottky 

barrier at the back contact, the device now has two internal fields: The first one at the CdTe/CdS interface 

where majority of the collection is expected to occur; the second at the back junction due to the Schottky 

barrier formed at the Mo/CdTe interface. A weak electric field at the CdTe/CdS junction cannot separate 



 

62 

the carriers generated in its vicinity. This results in poor collection and hence poor QE. Cells with a Cd/Te 

ratio > 1.0 (Cd-rich) showed increased collection towards the longer wavelengths suggesting that the 

collection of photo-generated carriers is more towards the back of the device (away from the CdTe/CdS 

junction). Long wavelength photons have smaller absorption coefficients and travel longer distances before 

they can be absorbed. The increased collection towards the back shows that the carriers generated by the 

long wavelength photons are collected. This behavior is indicative of a stronger electric field at the CdTe/Mo 

junction than the one at CdTe/CdS interface. Growth under Cd-rich conditions promotes the formation of 

the donor defect, Cdi which compensate the native acceptor defect VCd. It is possible that Cd-rich 

depositions make the CdTe intrinsic or possibly n-type due to the formation of Cdi’s. This would result in 

reduced band bending at the CdTe/CdS interface, lowering the strength of the electric field. Eventually the 

majority of the collection takes place at the back junction i.e. CdTe/Mo interface. The possible band diagram 

for both cases is also shown in Figure 32. The results suggest that the Cd/Te ratio can impact the 

conductivity of CdTe layer.  

6.5.2 Cell Performance: With CdCl2 HT 

The effects of CdCl2 heat treatment (HT) on CdTe solar cells has already been described earlier. 

In addition to improving the structural and the junction properties of CdTe (by promoting intermixing of CdS 

 

Figure 32: SR for EVT-CdTe without CdCl2. The corresponding band diagram is also shown. 

 

EC
EF

EV

CdS CdTe

EC

EF

EV

CdS CdTe

p
-C

d
T
e

n
-C

d
S

e-

h+

E

n
-C

d
T
e

n
-C

d
S

e-

h+

E



 

63 

and CdTe), Cl treatment is also known to improve the p-type conductivity of CdTe by forming the complex 

acceptor defects called the A-centers and also enhance grin boundary collection [53]. The CdCl2 HT for 

‘standard’ CSS based CdTe solar cells is performed in He and O2 ambient  In order to find the best 

annealing temperature for EVT-CdTe cells, the CdCl2 HT was carried out at three temperatures: 375°C, 

390°C and 410°C in He and O2 ambient. EVT-CdTe films with Cd/Te ratios 0.5, 1.0 and 2.0 were used for 

these experiments. MoN/Mo was used as the back contact. Figure 33 shows the JV and Q.E. characteristics 

for cells heat treated at 390°C. The most evident observation is the vast improvement in Q.E for all Cd/Te 

ratios following the CdCl2 HT.  Ratio 1.0 showed better current collection compared to ratio 0.5 and 2.0. 

The better collection of ratio 1.0 could be an anomaly as it was not observed for other CdCl2 annealing 

conditions. All films showed roll over which is due to the non-ohmic back contact. Figure 34 shows the VOC 

for all ratios and CdCl2 annealing conditions. The solar cell with Cd/Te ratio 0.5 showed higher VOC’s for all 

CdCl2 annealing temperatures. Higher annealing temperatures (410° C) reduced the VOC for all Cd/Te 

ratios. Table 9 shows the VOC, FF and JSC values for 0.5 ratio film for varying CdCl2 HT. For all the 

subsequent experiments 390° C annealing was used as the standard annealing condition.  

 

 

 

   

Figure 33: JV and SR for EVT CdTe ratios 0.5, 1.0 and 2.0 CdCl2 HT at 390° C  
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Table 9:  VOC, FF and JSC for cell with Cd/Te ratio 0.5 and different CdCl2 HT 

CdCl2 Voc FF Jsc 

410 750 39.10% 18.23 

390 740 44.00% 18.75 

375 750 52.40% 21.89 

 

EDX mapping (shown in Figure 35) on excess Te film showed regions rich with Cd and O2 within 

CdTe just above the CdS layer. CdCl2 HT caused remarkable changes in the morphology. The twin 

boundaries became more prominent and O was introduced in the grain boundaries near the surface. Cl 

segregation along the grain boundaries and S diffusion into the CdTe layer was also observed (Figure). Cl 

segregation along GB in CdCl2 HT films was demonstrated earlier in numerous other studies [127,128,129]. 

It is well known that one of the benefits of CdCl2 HT is enhanced S diffusion into the bulk of CdTe which 

improves the overall performance [130]. This could be the reason for the overall improvement in 

performance for all Cd/Te ratios following the CdCl2 HT. 

The better performance of the cells with Te-rich CdTe (Cd/Te ratio 0.5) could be a result of 

increased p-doping following the CdCl2. The formation energy for VCd’s is lower under Te-rich growth 

conditions. During the CdCl2 HT, Cl forms donor defects ClTe which combine with VCd’s to form shallow 

acceptor complex defects viz. A-center [53]. The better performance of the cell with Cd/Te ratio 0.5 could 

be due to an increase in A-center concentration. However, the formation of A-centers is limited by the 

 

Figure 34: VOC’s Vs Cd/Te ratios for various CdCl2 annealing temperatures 

 

500

550

600

650

700

750

800

0.5 1 2

V
O

C
, 
[m

V
]

Cd/Te Ratio

375° C

390° C

410° C



 

65 

presence of VCd’s. In the case of Cd-rich films, the availability of VCd’s is limited and therefore, Cl forms 

compensating donor defects ClTe. At higher annealing temperatures, the Cl concentration could exceed the 

VCd concentration and therefore the concentration of ClTe increases resulting in lower doping and hence 

VOC’s.  

6.5.3 Cell Performance: Flow Rate as the Control Variable 

As mentioned earlier, the Cd/Te ratio can be changed using either temperature or the flowrates of 

the elemental zones. In the above experiment, the Cd/Te ratio was altered by controlling the elemental 

zone temperature. It was mentioned earlier that the change in Cd/Te that can be achieved by using flowrate 

as the control variable is limited. To compare solar cell performance by changing Cd/Te ratios with flowrates 

and temperatures, solar cells were fabricated using CdTe films with Cd/Te ratios 0.8 (Te-rich), 1.0 and 1.6 

(Cd-rich) by controlling the flowrate of Cd and Te zones. Cu-free Graphite was used as the back contact.  

All films were heat treated with CdCl2 at 390° C in He and O2 ambient. Figure 36 shows the JV and Q.E. 

   

   

Figure 35: EDX map for Cd (left) and O (right) and Cl segregation at grain boundaries and S diffusion 
for as-deposited EVT film deposited in excess Te conditions 
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curves for the above mentioned films. The VOC’s did not change with Cd/Te ratios in this case which is 

consistent with the change in growth rate vs. Cd/Te ratios with variable flowrates. The Cd-rich cell shows 

reduced collection and FF. It was demonstrated earlier that a flowrates above 100 cc/min do not increase 

the mass transport of Cd and Te vapors to the mixing zone. Therefore, changing the elemental flowrates 

would have little or no effect on the gas phase Cd/Te ratio and therefore the cell performance. Flowrates 

below 100 cc/min should be used to realize the effect of Cd/Te ratio on cell performance. However, such 

low flowrates resulted in the formation of pinholes. Though the cell with Cd-rich CdTe (ratio 1.6) showed a 

variation in JV and SR from, the difference in VOC was not significant. Therefore, temperature is a better 

control variable to observe the effect of Cd/Te ratio on cell performance.  

6.5.4 Summary of Key Findings from Cell Performance with Variable Flow Rates  

● CdTe films with Cd/Te ratios > 1.0 (Cd-rich) could become n-type causing poor collection 

at the CdTe/CdS junction suggesting that conductivity of EVT-CdTe can be adjusted using 

appropriate Cd/Te ratios. 

● CdCl2 HT is necessary to obtain good solar cell performance for all Cd/Te ratios. 390° C 

was found to be the optimum annealing temperature and was used for all subsequent 

experiments.  

   

Figure 36: JV and Q.E. curves for Cd/Te ratios 0.8, 1.0 and 1.6 where the ratio was changed using 
flowrates 
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● The main ramification of this set of experiments was the higher VOC’s for the cells with Te-

rich CdTe. Cd/Te ratios 0.5 showed better VOC’s than 1.0 and 2.0 with CdCl2 HT 

● Ratio change with FR did not show any change in cell performance and therefore, the 

Cd/Te ratio was changed by using the elemental zone temperature as the control variable 

for subsequent experiments. 

6.6 Adhesion Issue 

6.6.1 Introduction 

Though the cells with Cd/Te ratio 0.5 ratio exhibited higher VOC’s the cells frequently flaked during 

subsequent processing steps; especially during the CdCl2 rinse and back contact etch (performed using 

Br-Methanol solution). As a result, the performance was not consistent from cell to cell on the same 

substrate.  The variation in VOC for the cells on the same substrate with Cd/Te ratio 0.5 and 2.0 is shown in 

Figure 37.  

The huge error bar on the 0.5 ratio cell is not seen on the cell with ratio 2.0. SEM cross section 

images revealed the presence of voids at the CdTe/CdS interface (shown in Figure 38). No voids were 

observed for the Cd/Te ratio 2.0 sample. It has been reported in an earlier study that faster growth rate 

causes voids and discontinuities in grains due to rapid growth of adjacent faces [131]. In this study, films 

which exhibited voids were deposited at higher growth rate. Therefore, it is possible that the higher growth 

rate for Te-rich films is the reason for the presence of voids. The variation in VOC could be a result of pinholes 

 

Figure 37: Variation in VOC for cells on the same substrate for ratios 0.5 and 2.0  
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formed during processing steps as a result of poor adhesion/void presence. In order to improve adhesion 

and reduce inconsistencies, two approaches were used: 

 

1. Reduced Ratio window  

2. 2-layer deposition  

6.6.2 Reduced Ratio Window 

Since films deposited at Cd/Te ratios below 0.5 flaked, solar cells were fabricated using CdTe films 

with Cd/Te ratios 0.7, 1. aand 1.4. The SEM images showed larger grain sizes for films with Cd/Te ratio 

0.7. The cross sections did not reveal any voids and no flaking was observed for the 0.7 ratio films (Figure 

39). The JV and Q.E for these cells are shown in Figure 40. Solar cells made with Cd/Te ratio 0.7 (Te-rich) 

   

Figure 38: SEM cross sections for Cd/Te ratios 0.5, 2.0. Voids are present for the 0.5 ratio film. 

 

 

Figure 39: SEM cross section for ratio 0.7 film 
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exhibited the highest VOC of 800 mV. The roll-over was present due to a non-ohmic back contact present 

in all cells.  

Figure 41 (left) shows the measured carrier concentrations from Capacitance – Voltage 

measurements for CdCl2 annealing temperatures 375 and 390° C as a function of Cd/Te ratio. The doping 

for Cd/Te ratio 0.7 was higher than ratio 1.0 and 1.4. Also, the doping for 390° C CdCl2 HT was higher. The 

error bars indicate the highest and lower carrier concentrations obtained from the doping vs depletion width 

profile shown in Figure 41 (right). An order of magnitude higher doping was observed for Te-rich samples 

   

Figure 40: JV and SR for Cd/Te ratios 0.7, 1.0 and 1.4 
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Figure 41: Doping concentrations Vs Cd/Te ratios (left) for different CdCl2 annealing temperatures 
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(3×1014 cm-3), compared to Cd-rich (1×1013 cm-3) deposited films. CdCl2 HT improves the carrier 

concentration by forming complex defects called A-centers.  However the formation of A-centers is limited 

by the availability of VCd’s. In case of Cd-rich conditions, the availability of VCd’s is limited and therefore Cl 

forms compensating donor defects ClTe. The Voc’s showed good correlation to the carrier concentrations.  

6.6.3 2 Layered Depositions 

Alternatively, films were deposited in two layers. The initial layer was Cd/Te ratio ≥1 (which showed 

better adhesion to CdS layer) followed by a second layer of Cd/Te ratio <1. The initial layer was timed to 

achieve an estimated thickness of 0.5 µm while the overall film thickness was aimed to be 5 µm. Since the 

thickness of the initial layer was only 10% of the total thickness, the second layer was also expected to 

influence the performance of the solar cell on par or slightly more than the initial layer. Two sets of samples 

were deposited using this approach: First set had Cd/Te ratios 0.3, 0.5 and 0.7 with initial layer of Cd/Te 

ratio 1.0 and second set with an initial layer of ratio 2.0. The flaking observed in single layer depositions 

     

 

Figure 42: SEM cross section images for Cd/Te ratios 0.7, 0.5 and 0.3 with a starting layer of ratio 1.0 
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was not observed in two-layered depositions. Figure 42 shows SEM cross section images for films 

deposited with Cd/Te ratios 0.3, 0.5 and 0.7, with an initial layer of Cd/Te ratio1.0.  All films showed grains 

extending along the cross-section with no signs of voids. Similar growth was observed for the films with 

initial layer of Cd/Te ratio 2.0. Solar cells showed consistency and repeatability in performance for Cd/Te 

ratios as low as 0.3. Figure 43 shows the JV characteristics for solar cell with Cd/Te ratio 0.7 with 1.0 and 

2.0 as the initial layers. The cells with initial Cd/Te ratio 1.0, performed better with a VOC of 790 mV 

compared to 740 mV for the cell with initial layer of ratio 2.0. Though the variations in VOC on different cells 

on the same substrate was eliminated, the cell performance did not show variation as a function of Cd/Te 

ratio.  This shows that the initial layer has a larger impact on the performance than anticipated, shadowing 

the effect of Cd/Te ratio. Figure 44 shows the variations in VOC for ratio 0.5, 0.7 and 0.7 with initial layer of 

1.0.  

6.6.4 Summary of Key Findings from Adhesion Issues 

● Cells fabricated with Cd/Te ratios < 0.5 flaked, possibly due to fast growth rate; two 

approaches were used to improve CdTe adhesion to CdS: a) Reduced ratio window b) 2-

layered method 

 

Figure 43: JV curve for Cd/Te ratio 0.7 with starting layer of ratio 1.0 and 2.0 
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● Both the approaches helped in eliminating the flaking observed for CdTe films grown under 

Te-rich conditions. The variations in VOC’s on the same substrate were eliminated with both 

the approaches.  

● The cells made with Cd/Te ratio of 0.7 showed the best VOC of 800 mV. Te-rich growth 

conditions appear to yield higher VOC’s. 

● The carrier concentrations for Te-rich samples was higher than Cd-rich samples and 

correlates with observed VOC trends  

6.7 Cu Effects 

6.7.1 Introduction  

Cu is known to play an important role in improving the performance of CdTe solar cells.  It is 

believed to serve two purposes. Firstly, Cu forms substitutional acceptor defects (CuCd) by occupying VCd’s. 

CuCd was found to be 0.22 eV above VBM and therefore, being shallower than VCd’s Cu improves the p-

type conductivity of the CdTe. Secondly, it is used in the back contact formation to form an ohmic contact 

to CdTe. Cu is predominantly used in combination with materials like Au, Mo and graphite to create a heavily 

doped CdTe layer thereby forming a tunnel junction for the holes [112].  However, Cu is also known to have 

adverse effects on device performance. Excess Cu can form Cui which is a shallow donor level, and leads 

to compensation of p-type CuCd [132]. It is also known to diffuse rapidly in CdTe and deteriorate the 

 

Figure 44: Variation in VOC for cells on the same substrates for Cd/Te ratio 0.5, 0.7 and 0.7 with a starting 
ratio of 1.0 
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performance of the solar cell by forming recombination centers and shunt paths at the CdTe/CdS junction 

reducing the minority carrier lifetime. Therefore, the amount of Cu must be optimized in order to achive long 

term stability and maximum device performance. 

6.7.2 Experimental Details and Results 

In this study, Cu has been deposited on select samples to investigate its effect vs CdTe 

stoichiometry. Cu has been added after the MoN/Mo back contact and the films were annealed at 275° C 

for 20 minutes. Figure 45 shows JV and Q.E characteristics for solar cells with Cd/Te ratios 0.7 (Te-rich), 

1.0(stoichiometric) and 1.4(Cd-rich).  While the cell with Cd/Te ratio of 0.7 showed a VOC of 800 mV and 

60.1 % FF, adding 5 Å Cu increased the VOC to 850 mV and FF to 70%.  In addition, Cu also reduced the 

roll-over significantly for all the Cd/Te ratios which indicates a reduced Schottky barrier at the back contact. 

The hypothesis is that Cu occupies the VCd’s which are present in excess in the CdTe film with Cd/Te ratio 

0.7 ratio forming a high concentration of CuCd thereby increasing the p-type doping [132].  For the 1.4 ratio 

cells, the concentration of VCd’s is expected to be significantly lower and therefore Cu forms donor defects 

i.e. Cui resulting acceptor in compensation and therefore lower VOC’s.  

   

Figure 45: JV (left) and SR (right) for Cd/Te ratio 0.7 and 5 Å Cu 
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The performance of all cells deteriorated with increasing Cu concentration. The VOC for the three 

ratios and spectral response for Cd/Te ratio 0.7 with varying amounts of Cu is shown in Figure 46. The 

current collection decreased in the long wavelength regions for the cell that received 10 Å Cu. ‘Excessive’ 

amounts of Cu, (20 Å) drastically reduced the performance yielding the lowest collection through the entire 

wavelength range. Similar trends were observed for Cd/Te ratios of 1.0 and 1.4.  Such poor collection 

throughout the spectrum indicates a poor carrier lifetimes. Excess Cu is known to diffuse to the CdTe/CdS 

interface and form recombination centers which are harmful for carrier lifetimes. The measured carrier 

   

Figure 46: Change of VOC with different Cu concentrations (left) SR for Cd/Te ratio 0.7 with varying Cu 
(right) 
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Figure 47: Carrier concentrations (left) and doping profile (right) for Cd/Te ratios 0.7, 1.0 and 1.4 with 
different Cu concentrations (left) 
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concentrations of the EVT CdTe devices with varying Cd/Te vapor ratios and Cu amounts are shown in 

Figure 47. The carrier concentration for the cells with no Cu was the same as the ones shown in the previous 

section in Figure 41. A 5Å Cu dose increased the doping for all ratios with same ratio dependence as the 

case with no Cu (higher doping for Te-rich films). The ratio dependence is reversed for 20Å Cu dose with 

the films deposited under Cd-rich conditions showing higher doping (in the order of 1016 cm-3) compared to 

the films grown under Te-rich conditions.  

For the cells with No Cu and 5Å Cu, the trend in doping corresponds to the trend in VOC. However, 

the apparent higher doping concentration from CV measurements did not translate into higher VOC for the 

cells that received 20Å Cu. The hole concentration profile (Figure 47) indicates shorter depletion width for 

higher Cu concentrations. As the net doping increases the depletion region decreases, causing a reduction 

in photo-generated carrier collection due to increased recombination. Hence, excess Cu decreases VOC 

and FF [116]. 

6.7.3 Summary of Key Findings from Cu Dose vs. Cd/Te Ratio Experiments 

● Cu improved the VOC’s for cells with Cd/Te ratio 0.7 (Te-rich) more than the higher Cd/Te 

ratio cells.  

● Optimum amounts of Cu improves performance while excess Cu is detrimental to the 

device efficiency 

6.8 Minority Carrier Lifetime Measurements 

6.8.1 Measurement Technique 

Minority carrier lifetime measurements were performed at the National Renewable Energy 

Laboratory (NREL) with single photon excitation (1PE) and two photon excitation (2PE) time resolved 

photoluminescence (TRPL) measurements [133]. The carriers were excited from the glass side through the 

window layer (CdS) with 700 nm (1PE) and 1200 nm (2PE) wavelength laser beam and the TRPL signal 

was detected at 840nm wavelength. The measurements were performed on completed CdTe solar cells 

the results of which were presented in the earlier sections. The thickness for all the samples was about 5 

µm. The cells had the following structure: Glass/TCO/CdS/EVT-CdTe/MoN/Mo. The cells were excited from 

the glass side. Cu was added on select samples to study the change in lifetimes as a function of Cu 

concentration and CdTe stoichiometry. 
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6.8.2 Observations and Results 

The TRPL measurements indicated a strong correlation between minority carrier lifetime and Cd/Te 

ratio. TRPL measurements on as-deposited films yielded very low minority carrier lifetimes, close to system 

response. The CdCl2 HT, improved the lifetimes significantly. The carrier lifetimes for different ratios and 

Cu concentrations are  shown in Figure (left). The values are also tabulated in Figure 26. 

The highest carrier lifetime of 7 ns was for a cell with Cd/Te ratio 0.7 and the lowest lifetime of 2 ns 

was observed for a cell with Cd/Te ratio of 1.4. The TRPL data for the 0.7 ratio cell is shown in Figure. 

(right). Cu incorporation reduced lifetimes for all Cd/Te ratios.  The lowest lifetimes were measured for 20Å 

Cu where the lifetimes were close to system response.  

6.8.3 Carrier Lifetimes: Discussion 

Te-rich growth conditions favor the formation of various mid gap states like TeCd, Tei etc. which act 

as SRH recombination centers lowering minority carrier lifetime. Therefore as-deposited CdTe is expected 

to have higher lifetimes under Cd-rich when compared to Te-rich growth conditions. However, the lifetimes 

for all as-deposited samples were too low to be measured. The performance of these films was poor and 

the results were shown in earlier sections. The CdCl2 HT improved the lifetime for Cd-rich, stoichiometric 

and Te-rich deposition conditions. The cells with Te-rich CdTe exhibited higher lifetimes. This suggests that 

CdCl2 heat treatment improved the lifetimes to a greater extent for the cells with Te-rich CdTe.  

   

Figure 48: Lifetimes for Cd/Te ratios 0.7, 1.0 and 1.4 with various CU concentrations (left); TRPL data 
for Cd/Te ratio 0.7 (right) 
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In addition to point defects, polycrystalline CdTe has a high density of different types of planar defects and 

grain boundary (GB) defects. As is the case with native point defects, planar and GB defects also create 

electronic states within the bandgap. If these states are deep, they can act as SRH recombination centers 

and reduce carrier lifetimes. Lamellar twins and Stacking faults are common planar defects in CdTe. Both 

these defects do not create deep levels as they do not contain dangling bonds [134]. On the other hand, 

GB defects introduce deep defects in CdTe. According to the double positioning twin boundary model, 

polycrystalline CdTe has two main types of GBs, referred as Cd-core and Te-core [135]. Cd-core GBs are 

identified by Cd-terminated grain interface, and Te-core by Te termination. ToF-SIMS study by D. Mao et 

al. has identified that more than 90% of the Cl in CdCl2 treated CdTe is concentrated along the grain 

boundary [136]. The reason for this is the low formation energy of Cl related defects (ClTe, Cli) in the GB 

than the bulk of CdTe. In a Te-core GB, both substitutional (ClTe) and interstitial chlorine (Cli) has lower 

formation energy than that in Cd-core [137]. More Cd-core GBs are expected in a Cd-rich deposition 

condition, and Te-core GBs in Te-rich films. As a result, Cl incorporation is likely to passivate the grain 

boundary related deep states in Te-rich samples more effectively than Cd-rich samples, resulting in a better 

minority carrier lifetime. Cl segregation at the GB was found in EVT-CdTe films too. (The line scan for EDX 

analysis was shown earlier).  

 

Table 10: VOC of different deposition ratio CdTe cells with their measured carrier concentration and minority 
carrier lifetime 

Cd/Te Deposition 
Ratio 

Cu 
Dose(Å) 

Doping Conc. 
(cm-3) 

1PE Lifetime 
(ns) 

2PE Lifetime 
(ns) 

VOC 
(volts) 

0.7 

0 

3.6 x1014 7 7 0.8 

1.0 3.6 x1013 2.0 - 0.54 

1.4 1.3 x1013 2.4 1.8 0.52 

0.7 

5 

1.9 x1015 2.5 0.1 0.85 

1.0 4 x1014 1.7 0.1 0.63 

1.4 2 x1014 0.63 0.1 0.49 

0.7 

20 

4 x1015 0.1 0.1 0.62 

1.0 1 x1016 0.1 0.1 0.56 

1.4 2.7 x1016 0.1 0.1 0.55 
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Another striking observation is the difference between 1PE and 2 PE measurements. The 

difference in the lifetimes observed for 1PE and 2PE could have arisen due to the difference in the 

wavelength of light used for the two methods. Single photon excitation TRPL (1PE) uses 700 nm light as 

the excitation source from the glass side. The absorption coefficient for CdTe at 700 nm wavelength light 

is 3.5×104 cm-1. Using the Beer-Lambert Law, 90% of the excitation photon are absorbed in the first 0.65 

µm depth into the CdTe. Considering the doping concentration of CdTe, this falls within the width of the 

depletion region. Therefore, the TRPL signal is obtained from areas in proximity to the CdTe/CdS junction. 

The 2PE measurement on the other hand uses light source with a wavelength of 1200 nm. This method 

employs the usage of microscopes and optics to focus the light at the interior of the films and away from 

the influence of the CdTe/CdS junction and the back contact. The difference between 1PE and 2 PE is 

significant for Cu doped cells. Cu is known to reduce carrier lifetimes by forming recombination states and 

in this study, Cu is deposited near the back junction. It is possible that the 2PE TRPL measure the local 

carrier lifetimes near the back junction where the Cu concentration could be higher. In order to get reliable 

information from 2PE measurements, the thickness of CdTe has to be greater so that the excitation source 

can be focused away from the CdTe/CdS junction and the back contact. 

A third observation that could be made is the decrease in carrier lifetime with Cu incorporation. 

Though incorporation of Cu improved doping concentration and back contact properties, the minority carrier 

lifetime decreased for all Cu concentrations.  It has been recently reported that CuCd, the main substitutional 

defect formed by Cu incorporation acts as recombination center reducing minority carrier lifetime [138]. This 

also implies that for the 5Å Cu dose, though the doping increased, the increase in VOC could have been 

more if not for the reduction in lifetimes. 

6.8.4 Summary of Key Findings on the Effect of Cd/Te Ratio and Cu on Lifetimes 

● Carrier lifetimes for as-deposited films (without CdCl2 HT) was very low and could not be 

measured 

● Films with Cd/Te ratio 0.7 (Te-rich) showed the highest carrier lifetimes up to 7 ns and the 

lifetimes decreased at higher Cd/Te ratio 1.4 (1.7 ns). 

● Cu improved carrier concentrations but decreased carrier lifetimes for all cd/Te ratios. 
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6.9 Alternate Strategies to Improve VOC 

6.9.1 Saturation Limit for Te-rich Growth Conditions 

The formation energies calculated using the HSE approach predicted that films deposited under 

Te-rich conditions, after Cl treatment are prone to Fermi-level pinning at around mid-gap. In this study, solar 

cells with Te-rich CdTe showed better doping levels, carrier lifetimes and VOC’s. The best VOC was obtained 

for a Cd/Te ratio 0.7.  To establish a saturation limit for VOC under Te-rich conditions solar cells were 

fabricated with Cd/Te ratios below 0.7. The intent was to deposit CdTe using the lowest Cd/Te ratio 

possible. MoN/Mo was used as the back contact. At Cd/Te ratios 0.3, the CdTe films were less adherent to 

CdS and resulted in flaking. Cd/Te ratios below 0.3 often resulted in pinholes and therefore no cells were 

processed. Figure 49 shows the JV characteristics (left) and the VOC, FF for Cd/Te ratios 1.0-0.3. The VOC 

saturated at 830 mV for Cd/Te ratios less than 0.7. The roll-over is due to MoN/Mo non-ohmic back contact.  

The carrier concentration for the Te-rich samples (Cd/Te ratio <1) was higher than the stoichiometric film 

(Cd/Te ratio 1.0). As predicted by the theoretical calculations, the VOC saturated (at 830 mV) indicating the 

saturation limit for Cl doped CdTe films deposited in Te-rich conditions. 

6.9.2 Annealing CdTe in Cd and Te Ambient 

The solubility of cadmium and tellurium vacancies can be increased with temperature [139]. 

Annealing CdTe films in Cd and Te over pressures can increase the concentration of VCd and VTe defects, 

   

Figure 49: JV curves (left) and VOC, FF for extreme Te-rich conditions 
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paving the way for extrinsic doping with Group I and Group V elements [140]. Typically, as-deposited CdTe 

is p-type due to a Te-rich defect stoichiometry [77]. Annealing in a Cd overpressure can make as-deposited 

CdTe n-type by causing a change in the defect chemistry [141]. To study the effect of annealing in Cd and 

Te ambient, CdTe films deposited by the CSS method were annealed in Cd and Te overpressures. CdTe 

films were deposited on ‘CdS/TCO/Glass’ substrates using the Closed-spaced Sublimation (CSS) process. 

The films were then annealed at 550° C in Te or Cd over pressures for 20 minutes in the EVT chamber. Cu 

free graphite paste was used as the back contact. For annealing in Cd, the Cd elemental flow was kept on 

and the flow through Te was shut off and vice versa. 

Figure 50 shows the JV and Q.E characteristics for a cell annealed in Te over pressure. The sample 

was cut into four quarters and solar cells were fabricated without CdCl2 HT, with CdCl2 and no Br etch, with 

CdCl2 HT and Br etch and CdCl2 HT with Br etch and  Cu. Br etch is used prior to back contact formation 

and helps to create a Te rich layer aiding in the formation of an Ohmic contact. The Q.E. for the sample 

with no CdCl2 showed reduced collection indicating a weak CdTe/CdS junction which is typical for as-

deposited cells. Such behavior was observed earlier for EVT-CdTe films deposited under Cd-rich 

conditions. CdCl2 HT improved the performance in all aspects, i.e. VOC, JSC, FF and η. Br etch improved the 

VOC slightly. The addition of Cu did not improve the performance significantly, barring the marginal 

improvement in FF. The increased collection for the Cu sample between 500 and 700 nm may be a result 

   

Figure 50: JV and SR for CSS-CdTe films annealed in Te over pressure 
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of an erroneous measurement and therefore the resultant increase in JSC should be neglected. The highest 

VOC was 800mV and the FF was 63% for the Cu doped sample. 

Figure 51 shows the results for the film annealed in Cd over pressure. The film with no CdCl2 HT 

shows almost zero collection. The slight bump in collection at around 850 nm corresponds to the absorption 

edge of CdTe. The CdCl2 HT however, increased the performance tremendously. Bromine etch improved 

the VOC and FF like in the case of the film annealed in Te overpressure. Cu improved VOC and FF. The 

improvement in current however, again may not be real and could be a measurement artifact.  As-deposited 

CSS-CdTe is p-type; the Q.E. curve for the Cd-annealed sample reveals that the CdTe film may be intrinsic 

or n-type and resembles a Cd-rich film without CdCl2. This study revealed that annealing in Cd and Te 

overpressures can change the defect chemistry of CdTe. Further research is needed to quantify the change 

in defect chemistry.  

6.9.3 Absorber Grading 

To bypass the problem of poor carrier lifetimes and improve VOC, Jim Sites and Jun Pan [46] 

proposed a strategy to fully deplete the CdTe layer so that the internal field would assist the collection of 

photo generated carriers. A fully depleted device can be achieved by employing a n(CdS)-i(CdTe)-p(back 

contact) structure.  However, such a device also needs an electron reflector barrier to prevent electrons 

reaching the back electrode. 

   

Figure 51: JV and SR for CSS-CdTe films annealed in Cd over pressure 

 

-0.04

-0.02

0

0.02

0.04

-0.50 0.00 0.50 1.00 1.50

C
u

rr
e
n

t 
D

e
n

s
it

y
, 

[A
/c

m
2
]

Voltage, [Volts]

CdCl2, No Br Etch

CdCl2, Cu

No CdCl2, No Cu

CdCl2, Br Etch

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

400 600 800

Q
.E

.

Wavelength, [nm]

CdCl2, No Br Etch

CdCl2, Cu

No CdCl2, No Cu

CdCl2, Br Etch



 

82 

Figure 52 shows JV curves from SCAPS simulation for three CdTe/CdS devices. The first device 

is a typical CdTe/CdS structure where the carrier concentration of CdTe is 1014 cm-3. The second device 

has a graded absorber where the carrier density decreases uniformly from 1015 cm-3 near the CdTe-CdS 

junction to 1013 cm-3 near the back contact. The third and final device also has a graded CdTe layer except 

the carrier density is 1013 cm-3 at the junction and 1015 cm-3 near the back contact. This device is somewhat 

similar to the n-i-p structure proposed by Jim Sites et al. The VOC for the third device is higher than the first 

and second. The low carrier density at the interface widens the depletion region and therefore circumvents 

most of the recombination taking place in the bulk.  

To achieve absorber grading, CdTe was deposited with different Cd/Te ratios on the same 

substrate. Two such films were deposited where the sequence of the Cd/Te ratio was changed:  a) 0.7-1.0-

1.4, b) 1.4-1.0-0.7. The first device (a) was expected to have higher doping near the junction (as it is Te-

rich) and the second (b) was expected to have higher doping near the junction (as it is Cd-rich). Since the 

growth rate depends on Cd/Te ratio, the deposition for each layer (Cd/Te ratio) was timed such that the 

thickness was 2µm. 2Å Cu was sputtered on select films before graphite back contact. Figure 53 shows the 

JV and SR for CdTe films with graded absorbers. The cell with Cd/Te ratio 1.4 near the junction performed 

better in all aspects. The carrier concentration vs. absorber depth is shown in Figure 54. The film with Cd/Te 

ratio 1.4 near the junction showed increased doping. However, no significant change in depletion width was 

 

Figure 52: Simulated JV curve for graded CdTe devices 
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observed. The doping clearly increased with Cu and the depletion width decreased which corroborates the 

increased doping levels.  

The expected outcome of the experiment was that the cell with Cd/Te ratio 1.4-1.0-0.7 would perform better 

due to increased depletion width and therefore reduced recombination. Though the results were in 

agreement with the hypothesis, the C-V measurements did not show any evidence of increased depletion 

width. The improved performance could be due to the properties of the Te-rich layer (Cd/Te ratio 0.7) rather 

   

Figure 53: JV and SR for EVT-CdTe films with absorber grading 
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Figure 54: Doping profile for EVT-CdTe with graded absorbers 
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than the graded absorber. Further investigation is needed to fully understand the absorber grading in EVT 

films. 

6.9.4 Summary of Key Findings from Alternate Strategies to Improve VOC 

● The VOC saturates for Cd/Te ratios below 0.7 at 830 mV. 

● Annealing in Cd and Te over pressures can influence the defect chemistry of CdTe Cd 

annealing caused poor performance possibly due to formation of compensating defects 

(Cdi). 

● Simulation studies show that lower doping near the CdTe/CdS junction helps to improve 

VOC. Absorber grading showed expected results but CV measurements do not show the 

expected trend in doping.  

6.10 Effects of Substrate Temperature 

6.10.1 Introduction 

According to the CdTe phase diagram, CdTe deposited at high temperature tends to be Te-rich 

[77]. To study the influence of growth temperature on stoichiometry, the substrate temperature was 

increased to 630° C (About 50° C higher than the standard deposition temperature of 580° C) to deposit 

CdTe films with different Cd/Te ratios. Films deposited at higher temperature showed pinholes, therefore 

the deposition was carried out in two steps. For the first 3 minutes, the temperature was at 580° C, which 

was followed by the high temperature deposition at 630° C. 

6.10.2 Observations and Results 

Figure 55 shows the Q.E curves for cells with Cd/Te ratios 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 and 1.0. 

Copper free graphite paste was used as the back contact. A sight increase in carrier collection with 

decrease in Cd/Te ratio was observed in the blue region (between 400 and 500 nm). Increased collection 

in the blue region was also accompanied by a shift in absorption edge of CdTe (above 830 nm). Since the 

absorption in the blue region is mainly due to CdS layer, an increase in collection implies thinning of CdS 

layer [142]. However, all the films received the same amount of CdS. This suggests that the thickness of 

CdS decreases with increase in Te vapor (or at low Cd/Te ratios). Films deposited with Cd/Te ratios < 0.5 

were found to be visibly different from the glass side when compared to films deposited at ratios 1.0 and 

above. 
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It is known that CdCl2 HT promotes S diffusion from CdS to CdTe and results in the formation of 

CdTe(1-x)Sx alloy leading to thinning of CdS [143].  Due to increased Te content in Te-rich films, it is possible 

that the thickness of CdTe(1-x)Sx increases causing CdS thinning. Formation of CdTe(1-x)Sx alloy leads to a 

reduction in the bandgap of CdTe which results in shifting the absorption edge of CdTe [143]. Higher TSub 

causes increased CdTe/CdS intermixing [144]. An earlier study reported that cells with Te-rich CdTe 

perform better as a result of reduced interface recombination. The improvement in the junction properties 

was attributed to increased CdTe/CdS intermixing for films grown in Te- rich conditions [145].  A recent 

study on the electronic properties of defects in CdTe(1-x)Sx showed that that the transition levels of VCd and 

TeCd become close to the valence band when these defects have more S in their local environment [146]. 

TeCd is considered as the main lifetime limiting defect and VCd is considered to be the main intrinsic acceptor 

defect responsible for p-doping in CdTe. When VCd becomes closer to the valence band, it improves the p-

doping. TeCd cannot be an effective recombination center if it moves away from mid-gap and therefore 

improves lifetimes. Though the effect of intermixing was evident only for films deposited at higher substrate 

temperatures, it is possible that Te-rich films have relatively higher intermixing than films deposited under 

stoichiometric and Cd-rich conditions at lower substrate temperatures too. Therefore the improvement in 

VOC’s for Te-rich films could also be due increase in intermixing of CdTe and CdS.  Further investigation is 

needed to confirm this hypothesis. 

 

Figure 55: Q.E. curve for Te-rich CdTe films deposited at high temperatures showing CdS thinning 
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Figure 56 (left) shows the JV characteristics for cells with Cd/Te ratios 0.7, 1.0 and 1.4 deposited 

at high substrate temperatures. The cell with Cd/Te ratio 1.4 showed lower VOC’s. The carrier concentration 

vs depletion width profile is shown in Figure 56 (right). As was the case with VOC’s the 1.4 ratio sample 

showed slightly lower doping. However, the difference in the VOC and carrier concentrations for different 

Cd/Te ratios is not as prominent, compared to the films deposited at a substrate temperature of 580° C. 

Since growth in high temperatures makes CdTe films Te-rich, the films deposited at ratio 1.0 and 1.4 could 

be shifted towards the Te-rich side of stoichiometry causing them to have carrier concentrations and VOC’s 

similar to Te-rich samples.  

The recombination rates for these cells were measured at NREL by the 1PE TRPL. The measured 

carrier lifetimes are shown in the Figure 57. The Te-rich samples showed higher lifetimes than the Cd-rich 

samples but lower than the Cd/Te ratio 0.7 ratio deposited at standard temperature (580° C). The reason 

for the decrease in carrier lifetimes for the high substrate temperature samples is not understood at this 

point. An interesting observation is the increase in carrier lifetime with Cu which was not observed for the 

cells discussed earlier.  The amount of Cu used in this experiment was only 2Å (lower than any of the Cu 

cells discussed earlier).  Cu occupies VCd’s to form shallower defects CuCd’s. The decrease in concentration 

of deeper defects which could potentially act as recombination centers could be the reason for increase in 

carrier lifetimes. Therefore optimum amount of Cu could improve doping and carrier lifetimes too. It is 

anticipated that further increase in Cu concentration would result in decrease in carrier lifetimes as CuCd’s 

   

Figure 56: JV curves and doping profiles for EVT-CdTe films deposited at high temperatures 
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can also act as recombination centers. However, CuCd’s being shallower defects than VCd’s, their influence 

on the carrier lifetimes could be minor. 

6.10.3 Summary of Key Findings from Increased Substrate Temperature 

● Increased substrate temperature caused CdS and CdTe intermixing. The amount of 

intermixing was more for the Te-rich samples.  

● An optimum amount of Cu can improve carrier lifetimes and doping.  

6.11 Deep Level Transient Spectroscopy  

6.11.1 Introduction 

Deep Level Transient Spectroscopy (DLTS) is a powerful tool for the identification of deep levels 

in Schottky barriers and p-n junctions. Carrier emissions from a pulse can cause several capacitance 

transients to occur. By analyzing those capacitance transients as a function of temperature, the energy 

levels of deep states within the bandgap along with their concentration and capture cross-section can be 

estimated.  However, the CdTe/CdS hetero-structure is not ideal for DLTS measurements. One of the 

necessary conditions for a reliable DLTS measurement is the presence of an ohmic contact which is a 

challenge in CdTe devices. 

Plain graphite was used as the back contact for all devices used for DLTS measurements. The 

DLTS is extremely sensitive to any capacitance changes and a non-ohmic back contact can lead to 

erroneous results. Discharge processes that take place from parasitic capacitances such as the back 

 

Figure 57: Carrier lifetimes for EVT-CdTe films deposited at high temperatures with and without Cu 
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contact capacitance in addition to the transient process corresponding to the thermal emission from trap 

states can lead to signal distortion and erroneous results [147]. Such parasitic capacitances can arise from 

a non-ohmic back contact. DLTS measurements above 300K have shown to be detrimental and lead to 

loss of DLTS signal for subsequent measurements. Therefore the analysis was conducted in the 

temperature range of 80K- 300K. 

6.11.2 Observations and Results 

6.11.2.1 DLTS on CSS CdTe Films 

In order to establish a baseline DLTS for CSS samples of various conditions was carried out first. 

Figure 58 shows current-voltage (JV) characteristics and carrier concentration profiles for CSS) CdTe 

devices fabricated with different amounts of Cu in the back contact. An untreated device (no CdCl2) is also 

included as a reference, and as expected it exhibits poor diode behavior. The CdCl2 HT improves the open-

circuit voltage (VOC), fill factor (FF) and short-circuit current (JSC). Capacitance-Voltage (CV) measurements 

indicate that the CdCl2 treatment doesn’t affect the doping concentration (it improves the lifetime of the 

absorber [4]). 2Å of Cu further improves the cell performance and results in an increase in doping 

concentration from 1×1013 to 1×1014 cm-3. Further increase in Cu to 10 Å degraded the VOC and FF, despite 

an increase in doping concentration to 1015 cm-3. As the net doping increases the depletion region 

decreases, causing a reduction in photo-generated carrier collection due to recombination. TRPL 

   

Figure 58: Current-voltage measurements (left) and doping profile from (right) for CdTe devices with 
different CdCl2 treatment and Cu doping. 
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measurements shown in previous chapters established that Cu is detrimental to carrier lifetime. Therefore, 

unless the carrier lifetime is simultaneously improved along with doping, excess Cu reduces VOC and FF 

[2]. 

Figure 59 (left) shows the DLTS analysis of the sample without CdCl2 HT. A minority carrier peak 

of low intensity is observed in the temperature range of 170- 220 K. Since the C is positive, it represents 

an electron trap. The activation energy of this minority peak was calculated to be 0.38 eV below the CBM 

with a concentration of 108cm-3. Above 280K, the onset of a deep majority peak was also observed. Such 

deep majority peaks could be the mid-gap defects like TeCd or Tei which limit carrier lifetimes in CdTe. 

Figure 59 (right) shows DLTS spectra of the sample with CdCl2HT. The deep majority peak observed for 

the sample with no CdCl2 was not observed suggesting the reduction in the concentration of mid-gap defect 

levels. The intensity of the shallow minority peak increased with an activation of energy of 0.48 eV below 

CBM along with a trap concentration of 1012cm-3.  

Figure 60 (left) shows the DLTS spectra for the sample with CdCl2 HT and 2Å Cu. The intensity of 

the minority carrier peak further improved by almost an order of magnitude. The activation energy was 0.26 

eV below CBM with a concentration of 1014 cm-3 (shown in the inset). This defect being shallower than the 

minority defect observed in the previous two cases could be related to Cu. At temperatures above 200 K, 

the C becomes negative suggesting the presence of a deep majority trap.  This also implies that the carrier 

lifetime for the samples with Cu could be low. The DLTS spectra for excess Cu concentration of 10Å is 

   

Figure 59: DLTS spectra of a CdS/CdTe without CdCl2 (left) and with CdCl2 (right) 
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shown in Figure 60 (right). The spectrum is different from what was observed in the previous cases. Multiple 

majority and minority peaks very close to each other or overlapping were observed. The activation energies 

for over lapping peaks do not yield reliable results and hence were not calculated. The negative peak at 

140K represents a shallow majority trap with a low concentration and activation energy. This could be the 

substitutional defect CuCd, responsible for p-doping in CdTe. The broad negative peak which begins at 260 

K had a shoulder at 200K implying two majority traps. These deep defects are believed to be related to Cu 

which are detrimental for carrier lifetimes. The summary of the activation energies and trap concentrations 

is shown in Table 11. 

 

Table 11: CSS CdTe device parameters with different CdCl2 HT and Cu 

Cell Structure VOC [mV] FF [%] Carrier Conc. [cm-3] 

Minority carrier trap 

Activation energy (eV) Conc. [cm-3] 

No CdCl2, No Cu 720 35 1×1013 0.38 4×108 

CdCl2 HT, No Cu 780 51 1×1013 0.48 4×1012 

CdCl2 HT, Cu 2Å 830 67 1×1014 0.26 1×1014 

CdCl2 HT, Cu 10Å 780 62 1×1015 - 8×1012 

 

 

   

Figure 60: DLTS spectra for CdS/CdTe with CdCl2 HT and 2Å Cu (left) and with CdCl2 HT and 10 Å Cu 
(right) 
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6.11.2.2 DLTS on EVT-CdTe Films 

DLTS measurements were conducted on EVT-CdTe films with Cd/Te ratios: 1.6, 1.0, 0.9, and 0.8. 

The cell results are shown in Table 12. Cd/Te ratio was changed by using flowrate as the control variables 

because of which the change in performance with ratio is not significant. Within the range of the Cd/Te 

ratios experimented, better cell performance is observed for lower ratios with improvements in the FF for 

samples without Cu. VCd is considered to be the main acceptor defect in CdTe, which has lower formation 

energy under Te-rich deposition conditions. Cu doping improves cell performance, except for Cd-rich vapor 

deposition conditions. Cu can form substitutional acceptor defects CuCd, and is favorable under Te-rich 

deposition conditions and has a lower ionization energy compared to VCd. However under Cd-rich conditions 

lower concentration of VCd and higher concentration of Cdi is expected. This makes the formation energy 

of CuCd higher, causing the Cu to move to interstitial sites as Cui. These compensating defects such as Cdi 

and Cui are assumed to be responsible for the poor performance on Cd-rich deposited films with Cu.  

 

Table 12: EVT-CdTe device performance with different Cu 

Cd/Te Ratio 

No Cu Cu 2Å 

V
OC 

(mV) FF 
(%) 

J
SC

 

(mA/cm
2

) 

V
OC 

(mV) FF 
(%) 

J
SC

 

(mA/cm
2

) 

1.6 790 47.3 20.1 600 50.5 20.59 

1.0 780 63.0 23.12 810 62.4 22.00 

0.9 790 56.0 22.34 810 60.7 21.93 

0.8 790 66.4 23.34 810 57.4 22.25 

 

 

Figure 61 shows the DLTS spectra obtained from EVT CdTe samples with CdCl2 HT (No Cu). 

Drawing a parallel to the CSS deposited samples with similar post deposition treatment, it is possible that 

EVT-CdTe films have better electrical properties compared to CSS-CdTe samples; for CSS-cells with ‘no 

Cu’ very weak DLTS signal was observed. On all EVT samples, minority carrier peaks are observed around 

200-250 K. The Cd-rich deposited film shows a different characteristic, the minority peak appears to be 

composed of 2 peaks - the dominant one at 250 K with a shoulder at 210 K. A shallow majority carrier peak 

is observed for all samples except the stoichiometric deposition. In CSS-CdTe films, a shallow majority 
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peak has been observed on Cu doped samples only (DLTS spectra is shown in Figure 60). This indicates 

that the shallow peak could be the acceptor defect responsible for better device performance. However, 

the absence of this shallow peak for stoichiometric film cannot be explained and further investigation is 

needed to ascertain the cause.  

Also noticeable is that in all samples ΔC continues to increase in the negative direction at higher 

temperatures. This suggests the presence of deep majority carrier defects. Figure 62 shows the DLTS 

spectra obtained from EVT CdTe samples with CdCl2 HT and 2Å Cu. The spectra is qualitatively similar to 

‘no Cu’ samples, with respect to the presence of shallow majority and deeper minority carrier defects. The 

Cd-rich deposited device could not be measured in this case, possibly due to poor diode quality. Ratio 1.0 

with 2Å Cu also stands out due to its high intensity negative ΔC near room temperature. This could be 

   

   

Figure 61: DLTS for EVT-CdTe with different ratios CdCl2 HT and no Cu 
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indicating Cu related deep defects. Due to the complex nature of these peaks, the activation energy and 

trap concentration cannot be calculated in some cases.  

Table 13 shows the calculated defect parameters for these samples. An important observation is 

that the electron trap is correlated to dopant concentration calculated from CV measurements. This 

suggests that although this is a minority carrier trap, its formation could be indirectly linked to the formation 

of majority carrier acceptor defects.  

   

 

Figure 62: DLTS for EVT-CdTe with different ratios with CdCl2 HT and 2Å Cu. 
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6.11.3 Summary of Key Findings from DLTS Experiments 

Though there are minor changes in the DLTS spectra, there was no significant changes in the 

activation energies of the defects levels for different Cd/Te ratios. A shallow acceptor defect observed for 

Cd/Te ratios 0.8 and 0.9. The defect kevels identified can be related to TeCd or Cdi. Though noticeable 

trends were observed in the DLTS spectra with respect to change in Cd/Te ratio, it is difficult to draw a 

correlation to device performance at this point. The summary of the defect transition energies is shown in 

Table 13. Further investigation is needed to fully understand the defect activation energies at higher 

temperatures.  

Table 13: EVT-CdTe device parameters with different Cd/Te ratio and different Cu 

Cd/Te 
Ratio 

Cu 
Doping 
Conc. 
(cm-3) 

Hole Trap Electron Trap 

EA 
(eV) 

NT 
(cm-3) 

E 
(eV) 

NT(cm-3) 

1.6 
X 

2.0E14   0.43 1E13 

1.0 5.8E14   0.41 3.2E13 

0.9 

 

2.2e14 0.13 1.0E13 0.35 1.7E13 

0.8 1.4E14 0.21 4.2E12 0.48 1.5E13 

1.6 5.5E14   n/a n/a 

1.0 

Å 

6.4E14   0.42 5.8E13 

0.9 5.7E14   0.40 2.4E13 

0.8 6.4E14   0.43 7.4E13 
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Chapter 7:  Conclusions and Future Work 

 

7.1 Conclusions 

A systematic study of a process capable of creating favorable conditions for achieving higher 

doping and carrier lifetimes in CdTe thin films was conducted. Both doping and lifetimes can be influenced 

by the CdTe stoichiometry which was altered by changing the vapor phase Cd/Te ratio. CdTe films were 

deposited under Cd-rich (Cd/Te > 1.0), Te-rich (Cd/Te < 1.0) and stoichiometric (Cd/Te =1.0) growth 

conditions. The structural and electrical properties of CdTe and the performance of CdTe/CdS solar cells 

as a function of Cd/Te ratio was studied.  The role of Cl and Cu treatments on cells made with different 

Cd/Te ratios was also investigated. The conclusions are summarized below.  

XRD studies revealed that CdTe films deposited under Te-rich growth conditions showed the 

highest degree of preferential orientation. SEM images revealed that the grain sizes depend on Cd/Te ratio. 

The grain sizes decreased with increase in Te content in the CdTe film. The growth rate showed a strong 

correlation to gas phase Cd/Te ratio. Films deposited under Te-rich growth conditions showed higher 

deposition rates. The Te-rich films also showed lesser adhesion to CdS layer with increase in Te content. 

Films deposited with Cd/Te ratios below 0.5 exhibited flaking and pinholes. The adhesion was improved by 

following a 2-layered deposition approach and by reducing the ratio window.  

Solar Cells fabricated with as deposited EVT-CdTe films without the traditional CdCl2 HT required 

for high efficiency devices indicated very poor performance for the films deposited under Cd-rich conditions. 

The shape of the Q.E. curve indicated a very weak CdTe/CdS junction. This is indicative of the Cd-rich 

CdTe film being intrinsic or possibly n-type. CdCl2 HT improved performance for cells with all Cd/Te ratios, 

and to a better extent for the cells made with CdTe films deposited under Te-rich conditions.  

Capacitance Voltage measurements revealed higher carrier concentrations for the cells with Te-

rich CdTe (Cd/Te < 1.0). Cl treatment is known to introduce donor defects ClTe which combine with VCd’s to 
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form shallow acceptor defects called the A-centers. Since the Te-rich films are expected to have a higher 

concentration of VCd’s the increase in doping can be attributed to the increase in A-center concentration. 

TRPL measurements were conducted to measure carrier lifetimes.  Solar cells fabricated using 

CdTe with Cd/Te ratio 0.7 and CdCl2 HT showed the highest carrier lifetimes of 7 ns. Cl is treatment is 

known to passivate grain boundary related defects. A previous study indicated that Cl passivates Te-core 

boundary defects better than Cd-core defects. Therefore, the improved carrier lifetimes for the Te-rich 

samples could be due to the preferential passivation of GB by the Cl treatment.  

The highest VOC observed was 830 mV for a cell with Cd/Te ratio 0.7. Since the 0.7 ratio films 

showed better carrier concentrations and lifetimes, the increased VOC can be attributed to better doping and 

carrier lifetimes of the films grown under Te-rich conditions. However, the VOC’s exhibited a saturation limit. 

In this study, the VOC did not increase for cells made with Cd/Te ratios below 0.7. This observation agrees 

with the theoretical studies that Cl treatment under Te-rich conditions pins the Fermi level to around mid-

gap. 

 

Figure 63: Simulated and measured values for the highest carrier concentrations and lifetimes measured 
in this study 
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A 5Å dose Cu improved doping for all Cd/Te ratios. Cu occupies VCd’s to form CuCd’s and the 

concentration of VCd’s is expected to be higher in films deposited under Te-rich conditions. However, the 

same amount of Cu decreased carrier lifetimes for all ratios. For the 0.7 ratio sample the lifetime decreased 

from 7ns to 2.5 ns with 5Å Cu. However, the VOC increased owing to the increase in doping. ‘Excess’ Cu 

(20 Å) deteriorated overall cell performance for all ratios by reducing the lifetimes drastically. This 

observation agrees well with most theoretical and experimental studies conducted so far. However, Cu 

improved doping and the carrier lifetimes when the Cu concentration was ‘optimum’ (2Å). Since VCd’s are 

deeper than CuCd’s, an optimum amount of Cu can improve lifetimes by reducing the concentration of VCd’s. 

Figure 63 shows the simulated and measured values of the highest VOC’s and corresponding 

lifetimes. The calculations have been performed using the carrier concentrations of the respective cells. 

The values correspond to the CdTe film with Cd/Te ratio 0.7 without Cu and a film with Cd/Te ratio 0.7 and 

2Å Cu. In comparison to the simulation data, the measured VOC’s are significantly lower. CdTe/CdS 

interface recombination velocity is an important parameter in defining the VOC [42], which is not incorporated 

in the simulation model being used. The effect of Cd/Te ratio and Cu concentration on the interface 

recombination velocity is not well understood at this moment, and may have played a role in reducing the 

VOC as compared to the simulated values. 

7.2 Ongoing and Future Work 

One of the benefits of CdCl2 HT is intermixing of CdTe and CdS leading to reduced interface 

recombination. At high temperatures, the Q.E suggests that Te-rich samples undergo more intermixing than 

CdTe. The hypothesis is that the degree of intermixing is more for Te-rich films compared to Cd-rich films. 

This factor can also contribute towards the improved performance for the films deposited under Te-rich 

conditions. Therefore, future studies should investigate the intermixing of CdS and CdTe at lower Cd/Te 

ratios. 

VOC’s above the current threshold can be achieved with doping concentrations above 1016 cm-3 and 

lifetimes above 2ns. Though lifetimes above 2 ns were achieved in this study, the highest doping 

concentration achieved was in the order of 1015. Depositing CdTe under Te rich conditions enabled to create 

favorable conditions to achieve such doping levels through Cl and Cu treatments. However, a saturation 

limit was observed beyond which these treatments fail to improve doping concentrations. Therefore, to 
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further increase doping above 1016 cm-3 range, extrinsic doping using Group V elements needs to be 

investigated. Research is ongoing to dope CdTe using Group V elements like P and As under Cd-rich 

conditions 
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