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ABSTRACT OF DISSERTATION 

 

ELECTRON-REFLECTOR STRATEGY FOR CdTe THIN-FILM SOLAR CELLS 

 

The CdTe thin-film solar cell has a large absorption coefficient and high 

theoretical efficiency. Moreover, large-area photovoltaic panels can be economically 

fabricated. These features potentially make the CdTe thin-film solar cell the leading 

alternative energy source. However, the record CdTe efficiency (16.5%) is much less 

than its theoretical maximum efficiency (29%), primarily because the open-circuit 

voltage (0.845 V) is well below what is expected for its band gap (1.5 eV). The 

incorporation of an electron reflector is a strategy to improve the open-circuit voltage of 

solar cells, and thus a strong possibility to improve the efficiency of CdTe thin-film solar 

cells. 

 An electron reflector is a conduction-band energy barrier at the back surface of 

the solar cell, which can reduce the recombination due to the electron flow to the back 

surface. Different methods to create an electron reflector are explained in the thesis: (1) 

expanded band gap, either an expanded-band-gap layer or a bulk-band-gap reduction, and 

(2) alteration to the band bending through a reversed back barrier or a heavily-doped back 

surface. Investigation shows that the expanded-band-gap layer is the most efficient and 

practical mechanism for an electron reflector, and the combination of any two 

mechanisms does not yield additional improvement. 
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 To have the optimal effect from the electron-reflector strategy, reasonable CdTe 

lifetime (1 ns or above) and full depletion of the CdTe layer are required to ensure high 

carrier collection. Furthermore, a good-quality reflector interface between the p-type 

CdTe layer and the electron-reflector layer is essential. Preliminary experimental 

evidence has shown that CdTe cells with a ZnTe back layer do have a slightly higher 

open-circuit voltage. 

 An electron reflector should be particularly beneficial for thin (less than 2 µm) 

CdTe cells which have a fully-depleted CdTe absorber layer. Thin CdTe cells can also 

benefit from the optical reflection at the back surface. To investigate the possibility of 

still higher efficiency, both electron and optical reflection were numerically applied to the 

CdTe record-cell baseline model. However, there is little improvement for CdTe 

thicknesses greater than 2 µm. To have the optimal effect from combined electron and 

optical reflection, cells approximately one micron thick are required. Even without the 

improvement to the current quality of CdTe, cell efficiency above 19% should be 

achievable with a 0.2-eV electron reflector. Moreover, efficiency above 20% should be 

possible if one can also achieve large optical back reflection. At the same time, 

competitive CdTe cell performance at a thickness as thin as 0.4 um should be possible.  

This thesis gives a comprehensive numerical investigation of the electron-

reflector strategy for CdTe thin-film solar cells. 

Kuo-Jui Hsiao 

Department of Physics  

Colorado State University  

Fort Collins, CO 80523  

Spring 2010 
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Chapter 1 

Introduction 

 

1.1 Why Alternative Energy? 

Energy consumption has increased steadily with civilization development. To 

sustain human development, more electricity consumption is expected in future decades. 

Our primary solution to this increasing electricity consumption has been to burn more 

fossil fuels (coal, oil, or natural gas) or build more nuclear plants. However, the green-

house gasses produced by burning fossil fuels have been responsible for global warming, 

and safe disposal of high-level radioactive waste from nuclear plants raises several issues. 

These impacts are irreversible, and therefore, alternative energy resources are needed. 

 

1.2 Why Solar Energy? 

 Renewable energy is generated from natural resources such as sunlight, wind, 

rivers, and so forth, which are naturally replenished. Environmentally-benign renewable 

energy should provide a good alternative energy resource. Solar energy is one of the most 

competitive renewable energy resources. In 2008, the average worldwide energy 

consumption rate was 15 TW [1]. The solar energy received by the earth is about 130,000 



 2 

TW, which is much more than what we need to power the world. The sun is about half 

way through its evolution to its next stage, so theoretically, it will shine for the next six 

billion years [2]. For practical purposes, it is an infinite energy source. Moreover, the 

sunlight is accessible nearly everywhere. Based on its long life and accessibility, solar 

energy is a very potential leading renewable energy source. 

 

1.3 Why CdTe for Thin-Film Solar Cells? 

 Solar cells are devices which can convert solar energy directly to electricity, and 

this process is often referred to as photovoltaics (PV). Utilization of solar energy is 

expensive compared with conventional energy resources. To make the price of solar 

energy competitive with traditional energy sources, low-cost PV systems are required.  

There are two approaches to this goal: either higher efficiency or lower cost. 

 The CdTe (Cadmium Telluride) thin-film solar cell is one of the most competitive 

photovoltaic devices as far as cost and efficiency are concerned. CdTe has a large optical 

absorption coefficient. Only a small amount of CdTe (2-8 microns thick) is needed for 

the absorber layer (100 times thinner than typical crystalline-Si solar cells). Moreover, 

the band gap of CdTe matches the solar spectrum quite well. It is quite close to the band 

gap which produces the highest theoretical conversion efficiency. 

 CdTe solar cells can be fabricated with a variety of deposition techniques, 

because the electronic properties and the structure are generally optimized by the post-

deposition treatment. Economic fabrication processes are already utilized in large-scale 

manufacturing [3,4]. CdTe can also be deposited on low-cost substrates, such as glasses 

or plastics. Overall, CdTe cells could be the primary technology to low-cost PV systems.  
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However, the record CdTe efficiency (16.5%) [5] is well below its theoretical 

maximum value (~29%) [6], because the open-circuit voltage of the record cell, 845 mV 

[5], is significantly below what is expected for its band gap (Eg ~ 1.5 eV). In 2006, James 

Sites and Jun Pan of Colorado State University proposed strategies to increase CdTe 

solar-cell voltage [7]. Of their two proposed strategies, that of the electron reflector is 

probably more practical for voltage improvement, because it does not require a major 

improvement in the quality of thin-film CdTe. To see the full potential of the electron-

reflector strategy for CdTe solar cells, a comprehensive investigation described in this 

dissertation was carried out. 
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Chapter 2 

Background 

 

 This chapter contains background information that should be helpful for reading 

this dissertation. It summarizes the physics of CdTe thin-film solar cells, characterization 

tools, and one-dimensional numerical simulation. 

 

2.1 Semiconductors 

Every atom has a set of discrete electron energy levels. As several atoms are 

brought closer to one another, the original energy levels spread into energy bands. The 

highest energy band containing electrons is defined as the valence band, and the 

conduction band is defined as the energy band where electrons can conduct net current by 

moving through the unoccupied energy states. The gap in energy between the lowest 

energy of the conduction band EC and the highest energy of the valence band EV is the 

forbidden band, where in the ideal case, no energy states are allowed. Doping impurities 

and unintentional defects, however, exist in the forbidden band and are responsible for 

most semiconductor applications. The energy defining the forbidden band is the band gap, 

Eg = EC – EV. 
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The Pauli exclusion principle says that each quantum state can only be occupied 

by one electron. Therefore, in the ground state, electrons start filling the energy levels 

from the lowest energy. The energy of the topmost filled level in the ground state is 

defined as the Fermi energy EF. At finite temperature, however, the system is no longer in 

the ground state, and some electrons will fill higher energy states. The probability of the 

occupation of an allowed energy state at a given energy E is given by the Fermi-Dirac 

distribution function: 

 F(E) = 1/{1 + exp [(E - EF)/kT]} (2.1) 

where k = Boltzmann constant = 1.38×10
-23

 J/K and T = absolute temperature. 

 The band structure governs the characteristics of solids. Fig. 2.1 shows the band 

diagrams of different solids. A solid with either a partially filled conduction band or 

overlapping conduction and valence bands has a zero band gap. In this solid, electrons 

subject to a small applied field are free to move. Therefore, this solid is a conductor (see 

fig. 2.1(a)). In an insulator (see fig. 2.1(b)), the band gap is so large that essentially no 

electrons can be excited to conduction band to contribute to the current flow. In a 

semiconductor, the band gap is relatively narrow (see fig. 2.1(c)). At low temperature, a 

semiconductor material behaves like an insulator. At higher temperature, however, there 

is a reasonable probability of electron excitation from the valence band to the conduction 

band, so electrons can contribute to the current in the conduction band. In the valence 

band, electrons also conduct net current through the unoccupied energy states, which are 

referred to as holes. Instead of considering the motion of electrons in the valence band, it 

can be more simply described as the motion of a hole in the opposite direction. Fig. 2.2 

shows a schematic explaining this equivalence. Hence, the sum of the motion of electrons 
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in the conduction band and holes in the valence band contributes to the current flow in a 

semiconductor.  

 

 

Fig. 2.1 Schematic energy bands of (a) a conductor, (b) an insulator, and (c) a 

semiconductor. 
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Fig. 2.2 The movement of valence-band electrons can be simply described as the 

movement of a valence-band hole in the opposite direction. 

 

2.2 Semiconductor Properties 

A semiconductor which contains a negligible amount of impurities compared with 

the thermally generated carriers is an intrinsic semiconductor. In thermal equilibrium, 

which means the steady state condition at a given temperature without external 

excitations such as light or electric field, the electron density, or n, in the conduction band 

is given by integrating the electron density at a given energy n(E) with respect to energy 

E from EC to the energy at the top of the conduction band ETOP. The electron density at a 

given energy is the product of the Fermi-Dirac distribution function and the density of 

allowed energy states at a given energy N(E). Then n can be derived: 

 n = NC exp[- (EC - EF)/kT]. (2.2) 

where NC is the effective density of states in the conduction band. Similarly, the hole 

density, or p, in the valence band can be derived: 

 p = NV exp[- (EF - EV)/kT]. (2.3) 

where NV is the effective density of states in the valence band. For intrinsic 

semiconductors, the electron density in the conduction band is equal to the hole density in 
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the valence band, that is, n = p = ni, where ni is the intrinsic carrier density. The intrinsic 

carrier density can be obtained from equ. (2.2) and (2.3): 

 ni = (NCNV)1/2 exp( - Eg/2kT) (2.4) 

 Semiconductors which are doped with impurities are extrinsic semiconductors. 

Dopants can create some states in the forbidden band. The dopants which create states 

with relatively small ionization energy to the conduction band are known as donors. 

Electrons in the donor states can be ionized to the conduction band at a moderate 

temperature. A semiconductor doped with donors usually has additional negatively 

charged carriers and is said to be n-type. Similarly, the dopants which create states with 

relatively small ionization energy from the top of the valence band are known as 

acceptors. Electrons can be excited from the valence band to the acceptor states at a 

moderate temperature, and positively charged holes are left in the valence band. 

Therefore, a semiconductor doped with acceptors usually has additional positively 

charged carriers and is said to be p-type. Electrons are the majority carriers and holes are 

the minority carriers in the n–type semiconductor. On the other hand, holes are the 

majority carriers and electrons are the minority carriers in the p–type semiconductor. For 

extrinsic semiconductors, n is generally close to the donor concentration ND in n-type 

semiconductors, and p is close to the acceptor concentration NA in p-type semiconductors. 

The Fermi energy of extrinsic semiconductors is governed by these formulas: 

 EC – EF = kT ln (NC/ND) (2.5) 

for n-type semiconductors, and  

 EF – EV = kT ln (NV/NA) (2.6) 
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for p-type semiconductors. The Fermi energy level of an n-type semiconductor is closer 

to the conduction band, while that of a p-type semiconductor is closer to the valence band. 

 The process in which an electron transits from the conduction band to the valence 

band to annihilate an electron-hole pair is called recombination. There are three different 

recombination mechanisms: (a) Radiative recombination: It is a reverse process of the 

absorption. It occurs with emitted light and happens more rapidly in direct-band-gap 

semiconductors. (b) Auger recombination: In this recombination process, the released 

energy will excite another electron to a higher energy level instead of emitting light. This 

excited electron will then relax back to its original state by emitting phonons. Auger 

recombination is especially probable in the heavily doped material. (c) Recombination 

through traps: Impurities and defects can form energy levels in the forbidden band. 

Therefore, electrons can relax from the conduction band to these energy levels and then 

recombine with holes in the valence band. This process is particularly likely if the energy 

levels are near the middle of the band gap.  

Carrier lifetime is defined as the average time it takes for carriers to recombine, 

and the carrier diffusion length is the average distance these carriers travel before they 

recombine. 

 

2.3 Semiconductor Junctions 

P-N Junction 

When an n-type semiconductor and a p-type semiconductor are joined, a p-n 

junction device is formed. If the materials in the p-type and the n-type regions are the 

same, the junction is called homojunction, but when the materials in the p-type and the n-
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type regions are different, the junction is called heterojunction. Fig. 2.3 shows the 

schematic and the band diagram for a p-n junction. Due to the gradient of the carrier 

density, majority-carrier electrons diffuse from the n-type region to the p-type region, and 

majority-carrier holes diffuse from the p-type region to the n-type region. This carrier 

diffusion will produce a diffusion current flow from the p-type region to the n-type region. 

The charged dopants will create a built-in field in the opposite direction to the diffusion 

current. This build-in field will produce a drift current. 

 

 

Fig. 2.3 The schematic and the band diagram of a p-n junction. 
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When the drift current and the diffusion current are equal, equilibrium will be 

reached, and a depletion region devoid of carriers will be formed at the junction. In 

equilibrium, the Fermi energy levels in the p-type region and n-type region are aligned to 

coincide and an electrostatic potential difference exists across the depletion region. This 

potential difference is called the built-in potential:  

 Vbi = kT/q ln(NAND/ni
2
) (2.7) 

The width of the depletion region can be calculated by this formula: 

where ε is dielectric constant. The depletion width in the n-type region ln and that in the 

p-type region lp can be calculated by: 

 ln = WND/(NA + ND) and lp = WNA/(NA + ND) (2.9) 

 In a forward bias, the positive terminal of the bias source is connected to the p-

type material and the negative terminal of the bias source to the n-type material. When a 

forward bias Va is applied to a p-n junction. The electrostatic potential across the 

depletion region will be reduced by Va, so the depletion width will be modified to be W = 

[2ε/q(Vbi - Va)(1/NA + 1/ND)]
1/2

, which is smaller than the original value. When ND is 

much larger than NA, W ≈ [2ε/q(Vbi - Va)(1/NA)]1/2  and lp ≈ W. The majority of the 

depletion region is in the region with the lower carrier density. Typically, this is the case 

for p-type CdTe thin-film solar cells, and the depletion region is a function of the applied 

voltage and the carrier density of CdTe.  

   

 

 

 W = [2ε/qVbi(1/NA + 1/ND)]
1/2

 (2.8) 
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Back Contact of CdTe Solar Cells 

 When a p-type semiconductor and a metal are joined, the metal acts much like a 

heavily doped n-type semiconductor. A contact junction with a depletion region W = 

[2ε/qVbi (1/NA)]
1/2

 in the adjacent semiconductor is formed due to the band bending 

resulting from the alignment of the Fermi level. The electron affinity of a semiconductor 

χ is the energy difference between the vacuum level and EC of the semiconductor, and the 

work function of a metal φm is the energy between the vacuum level and the Fermi level 

of the metal. When χ + Eg ≤ φm, with Eg being the band gap of the p-type semiconductor, 

a low-resistance ohmic p-type semiconductor/metal contact is formed. When χ + Eg > φm, 

a Schottky-junction contact is formed. The built-in field in the depletion region of the 

Schottky junction forms a barrier to the flow of holes from the p-type region to the metal 

contact. Therefore, this back contact has a negative effect on the cell performance. This 

back barrier is usually characterized by the back-barrier height φb = χ + Eg - φm.  

 Fig. 2.4 shows the band diagrams of (a) a p-type semiconductor and a metal with 

a work function lower than the joint p-type semiconductor, and (b) a Schottky junction 

formed. CdTe has an electron affinity χ = 4.4 eV and a band gap Eg = 1.5 eV. A metal 

with a work function greater than or equal to 5.9 eV is therefore required to form an 

ohmic contact. At room temperature, a back barrier of 0.3 eV or less can effectively form 

an ohmic contact at the back surface. However, no metal has a work function high 

enough to make such a contact. Some work functions and back-barrier heights of metals 

that can be used to make contacts to p-type CdTe are: Cu (φm = 4.65 eV, φb = 1.25 eV), 

Ni (φm = 5.15 eV, φb = 0.75 eV), and Ti (φm = 4.33 eV, φb = 1.57 eV). One way to 
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reduce the effect of this back barrier is to heavily dope the back surface of the p-type 

CdTe layer. The depletion region of the Schottky junction will be thin, and the majority-

carrier holes can tunnel through the thinner barrier to form a low-resistance contact. 

 

 

Fig. 2.4 Band diagrams of (a) a p-type semiconductor and a metal contact with a 

lower work function, and (b) a Schottky junction formed. 

 

2.4 CdTe Thin-Film Solar Cells 

The typical configuration of a CdTe thin-film solar cell and its corresponding 

band diagram are shown in fig. 2.5. In this configuration, glass/transparent-conducting-

oxide(TCO)/CdS(n-type)/CdTe(p-type)/metal-contact, the illumination will enter the cell 

from the glass side, so it is called a superstrate configuration. Glasses with high 

transmission and good stability are good choices for the superstrates. The TCO is used as 
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the front contact of the cell. In general, TCO is an n-type semiconductor with a wide band 

gap (Eg of SnO2 ~ 3.6 eV), which should minimize optical loss.  

Fig. 2.5 The configuration of a typical CdTe thin-film solar cell and its 

corresponding band diagram. 

 

A CdTe solar cell is a heterojunction device composed of an n-type CdS layer and 

a p-type CdTe absorber layer. The CdS has a 2.4-eV (~ 517nm) band gap. Photons with 

energy larger than its band-gap energy will be absorbed, so a cell with a thick CdS layer 

allows less blue light to reach the CdTe. With a thin CdS layer, the CdTe and TCO may 

contact each other in places and form a junction with poorer performance. This will affect 

the uniformity of the cell. Therefore, a thin CdS layer with a good coverage is preferred. 

CdTe has a 1.5-eV band gap, which matches the AM 1.5 solar spectrum well. Air mass 

(AM) at sea level is defined as 1/cosθ when the sun is at an angle θ from the overhead. 
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AM 1.5, which corresponds to the sun illumination at 48° from the overhead, is the 

illumination for standard test conditions.  

Typically, the carrier density of the CdTe absorber layer is low (p = 1013-2×1014 

cm
-3

). With a heavily n-type doped CdS layer (n = 10
18

 cm
-3

), most of the depletion 

region is in the CdTe layer. A 2-µm CdTe cell with p = 10
13

 cm
-3

 is fully depleted. 

Incident light can generate electron-hole pairs in the absorber layer. The built-in field in 

the depletion region separates electrons from holes to prevent recombination (see fig. 2.5). 

Then, electrons will flow through the external circuit and recombine with holes in the 

valence band to complete the cycle. It is preferred to have photons absorbed in the 

depletion region where light induced carriers can be collected with the assistance of the 

build-in field. CdTe has high optical absorption in the visible light range. Two microns of 

CdTe will absorb more than 99% of incident light at 600 nm, so it is a good absorber 

material for PV applications. A CdTe solar cell usually has a Schottky-barrier contact, 

but the back CdTe surface can be heavily doped to minimize the negative effect of the 

Schottky barrier. 

 

 2.5 Characterization Techniques 

 The characterization techniques introduced here include current density versus 

voltage (J-V) curves and quantum efficiency (QE) curves. 

 

 

 

 



 16 

2.5.1 Current Density-Voltage (J-V) Curves 

 The J-V measurement under standard test conditions (AM 1.5 spectrum and 25 ℃) 

is the most common tool for solar-cell characterization. The dark J-V curve of an ideal 

solar cell follows the ideal diode equation: 

 J = JS(e
qV/kT

 - 1) (2.10) 

where J is the current density, JS the saturation current density, and V the applied voltage. 

When light is applied, the light-induced current flows from the p-type end to the n-type 

end through the outside circuit. This flow is opposite to the dark current, so the light J-V 

curve will follow the ideal diode equation shifted by the amount of light-induced current 

density JL: 

 J = JS(e
qV/kT

 - 1) - JL (2.11) 

Under realistic conditions, additional parameters need to be considered. For a non-ideal 

diode, the diode equation will be: 

 J = JS(eq(V - JR)/AkT – 1) - JL + G(V - JR) (2.12) 

where R is the series resistance, G the shunt conductivity, and A is the ideality factor. A = 

1 means that ideal diffusion current dominates, whereas A = 2 means that the 

recombination current dominates. When both currents are comparable, 1 ≤ A ≤ 2. 

 A typical light J-V curve (under standard test conditions) is shown in fig. 2.6.  

From the light J-V curve, one can extract the open-circuit voltage (Voc), short-circuit 

current (Jsc), fill factor (FF), and efficiency (eff). Voc is the applied forward bias at which 

no current goes through the solar cell. Jsc is the measured induced current density when 

there is no external bias applied to the solar cell. Power density P is the product of 

voltage and current density. A P-V curve is shown in fig. 2.6. Its maximum determines 
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the cell’s efficiency. Corresponding maximum power current density and voltage are Jmp 

and Vmp. FF is defined as:  

 FF = Pmp/(VocJsc) = (VmpJmp)/(VocJsc). (2.13) 

FF shows how “square” the J-V curve is. FF = 100% would mean that J-V curve is 

rectangular. Efficiency is defined as the ratio of the maximum output power to the input 

power = (VocJscFF)/(100 mW/cm
2
), where 100 mW/cm

2
 is the power density of the AM 

1.5 spectrum. 

 

Fig. 2.6 Calculated P-V curve (top) and a calculated J-V curve (bottom) for a typical 

solar cell. 
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2.5.2 Quantum Efficiency (QE) Curves 

 Quantum efficiency is defined as the ratio of electron-hole pairs collected to 

incident photons at a specified wavelength. Fig. 2.7 shows a calculated QE curve of a 

CdTe thin-film solar cell with the indication of different losses. QE = 100% means that 

one incident photon can generate one electron-hole pair. However, the reflection of the 

superstrate, the absorption of the superstrate, the TCO layer, and the CdS window layer, 

as well as the incomplete absorption of photons can contribute to the losses. 

 

 

Fig. 2.7 A calculated quantum efficiency curve. 

 

2.6 One-Dimensional Numerical Simulation 

 One-dimensional numerical simulation of CdTe thin-film solar cells is the 

investigative approach used in this dissertation. It is a powerful tool to build a reasonable 
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physical model to test the viability of physical interpretation, and numerical simulations 

can help predict changes in performance resulting from the modified physical parameters. 

Moreover, difficult experimental measurements can sometimes be by-passed with 

simulations.  

 The operation of semiconductor devices can be described by a set of basic 

equations. These equations are coupled partial differential equations, for which it is often 

not possible to find general analytical solutions. These equations can be transformed into 

a set of nonlinear algebraic equations, which can be solved numerically with a computer. 

AFORS-HET, (Automat FOR Simulation of HETero-structures), version 2.2 [8] is the 

software package used in this work to numerically solve the one-dimensional 

semiconductor equations under steady-state conditions. The basic equations used are: 

The Poisson’s equation is given by: 

 ∑+−−+=−
defects
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where φ  is the electron potential. tρ  is the charge stored in defects, which can be 

acceptor-like or donor-like. tρ  is referred to as pt when the defects are acceptor-like and 

nt when the defects are donor-like. 

The Continuity equations under steady state conditions are given by: 
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where npG /  is the generation rate for holes/electrons, which in the case of solar cells 

results from the optical excitation from the solar spectrum. It is important, however, to 

also know the absorption coefficient of the material at each wavelength to determine 

npG /  as a function of x. npR /  is the recombination rate for holes/electrons, which was 

discussed in section 2.2. The hole current pJ  and electron current nJ  are given by the 

sum of drift and diffusion currents: 

 

dx

dp
qDpEqJ ppp −= µ  

(2.17) 

 

dx

dn
qDnEqJ nnn += µ  (2.18) 

where np /µ  is the mobility for holes/electrons, and npD /  is the diffusivity for 

holes/electrons. Mobility and diffusivity are in general related by Einstein relation: 

 npnp
q

kT
D // µ=  (2.19) 

On the right hand side of equations (2.17) and (2.18), the first term is the drift 

current, and the second term is the diffusion current. The continuity equations account for 

variations in the hole density and electron density of the system. 

 The electric potential φ , the electron density n, and the hole density p are 

independent variables in this system. All other variables in the equations and boundary 

conditions are expressed in a way that they only depend on these independent variables. 

To numerically solve the semiconductor equations, AFORS-HET allows one to build a 

discrete set of grid points for the device model, and the semiconductor equations are 
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solved at each of these. At the grid points on the two ends of the device, the electric 

potential, hole current, and electron current need to satisfy specified boundary conditions. 

The starting solution of each grid point in the device can be the last calculated solution, 

the analytical approximation provided by the program, or a specified starting solution. 

The independent variables, including φ , p, and n, at each grid point can be determined by 

solving the basic equations for each interval with the proper boundary conditions. Once 

we determine φ , p, and n throughout the cell with specific boundary conditions, 

illumination, and temperature, we can solve for the band diagrams, J-V curves, and other 

characteristics.  

 To investigate the electron-reflection strategy with the one-dimensional numerical 

simulation, a four-layer device model CdS/bulk-CdTe/electron-reflector/ metal-back-

contact for CdTe thin-film solar cells is used. Fig. 2.8 shows the band diagram of the 

four-layer model.  

 

Fig. 2.8 Band diagram of the simulation model 
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A baseline parameter setting [9] with minor adjustment was assigned to this model. 

Table 2.1 shows the parameters of the baseline cell. The values used have been either 

determined by independent measurements or are reasonable estimates. External reflection 

of the superstrate was assumed to be 10%. A 0.3-eV back barrier height corresponds to a 

flat band at the back surface with p ~ 10
13

 cm
-3

. The surface recombination velocity S is 

given by: 

 S = Nsσvt (2.20) 

where Ns is the defect density at the surface and vt thermal velocity. With Ns = 109 cm-2,  

 

Contact Interface 

 Front Back 

Barrier Height (eV) 0.1 (EC-EF) 0.3 (EF-EV) 

Se (cm/s) 107 107 

Sh (cm/s) 10
7
 10

7
 

Semiconductor Layer 

 SnO2 (TCO) CdS (n-type) CdTe (p-type) 

d (nm) 500 45 1800 

ε/ε0 9 10 9.4 

Eg (eV) 3.6 2.4 1.5 

NC (cm
-3

) 2.22×10
18

 2.22×10
18

 7.8×10
17

 

NV (cm
-3

) 1.8×10
19

 1.8×10
19

 1.8×10
19

 

µe (cm
2
/Vs) 100 100 320 

µh (cm
2
/Vs) 25 25 40 

NA, ND (cm-3) ND = 1017 ND = 1.1×1018 NA = 1013 

χ (eV) 4.5 4.5 4.4 

Gaussian (Midgap) Defect States 

 SnO2 (TCO) CdS (n-type) CdTe (p-type) 

NDG, NAG (cm
-3

) D: 10
15

 A: 10
18

 D: 9×10
10

 

WG (eV) 0.1 0.1 0.1 

σe (cm2) 10-12 10-17 10-9 

σh (cm
2
) 10

-15
 10

-14
 10

-12
 

 

Table 2.1 Parameters of the baseline cell. Index e/h represents electrons/holes, S 

surface recombination velocity, d thickness, ε0 = 8.85×10
-12

 F/m electric constant, 

NDG/AG the donor-like/acceptor-like defect density, WG the energy width of the 

Gaussian distribution for the defect states, τ carrier lifetime, and σ capture cross 

section. 
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σ = 10
-9

 cm
2
, and vt = 10

7
 cm/s, S equals 10

7
 cm/s, which is the order of the thermal 

velocity at room temperature. Physically, this means that nearly all electrons will 

recombine at the back surface at room temperature. Lifetime τ is given by: 

 τ = 1/(σvtNAG/DG) (2.21) 

The lifetime for the baseline setting is 1 ns, which is currently achievable [10]. Donors 

and acceptors are assumed to be completely ionized, so p = NA and n = ND. The electron-

reflector layer has a 200-nm layer thickness and the other properties the same as CdTe 

layer for the baseline setting. In this model, the absorber layer, including the bulk CdTe 

layer and the electron-reflector layer, is fixed at 2 µm. With the baseline p = 10
13

 cm
-3

, 

the cell is fully depleted, which is important, because it means there will be an electric 

field throughout the CdTe. Full depletion and reasonable lifetime (1 ns or above) are 

optimal conditions, which are discussed in section 3.3. An electron reflector can be 

created by changing the band gap or the carrier density of the electron-reflector layer. 

The detail will be explained in section 3. 

All band structures, J-V curves, and QE curves in this dissertation are calculated 

results based on the approach mentioned above, except for experimental data from 

references in chapter five and the experimental results in chapter six.  

Based on this simulation model, a reasonable baseline cell (Jsc = 24 mA/cm
2
, Voc 

= 830 mV, FF = 81%, Rs = 1 Ω·cm
2
, G = 0.2 mS/cm

2
, and eff = 16%) is utilized. Fig. 2.9 

shows the calculated J-V curve of the baseline cell. This baseline cell has a 1-ns carrier 

lifetime, a 10
13

-cm
-3

 hole density, and a 2-µm absorber layer. The electron-reflector 

barrier height is 0 eV (no electron reflector) for the baseline cell.  
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Fig. 2.9 The calculated J-V curve of the baseline cell. 
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Chapter 3 

Electron Reflector for CdTe Solar Cells 

 

 In this chapter, the formation and the effect of the electron reflector for CdTe 

thin-film solar cells are investigated, and different mechanisms to create an electron 

reflector are explained. Then, the cell conditions needed for the optimal effect of the 

electron-reflector strategy will be explored. Finally, related issues, such as interfacial 

recombination and valence-band offset at the interface between the bulk CdTe layer and 

the electron-reflector layer, will be discussed. “ER” will be used to abbreviate electron 

reflector through the remainder of the thesis. 

 

3.1 Introduction 

 A back-surface field (BSF) has been used to improve the performance of Si-based 

solar cells for many years [11-15]. For many solar cells, there are many allowed states 

within the forbidden gap at the back surface, and recombination can occur efficiently 

through these states. When the minority-carrier diffusion length is longer than the cell 

thickness, back-surface recombination may become the primary limitation on cell 

performance. In a typical BSF Si-based solar cell, the back surface is heavily doped by 
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aluminum, and a conduction-band barrier to the forward electron flow is created. The 

built-in field at the back surface can drive carriers away from the back surface to result in 

an effective back-surface recombination velocity which is much lower than that in the 

absence of the BSF, especially at forward bias. Therefore, the open-circuit voltage can 

potentially be improved. The BSF also increases the collection probability for carriers 

generated near the back contact and hence boosts the long-wavelength photon collection. 

Overall, both open-circuit voltage and short-circuit current can be increased by reduced 

back-surface recombination. Such improvements have been obtained experimentally [16, 

17]. If the cell thickness is reduced, the bulk recombination which occurs is 

proportionally reduced, and if the cell thickness is reduced to be comparable to the 

diffusion length, the back-surface recombination dominates and lowers the open-circuit 

voltage. Under this condition, the BSF is particularly useful to reduce the back-surface 

recombination, and allow higher open-circuit voltage. Hence, the BSF allows thinner 

absorber layer with acceptable performance [16]. 

 This BSF strategy is referred to as an electron reflector in this work, simply to be 

more physically descriptive. The incorporation of an electron reflector to improve the 

open-circuit voltage of CdTe thin-film solar cells was investigated numerically in 

reference [18]. Fig. 3.1 shows the band diagrams of a baseline CdTe solar cell at (a) zero 

bias and (b) Vbias = V. Fig 3.1 (c) shows the band diagram of a CdTe cell with an 

electron-reflector layer at Vbias = V. Carriers can be collected efficiently with the 

assistance of the built-in field in the depletion region where the bands are not flat. In a 

fully depleted cell as shown in fig 3.1 (a), the built-in field can drive electrons in the 

conduction band across the cell away from the back surface. At forward bias, the field is  



 27 

 

 

Fig. 3.1 Band diagrams of a baseline CdTe solar cell at (a) zero bias and (b) Vbias = V. 

(c) The band diagram of a CdTe cell with an electron-reflector layer at the back 

surface. 

 

reduced, and it can be reduced too much to drive carriers (see fig 3.1 (b)). Then more 

minority-carrier electrons can flow to the back surface. If there is a conduction-band 

barrier at the back surface, it can keep electrons away from the back surface (see fig. 3.1 

(c)). Therefore, the recombination resulting from the forward electron flow to the back 

surface will be reduced, especially at forward bias. This conduction-band barrier is 

defined as an electron reflector. The primary parameter is the electron-reflector barrier 

height φe.  
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 Typically, CdTe cells have short diffusion length (few micrometers at a typical 1-

ns lifetime). The diffusion length Le can be calculated by the equation: 

 Le = (Deτe)
1/2 (3.1) 

The built-in electric field in the depletion region, often referred to as the drift field, can be 

used to increase the carrier collection, and thus to reduce the bulk recombination. It 

should be particularly beneficial for CdTe thicknesses below 2 µm when the CdTe is 

fully depleted at a typical carrier density. 

 Back-surface recombination can significantly degrade the open-circuit voltage of 

CdTe cells. The common parameter to quantify it is the back-surface recombination 

velocity for majority-carrier holes Sb. Fig. 3.2 (a) shows the calculated J-V curves for a 

fully depleted CdTe cell with no electron reflector. Parameters for fig. 3.2 are dabs = 2 µm, 

p = 10
13

 cm
-3

 and φb = 0.3 eV. These curves illustrate the voltage difference with a series 

of values for Sb =10
7
, 10

4
, and 10

1
 cm/s. On the other hand, fig. 3.2 (b) shows the 

calculated J-V curves for fully depleted cells with Sb = 10
7
 cm/s and different electron-

reflector barrier heights (0, 0.2, and 0.3 eV). These curves show the effect of an electron 

reflector on the open-circuit voltage. There is some equivalence between lower Sb and 

larger φe. Both increase Voc by reduced the back-surface recombination, and one can say 

that the electron reflector reduces the effective value of Sb. Note that several orders of 

magnitude in Sb are needed to match the electron-reflector improvement. Therefore, the 

electron reflector is potentially an efficient way to improve Voc by reducing the back-

surface recombination. The calculated values of Jsc and FF change only slightly with Sb 

or φe. Fig. 3.3 summarizes the effect of varied Sb (10
1
-10

7
 cm/s) and φe (0, 0.2, and 0.3 

eV) on Voc assuming a 1-ns lifetime (fig. 3.3 (a)) and a 10-ns lifetime (fig. 3.3 (b)). When  
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Fig. 3.2 (a) Calculated J-V curves of cells with varied Sb and no electron reflector (φφφφe 

= 0 eV). (b) Calculated J-V curves of cells with Sb = 10
7
 cm/s and varied φφφφe. 

 

Sb is above 10
6
 cm/s, the Voc improvement is initially very nearly equal to φe/q, but 

saturates above a 200 mV increase for a 1-ns lifetime, and above 300 mV for higher 

lifetimes. With smaller Sb, the base Voc is larger, and the electron-reflector improvement 

is less. With any value of Sb, larger Voc should be achieved with a larger lifetime of the 

absorber layer, especially when the back-surface recombination is reduced by a lower Sb 

or higher φe. Based on this simulation, Voc greater than 1 V should be achievable with a 

0.2-eV electron reflector and a currently achievable lifetime (1 ns) [10]. In the next 

section, four mechanisms to create an electron reflector will be explained. 
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Fig. 3.3 The effect of Sb and φφφφe variations on Voc with (a) 1-ns lifetime and (b) 10-ns 

lifetime. 

 

3.2 Mechanisms to Create an Electron Reflector 

We can create an electron reflector either by having an expanded-band-gap layer at the 

back surface or by band bending. Fig. 3.4 shows the various schematics of mechanisms to 

create an electron reflector. The schematic of the expanded-band-gap layer is shown in 

fig. 3.4 (a). To have an expanded-band-gap layer, one can either increase the band gap of 

the electron-reflector layer (EgER) or reduce the band gap of the bulk part of the absorber 

layer (Egbulk). There are two mechanisms that can create an electron reflector by band  

 

Fig. 3.4 Schematics of mechanisms to create an electron reflector: (a) expanded-

band-gap layer, (b) reversed back barrier, and (c) heavily-doped back surface. 
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bending. They are a back-contact barrier opposite to the normal direction (fig. 3.4 (b)) 

and a heavily-doped back surface (fig. 3.4 (c)). Due to the alignment of Fermi level, each 

of these two possibilities can create a conduction-band barrier at the back surface. These 

four mechanisms of the electron-reflector strategy for CdTe solar cells will be 

investigated below. 

 

3.2.1 Expanded Band Gap 

 This kind of electron reflector can be abrupt and the barrier height remains 

constant with external bias. The material of the electron-reflector layer needs to have a 

higher band gap than that of the bulk part of the absorber layer with the increase 

primarily happening in the conduction band. As a result, the barrier height φe is 

approximately the difference between band gaps as shown in fig. 3.1 (c). Two 

mechanisms to create this type of electron reflector are expanded-band-gap layer, and 

bulk-band-gap reduction with a small CdTe layer at the back. 

 

3.2.1.1 Expanded-Band-Gap Layer  

 When an expanded-band-gap layer with an expanded band gap and a negligible 

valence-band offset is added to the CdTe absorber layer, an electron reflector is created. 

In this case, the Egbulk is kept at 1.5 eV, and the reflector layer has a higher band gap than 

1.5 eV. The possible materials for an expanded-band-gap layer are CdZnTe, CdMnTe, 

and CdMgTe. The electron-reflector barrier height will be φe. The calculated effect on 

voltage was shown in fig. 3.3. The details depend on the physical parameters of the cell, 

including those of the added layer. 
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Electron Reflector vs. Lifetime 

 In this simulation, a fully-depleted CdTe cell with the baseline parameters 

mentioned above is augmented by a 200-nm electron-reflector layer. Fig 3.5 shows the 

calculated effect of lifetime on Voc with varied φe (0, 0.1, 0.2, and 0.3 eV). Voc initially 

increases with φe at a slope near one, but increase saturates near φe = 0.2 eV with a 1-ns 

lifetime, and above 0.3 eV for higher lifetimes. A 0.2-eV electron reflector with a 

currently achievable lifetime (1 ns) should enable a Voc above 1 V without saturating the 

Voc improvement. If higher lifetimes can be achieved, the Voc could increase even more. 

 

 

Fig. 3.5 Calculated effect of lifetime on Voc with varied electron-reflector barrier 

heights. 

 

Electron Reflector vs. Carrier Density 

 In this simulation, the carrier density of the absorber layer is varied from 10
13

 to 

3×10
15

 cm
-3

. Fig. 3.6 (a) shows the conduction bands of cells over a range of carrier 

densities, and fig. 3.6 (b) shows calculated corresponding J-V curves for each carrier  
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Fig. 3.6 (a) Conduction bands of cells with varied carrier densities with Vbias = Voc. 

(b) Calculated J-V curves with varied carrier densities. 
 

density. At higher carrier densities, the cell is not always fully depleted, and the 

conduction band in the absence of an internal field remains flat (see fig. 3.6 (a)). The 

corresponding J-V curves (see fig. 3.6 (b)) show that the fully depleted cell (p = 10
13

 cm
-3

) 

and the nearly fully depleted cell (p = 10
14

 cm
-3

) have similar J-V curves with good 

performance, but the electron-reflector enhancement is significantly diminished in non-

fully depleted cells (p > 10
14

 cm
-3

). That is because the carrier collection is enhanced by 
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the electric field, which is only fully effective when it extends throughout the CdTe. The 

curve with p = 1015 cm-3 shows a transition between the two curves where the voltage 

dependant depletion width no longer extends throughout the CdTe. We refer to the 

transition as a kink, because the second derivative of the J-V curve is negative. The kink 

can exist in the first (p = 3×10
15

 cm
-3

) or fourth quadrant (p = 10
15

 cm
-3

). A first-quadrant 

kink limits the Voc improvement, and a forth-quadrant kink decreases the FF. The 

existence of kink in either case compromises the maximum output power. 

 

Electron Reflector vs. Layer Thickness 

 In this simulation, the thickness of the electron-reflector layer dER was varied 

from 50 to 500 nm. Fig. 3.7 shows the calculated Voc of cells with different dER. The 

result illustrates that the thickness of the electron-reflector layer has little effect with dER 

above 200 nm, and intuitively, unless the electrons tunnel, one expects it is only the 

barrier height and not the thickness that matters. 

 

Fig. 3.7 Calculated J-V curves for three different thicknesses of the electron-

reflector layer. 
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3.2.1.2 Bulk-Band-Gap Reduction 

 In this section, the band gap of the reflector layer (EgER) is kept at 1.5 eV, and 

Egbulk is reduced to create a conduction-band offset. One would expect a qualitatively 

similar result. The possible material for bulk-band-gap reduction is CdHgTe. However, 

the reduction of the band gap shifts the optical absorption spectrum. A reasonable 

assumption, which is approximately correct for many semiconductor alloys, is that the 

spectrum shifts in energy by the same amount as the band-gap change. Fig. 3.8 shows the 

presumed shifts in absorption spectrum for CdTe and closely-related alloys. The 

absorption coefficient α is defined as: 

 α = 4πk/λ (3.2) 

where k is the extinction coefficient and λ is the wavelength. 

 

Fig. 3.8 The artificial optical absorption spectra for varied band gaps. 

 

 Fig. 3.9 (a) shows two band diagrams with Egbulk = 1.3 eV and 1.5 eV. In both 

cases, the back layer is set to 1.5 eV. The calculated corresponding J-V curves shown in 
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fig. 3.9 (b) illustrate that the reduction of band gap increases the Jsc. The bulk layer can 

absorb photons with energy above Egbulk. With the bulk-band-gap reduction, more 

photons can be absorbed. 

 Fig. 3.10 summarizes the effect of bulk-band-gap reduction on solar-cell 

parameters. Open triangles represent cells with band-gap reduction and no electron 

reflector. Solid circles represent cells with band-gap reduction and electron reflector  

 

 

Fig. 3.9 (a) The band diagram of the band-gap-reduction strategy. It is a 0.2-eV 

band-gap reduction (EgER = 1.5 eV, Egbulk = 1.3 eV). (b) The calculated 

corresponding J-V curves. 
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 (EgER = 1.5 eV and φe = EgER – Egbulk). With a 1.5-eV reflector layer, the Voc is 

maintained near 800 mV, but the lower band gap of the bulk layer allows a higher Jsc. A 

0.2-eV bulk-band-gap reduction is predicted to have an increase of 6.5 mA/cm
2
 in current 

density and 3% in efficiency, which is essentially equivalent to the expanded band gap.  

 

Fig. 3.10 The calculated effect of band-gap reduction on parameters. EgER = Egbulk + φe. △   △   △   △   △   △   △   △   △   △   △   △   △   △   △ 

 The expanded-band-gap strategy can increase either Voc with an expanded-band-

gap layer or Jsc with the bulk-band-gap reduction. Another method to form an electron 

reflector is with band bending. 
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3.2.2 Band Bending 

In this section, the conduction-band barrier is created by upward curvature of the 

bands with respect to the Fermi level near the back surface due to a reversed back barrier 

or a heavily-doped back surface. This type of electron reflector produces a gradual 

conduction-band barrier and the barrier height may vary with the external bias. Here, we 

will focus on the effect of conduction-band offset due to the two mechanisms. 

 

3.2.2.1 Reversed Back Barrier 

 A back-contact barrier for the majority-carrier holes usually has a negative effect 

on the cell performance. A back barrier resulting from a metal contact with a very high 

work function, however, could in principle create a barrier to the electron flow towards 

the back contact, and therefore be beneficial to the cell performance. Fig. 3.11 shows 

band diagrams of cells with (a) a back barrier for majority-carrier holes and (b) a back 

barrier for minority-carrier electrons.  

 

Fig. 3.11 Band diagrams of cells with a back barrier for majority-carrier holes (a) 

and with a back barrier for minority-carrier electrons (b). 
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In this simulation, which will be referred to as a reversed back barrier, a cell with 

a 1-ns lifetime and no expanded-band-gap electron reflector is considered. Fig. 3.12 

shows the conduction bands of a lightly-doped fully-depleted cell (p = 1013 cm-3) (see fig. 

3.12 (a)) and a heavily-doped non-fully-depleted cell (p = 3×10
15

 cm
-3

) (see fig. 3.12 (b)). 

The back-barrier height for both cells is varied. Fig. 3.12 (a) shows that the fully-depleted 

cell with a lower back barrier has a higher conduction-band barrier.  

 

 

Fig. 3.12 Conduction bands with Vbias = Voc, a range of back-barrier heights, as well 

as (a) p = 10
13

 cm
-3

 and (b) p = 3×10
15

 cm
-3

. 

 

 In fig. 3.13 (a), the calculated J-V curves corresponding to fig. 3.12 are shown, 

illustrating that this barrier serves as an electron reflector to improve Voc. However, the 

sign and magnitude of the back barrier has minimal effect on the heavily-doped cell (p = 

3×10
15

 cm
-3

) due to its very thin depletion region at the back surface (see fig. 3.12 (b)). 

Fig. 3.13 (b) summarizes the effect of the thin reversed back barrier on Voc. This also 

applies to the heavily-doped back surface mechanism. A large back barrier (0.5 eV), 

however, still has a negative effect on the cell with p = 3×10
15

 cm
-3

.  
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Fig. 3.13 (a) The calculated J-V curves with varied back-barrier heights for the two-

carrier-density variation (solid lines for 10
13

 and dashed lines for 3×10
15

 cm
-3

). (b) 

Calculated effect of the reversed back barrier on Voc. 

 

3.2.2.2 Heavily Doped Back Surface 

 For higher hole density near the back surface, the Fermi level will be closer to the 

top of the valence band, and a barrier in the conduction band will be formed at the back 

surface. The barrier height for this kind of electron reflector is quantified by the ratio of 

the carrier density of the electron-reflector layer to that of the bulk layer, or pER/pbulk. Fig. 

3.14 (a) shows the conduction bands of cells with a range of carrier density ratios. The 

calculated J-V curves corresponding to fig. 3.14 (a) are shown in fig. 3.14 (b). They  
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Fig. 3.14 (a) Conduction bands of cells with different pER/pbulk at Vbias = 0.8 V. (b) 

Calculated corresponding J-V curves. (c) The calculated effect of pER/pbulk on Voc. 
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illustrate that this barrier also functions like an electron reflector. Fig. 3.14 (c) 

summarizes the effect on Voc.  However, the effectiveness of a depleted electron-reflector 

layer is likely to be limited for doping increases less than a factor of 100. 

 The thickness of the doping layer (dER) also affects the depletion of a cell. Fig. 

3.15 (a) shows conduction bands of cells with different dER (50, 100, 200, 300, and 400 

nm) for two conditions (pbulk = 10
13

 cm
-3

 with pER/pbulk = 10
3
 and pER/pbulk = 10

5
). The 

calculated effect is shown in fig. 3.15 (b).  

 

 

 

Fig. 3.15 (a) Conduction bands with a range of dER for two pER/pbulk values (10
3
 and 

10
5
 with pbulk = 10

13
 cm

-3
). (b) The calculated effect of  dER on Voc. 
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 To have an optimal effect, the carrier density and the thickness of the electron-

reflector layer need to be chosen to prevent the depletion of the electron-reflector layer. 

  △   △   △   △   △   △   △   △   △   △   △   △   △   △   △ 

Four different mechanisms to create an electron reflector were introduced. In the 

next section, the contour plot will be used to find the condition for the optimal effect of 

the electron-reflector strategy. 

 

3.3 Optimal Condition for Electron-Reflector Strategy 

 In this section, the optimal conditions for the electron-reflector strategy will be 

explored. A cell with a 1-ns lifetime and a 2-µm absorber layer is again used here. Fig. 

3.16 shows contour plots of calculated parameters, including Voc, Jsc, FF, and eff with 

varied carrier densities (10
13

-10
18

 cm
-3

) and reflector-barrier heights (0-0.4 eV). Each plot 

shows carrier density on the x-axis and electron-reflector barrier height on the y-axis. 

 The Jsc contour plot shows that the reflector barrier has little effect on Jsc. Higher 

carrier density does lower Jsc due to a thinner depletion region for carrier collection. The 

other contour plots have odd patterns, primarily due to the kink shown in fig. 3.5. 

 The term “kink quadrant” denotes the quadrant where the kink occurs. Hence, the 

labels “no”, “1st”, and “4th“ mean no kink, kink in the first quadrant, and kink in the 

fourth quadrant respectively. Fig. 3.17 shows the same contour plots with the kink-

quadrant labels. Because the formation of a kink is continuous, the delineations are 

approximate. Fig. 3.17 shows that efficiency and Voc increase with reflector barrier height 

in the no-kink quadrant where the cell is fully depleted at a specific carrier density. With  
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Fig. 3.16 Contour plots of calculated parameters (1-ns lifetime). 

 

carrier densities above 10
16

 cm
-3

, the reflector barrier height has little effect on 

parameters. In general, a 4
th

-quadrant kink degrades FF. For a cell thicker than 2 µm with 

lower carrier density, a lower reflector barrier may still have a kink due to its wider non-

depleted region, where no built-in field can assist the carrier collection. For lower-

lifetime (less than 1 ns) and non-fully-depleted cells (2 µm with hole density above 10
14
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Fig. 3.17 Contour plots of calculated parameters with kink quadrant. (1-ns lifetime) 

 

cm
-3

), a kink is also possible with a lower electron-reflector barrier due to serious 

recombination in the non-depleted bulk region.  

 Fig. 3.18 shows additional contour plots with a range of lifetimes (0.01-100 ns) 

and reflector barrier heights (0-0.4 eV). Absorber thickness is fixed at 2 µm and current 

density at 10
13

 cm
-3

, low enough that there will be no kink.  Efficiency and Voc increase  
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Fig. 3.18 Contour plots of calculated parameters (a 2-µm thickness, a 10
13

-cm
-3

 

carrier density). 

 

with φe at longer lifetimes. In all cases, the reflector barrier has little effect on Jsc. When 

the lifetime is short, the reflector barrier has little effect on any of the parameters, 

because carriers recombine before they reach the back surface. Finally, a cell with a fixed 

0.2-eV electron reflector leads to fig. 3.19, which shows contour plots with varied carrier 

densities (10
13

-10
18

 cm
-3

) and lifetimes (0.01-100 ns). The kink-quadrant notation is  
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Fig. 3.19 Contour plots of calculated parameters (φφφφe = 0.2 eV). 

 

again applicable. Based on this figure, a reasonable long lifetime (1ns or above) and full 

depletion are required to have the optimal effect from the electron reflector.  

 The improvement of parameters, defined as the difference between parameters 

with and without a 0.2-eV electron reflector, is shown in fig. 3.20. Theoretically, an 

increase of 200 mV in voltage and 3% in efficiency is achievable by applying the 
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proposed electron-reflector strategy to cells currently available (a CdTe cell with a 1-ns 

lifetime, a 1013-cm-3 carrier density, and a 2-µm absorber layer).  

 

Fig. 3.20 Contour plots of improvement on calculated parameters (φφφφe = 0.2 eV). 

“x“ makes the best point currently practical. 

 

3.4 Related Issues 

 In the previous sections, the mechanisms and the optimal condition of the 

electron-reflector strategy were investigated. After an electron-reflector layer is created, 
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however, an additional interface is formed. Possible interfacial-recombination and 

valence-band-offset issues will be investigated in this section. 

 

3.4.1 Interfacial Recombination 

 After an electron-reflector layer is deposited on the back side of the CdTe 

absorber layer, an additional interface is formed between the two layers. Fig. 3.21 shows 

the band diagram with the formed reflector interface at Vbias = 0.8 V. This interfacial 

recombination is quantified by the recombination velocity Si. A baseline cell with Sb = 

10
7
 cm/s is used. Fig. 3.22 shows the calculated J-V curves with different values of Si and φe. The J-V curve of a cell with a 0.2-eV electron reflector and Si = 10

7
 cm/s is similar to 

that of a cell with no electron reflector. That means that if interfacial recombination is as 

serious as back-surface recombination, the deposited electron-reflector layer only shifts 

the problem due to back-surface recombination to interfacial recombination. Therefore, a 

good-quality reflector interface is required for the electron-reflector strategy. 

 

Fig. 3.21 Band diagram with reflector interface indicated. 

reflector interface 
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Fig. 3.22 Calculated J-V curves with different values of Sb, Si, and φφφφe. 

 

3.4.2 Valence-Band Offset 

 Fig. 3.23 shows the calculated band diagram of a CdTe cell with a ZnTe electron-

reflector layer, which can create a 0.8-eV barrier height. A 0.2-eV electron-reflector 

barrier can be created by alloy CdZnTe with 25% in Zn composition. A 0.1-eV valence- 

 

Fig 3.23 Band diagram with valence-band offset indicated. 
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band offset has been found for the ZnTe/CdTe interface [19].  The valence-band offset is 

quantified by the parameter δEV, which is indicated in fig. 3.23. With δEV ≦ 0.1 eV, the 

valence-band offset has little effect on the cell performance. Therefore, the valence-band 

offset at the CdTe/CdZnTe interface should be negligible in the electron-reflector 

strategy. 

 

3.5 Chapter Summary 

In this chapter, four different mechanisms of electron reflector are investigated, 

and we learn that full depletion and reasonable lifetime (1 ns or above) are required to 

have the optimal effect from the electron reflector. 
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Chapter 4 

Interaction of Mechanisms 

 

 Different mechanisms to create an electron reflector were introduced in chapter 

three. In this chapter, pairs of mechanisms will be combined to see whether an additional 

improvement is possible. Then the mechanisms will be compared to see which one is the 

best mechanism for CdTe thin-film solar cells to create an electron reflector. 

 

4.1 Combination 

 Here, the combination of any two of the four mechanisms will be investigated. 

Due to the thin depletion region of the reversed back barrier at a heavily-doped back 

surface, and the similarity between an expanded-band-gap layer and the bulk-band-gap 

reduction, we consider only these three combinations: 

 4.1.1 Expanded-Band-Gap Layer plus Bulk-Band-Gap Reduction 

 4.1.2 Expanded-Band-Gap Layer plus Reversed Back Barrier 

 4.1.3 Expanded-Band-Gap Layer plus Heavily-Doped Back Surface 
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4.1.1 Expanded-Band-Gap Layer plus Bulk-Band-Gap 

Reduction 

 In the first case, an expanded-band-gap layer and a bulk-band-gap reduction are 

applied to the CdTe baseline model to see whether there is an additional improvement. 

Parameters of the baseline model are dabs = 2 µm, p = 10
13

 cm
-3

, and a 1-ns lifetime. Fig. 

4.1 shows the contour plots of calculated parameters with varied φe (0-0.4 eV) and varied 

Egbulk (1.2-1.5 eV). Fig. 4.2 is similar with the lifetime increased to 10 ns. Each plot  
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Fig. 4.1 Contour plots of calculated parameters with a 1-ns lifetime. EgER = Egbulk + φφφφe. Blue, red, and green dots represent a baseline cell without electron reflector, a 

cell with a 0.2-eV expanded-band-gap layer, and a cell with a 0.2-eV bulk-band-gap 

reduction respectively.  
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shows Egbulk on the x-axis and φe on the y-axis. EgER is the addition of Egbulk and φe. In 

the contour plots, blue, red, and green dots represent a baseline cell without electron 

reflector, a cell with a 0.2-eV expanded-band-gap layer, and a cell with a 0.2-eV bulk-

band-gap reduction respectively. The Jsc contour plot shows the shift of absorption 

spectrum due to a lower Egbulk raises Jsc. The Voc contour plot shows that Voc increases 

with EgER (EgER = Egbulk + φe) when φe is below 0.2 eV. The combination of mechanisms 

with φe = 0.2 eV is in the region between red and green dots. It increases both Voc and Jsc, 

yet it has no additional improvement in efficiency. The efficiency contour plot in fig. 4.1  
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Fig. 4.2 Contour plots of calculated parameters with a 10-ns lifetime. Blue, red, and 

green dots represent a baseline cell without electron reflector, a cell with a 0.2-eV 

expanded-band-gap layer, and a cell with a 0.2-eV bulk-band-gap reduction 

respectively.  
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shows a 0.2-eV reflector barrier created with either an expanded-band-gap layer or bulk-

band-gap reduction can make the efficiency exceed 19%. However, the improvement of 

efficiency is saturating as the reflector barrier is above 0.2-eV with a 1-ns lifetime. Fig. 

4.2 along with the higher lifetime gives a very similar result with approximately a 1% 

increase in absolute efficiency compared to the lower lifetime. 

 

4.1.2 Expanded-Band-Gap Layer plus Reversed Back Barrier 

 In this simulation, the combination of an expanded-band-gap layer and a reversed 

back barrier, which is explored in section 3.2.2.1, is investigated. Fig. 4.3 shows the 

contour plots of calculated parameters, including Voc, FF, and eff, with varied φe (0-0.4 

eV) and varied φb (0-0.5 eV). Note that a 0.3-eV baseline for the back barrier is a flat 

band for the carrier density used. Below 0.3 eV, the hole barrier is gone and an electron 

barrier appears. Each plot shows φb on the x-axis and φe on the y-axis. Jsc is around 23.7 

mA/cm2 for all conditions. The plots show that a lower back-contact barrier requires a  

 

Fig. 4.3 Contour plots of calculated parameters. Blue, red, and green dots represent 

a baseline cell without electron reflector, a cell with a 0.2-eV expanded-band-gap 

layer, and a cell with a 0.1-eV reversed back barrier respectively. 
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smaller electron-reflector barrier for a similar effect on voltage and efficiency. In the plot, 

blue, red, and green dots represent a baseline cell, a cell with a 0.2-eV electron reflector, 

and a cell with a 0.1-eV reversed back barrier respectively. We can see that a 0.2-eV 

reflector barrier with a flat back-contact barrier (φb = 0.3 eV) can already can reach 19% 

efficiency, and the combination of a reversed back barrier and the expanded-band-gap 

layer does not show an additional improvement on efficiency. This situation is likely 

unphysical in any case, since the problem has always been to reduce the hole barrier to a 

manageable value. 

 

4.1.3 Expanded-Band-Gap Layer plus Heavily-Doped Back 

Surface 

 In this case, an expanded-band-gap layer and a heavily-doped back surface are 

applied to a baseline cell. The carrier density in the bulk part of the absorber layer (pbulk) 

is fixed at 10
13

 cm
-3

. Fig. 4.4 shows the contour plots of calculated parameters with varied  

 

Fig. 4.4 Contour plots of calculated parameters (a 1-ns lifetime, pbulk = 10
13

 cm
-3

). 

Blue, red, and green dots represent a baseline cell without electron reflector, a cell 

with a 0.2-eV expanded-band-gap layer, and a cell with a heavily-doped back 

surface at pER/pbulk = 10
5
 respectively. 



 57 

φe (0-0.4 eV) and varied pER/pbulk (100-105). The x-axis of the contour plot shows pER/pbulk, 

and the y-axis shows φe. Jsc is around 23.7 mA/cm2 for all conditions. The contour plot 

shows that there is a trade-off between Voc and FF, which will limit the effect. This 

combination also does not show an additional improvement on efficiency. 

 △   △   △   △   △   △   △   △   △   △   △   △   △   △   △ 

 From fig. 4.1.1-4.1.4, we can conclude: 

• Qualitatively similar results from different strategies. 

• Little or no gain from combinations. 

In the next section, different mechanisms will be compared to find the best 

mechanism for CdTe thin-film solar cells to create an electron reflector. 

 

 

4.2 Comparison 

 In this section, three mechanisms to increase voltage, the expanded-band-gap 

layer, the reversed back-contact barrier, and the heavily-doped back surface, will be 

compared. Again, bulk-band-gap reduction is not considered separately, because its effect 

is very similar to expanded-band-gap layer. 

 Fig. 4.5 summarizes the effect of different mechanisms on voltage, fill factor, and 

efficiency. The results for mechanisms are plotted against its corresponding parameter 

(φe for expanded-band-gap layer, φb for reversed back barrier, and pER/pbulk for heavily-

doped back surface). Fig. 4.5 (a) shows that Voc varies relatively linearly with φe, φb, or  
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Fig. 4.5 Comparison of the three electron-reflector mechanisms. Fits shown are for 

the expanded-band-gap strategy. 

 

pER/pbulk, and that Voc can exceed 1 V with any of the three mechanisms. Fig. 4.5 (b) 

shows that fill factor changes slightly with parameters, but starts to decrease when the 

voltage increase is above 100 mV for a reversed back barrier and a heavily-doped back 

surface. Fig. 4.5 (c) shows that the efficiency increases relatively linearly with parameters, 

but saturates when the fill factor begins to decrease for band-bending mechanisms. Jsc is 

not plotted because the electron-reflector strategy has little effect on Jsc. Among these 
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mechanisms in fig. 4.5, that of the expanded band gap is the only one to raise Voc above 1 

V without compromising the FF. The improvement in Voc and the maintenance of the FF 

make the expanded-band-gap approach more likely to be efficient than the other two 

mechanisms. The predicted efficiency improvement is approximately 50% larger. 

Furthermore, it is highly unlikely that a p-type CdTe will have a reversed back barrier 

due to its very high work function, and p-type CdTe is not easily heavily doped because it 

is generally heavily compensated. Consequently, the expanded-band-gap layer is 

probably more practical than the others.  

 Fig. 4.6 shows that the calculated conduction bands of cells with different 

electron-reflector mechanisms at open-circuit voltage. One can see that cells with 

different types of electron-reflector barriers should all result in a voltage increase 

approaching 200 mV, but the details of the conduction-band diagrams are quite different. 

Moreover, the barrier height of the expanded-band-gap layer is a constant with variation 

in external bias. 

 

Fig. 4.6 Conduction bands of cells with different mechanisms at open-circuit voltage. 
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4.3 Chapter Summary 

 Based on the comparison of the electron-barrier mechanisms above, the 

expanded-band-gap strategy should be more efficient and practical than a reversed back 

barrier or a heavily-doped back surface because the expanded band gap can improve Voc 

without compromising FF. Furthermore, the other strategies are limited by the nature of 

CdTe, and there is no additional improvement from any combination of mechanisms. 
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Chapter 5 

Electron-Reflector Applications 

 

 In this chapter, two applications of the electron-reflector strategy for CdTe solar 

cells will be investigated with one-dimensional numerical simulation. One is based on the 

record-CdTe-cell baseline model to investigate possibilities for a breakthrough in the 

efficiency. The other is based on the thin-CdTe-cell baseline model to see how an 

electron reflector could affect the efficiency of thin CdTe cells. 

 

5.1 Record CdTe Solar Cells 

 Fig. 5.1 summarizes the reported solar-cell parameters of record cells since 1991. 

In 1991, a thin-film CdTe solar cell with 13.4% efficiency (by T.L. Chu, S.S. Chu, et al at 

USF) was reported [20]. Record cells were then reported as having an efficiency of 

14.6% in 1992  (T.L. Chu, S.S. Chu, et al at USF [21]), 15.8%  in 1993 (C. Ferekides, J. 

Britt, et al at USF [22, 23]), 16% in 1997 (Hideaki Ohyama, et al at Matsushita Battery 

Industrial Co., Ltd. [24]), and 16.5% in 2001 (X. Wu, et al at NREL [5]). The record 

efficiency increased with improved Jsc from 1991 to 1993, but since then improvement 
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has slowed. No new record has been made for about ten years since the 16.5% cell was 

reported. 

 

Fig.  5.1 Reported solar-cell parameters of record CdTe thin-film solar cells 

 

To have a breakthrough in efficiency of CdTe thin-film solar cells, research 

should focus on the Voc, which is well below what is expected for its band gap (Eg = 1.5 

eV). In this section, the electron-reflector strategy is numerically applied to the record-

CdTe-cell baseline to investigate possibilities for a breakthrough in the efficiency. 

 

5.1.1 The Record CdTe Cell 

In the work to follow, a baseline cell is built to numerically match the record-

efficiency CdTe cell. This record-cell baseline has a 1-ns carrier lifetime, a 1×1014-cm-3 

hole density, a 10-µm absorber layer, and a flat back-barrier band. Fig. 5.2 shows that the 
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J-V curve of the record-cell baseline matches the reproduced J-V curve of the record cell 

well [5]. 

 

Fig. 5.2 J-V curves of the record-CdTe-cell baseline and the simulated baseline for 

the record CdTe cell. 

 

 Fig. 5.3 shows contour plots on calculated solar-cell parameters of the baseline 

record cell with variations in absorber thickness (0.4-10 µm) and hole density (10
13

-

2×1014 cm-3). Each plot shows the thickness on the x-axis and the hole density on the y-

axis. The red dots in the contour plots are used to represent the record cell. The reported 

parameters (Voc = 845 mV, Jsc = 25.9 mA/cm
2
, FF = 75.5%, eff = 16.5%) of the record 

cell are shown on the contour plots by those dots. 

 

5.1.2 Record Cell with Electron and Optical Reflection 

 Based on the previous chapters the expanded-band-gap layer was found to be the 

most efficient and practical way to create an electron reflector on CdTe thin-film solar 

cells, and a 0.2-eV electron reflector should increase the Voc. Therefore, a 0.2-eV  
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 Fig. 5.3 Contour plots on calculated solar-cell parameters of the record-CdTe-cell 

baseline with variations in carrier density (10
13

-2×10
14

 cm
-3

) and absorber thickness 

(0.4-10 µm). The red dots represent the record CdTe cell. 

 

expanded-band-gap layer is chosen to be applied to the record-CdTe-cell baseline 

numerically. 

 A thin layer of metal such as gold or copper at the back surface between the metal 

contact and the absorber layer should reflect much of the transmitted long-wavelength 

light back through the absorber layer. Therefore, the long-wavelength light would have a 
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second pass to be absorbed, and in turn the photon collection should be increased. This 

strategy to increase the photon collection is referred to as optical back reflection. The 

optical back reflectivity Rb is the qualifying parameter. 

 Fig. 5.4, with the same axes as fig. 5.3, shows the contour plots on the calculated 

solar-cell parameters of a CdTe cell with a 0.2-eV electron reflector and 20% optical  

 

 

Fig. 5.4 Contour plots of the calculated solar-cell parameters for a CdTe cell with a 

0.2-eV electron reflector and 20% optical back reflection. Red dots represent a 

record-cell baseline model with a 0.2-eV electron reflector and 20% optical back 

reflection, and blue dots represent a thinned record cell baseline model with a 0.2-

eV electron reflector and 20% optical back reflection. 
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back reflection. The red dots represent the record-cell baseline model with a 0.2-eV 

electron reflector and 20% optical back reflection. Fig. 5.5 is similar with the optical back 

reflection increased to 100%. In fig. 5.4, the calculated efficiency with the two strategies 

reaches 19% for the fully depleted cells with an absorber layer thicker than 0.6 µm. Voc is 

improved under all conditions, particularly for the fully depleted cells. Jsc is improved by 

optical back reflection when the absorber thickness is less than 2 µm, and the FF changes 

slightly. However, the benefit from the two strategies has little value for the 10-µm 

record cell due to its lack of full depletion and its already complete absorption. To have 

the optimal effect from the electron reflector, thinning cells to below two microns is 

required, and at the same time, the optical back reflection to compensate for the 

incomplete-absorption loss becomes important. The arrows in the plots represent thinning 

cells, and blue dots represent the thinned record-cell baseline with a 0.2-eV electron  

 

 

Fig. 5.5 Contour plots of the calculated efficiency with a 0.2-eV electron reflector 

and 100% optical back reflection. Red dot represents a record-cell baseline model 

with a 0.2-eV electron reflector and 100% optical back reflection, and blue dot the 

thinned record cell with a 0.2-eV electron reflector and 100% optical back reflection. 
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reflector and 20% optical back reflection (fig. 5.4), or 100% optical back reflection (fig. 

5.5). In the latter case, the incomplete-absorption loss will be well compensated for by 

the doubled optical absorption path. Fig. 5.5 shows that the efficiency with a 0.2-eV 

electron reflector and 100% optical back reflection should achieve 20% near 1-µm 

thickness (blue dot).  

 

5.1.3 Summary 

 Fig. 5.6 shows the calculated J-V curves for the record-cell baseline (dashed line), 

a 1-µm record-cell baseline with φe = 0.2 eV, and a 1-µm record-cell baseline with φe = 

0.2 eV and Rb = 100%. With φe = 0.2 eV and a 1-µm absorber layer, the Voc of the 

record-cell baseline is increased by about 100 mV. Moreover, with φe = 0.2 eV and Rb = 

100% applied to the 1-µm record-cell baseline, a 20% efficiency should be possible. 

Without changing the cell quality, thinning cells to near one micron is a practical way to 

profit from electron reflector and optical back reflection.  

 

5.2 Thin CdTe Solar Cells 

 Thinning solar cells without compromising their performance should lead to 

lower-cost PV devices, because thinner cells require less fabrication time and less 

material. The University of Toledo has in fact successfully fabricated a 0.3-µm CdTe 

solar cell with 6.8% efficiency and a 0.5-µm cell with 9.7% efficiency [25]. The thin 

CdTe solar cell with a typical carrier density should be fully depleted, and hence, the 

back-surface recombination is a primary limitation to the performance. Moreover, 
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incomplete optical absorption with a thin absorber layer will cause a current loss. The 

two strategies to minimize the loss due to back-surface recombination and incomplete 

absorption are now compared to the experimental data in ref. [25]. 

 

Fig. 5.6 J-V curves for the record CdTe cell (dashed line), cell thinned to 1 µm with 

a 0.2-eV electron reflector (ER), and thinned cell with 0.2-eV electron reflector (ER) 

and  100% optical back reflection (OR). 

 

5.2.1 Thin-Cell Baseline 

 A thin, but reasonable, cell (Jsc = 23.7 mA/cm
2
, Voc = 870 mV, FF = 80.2%, Rs = 

1 Ω·cm
2
, G = 0.2 mS/cm

2
, and efficiency = 16.6%) is defined here for the thin-CdTe-cell 

baseline. This baseline cell has a 1-ns carrier lifetime, a 2×1014-cm-3 hole density, a 2-µm 

absorber layer, a thin CdS layer, and a flat back-contact barrier. 

 Fig. 5.7 shows calculated quantum efficiency (QE) curves for a range of 

thicknesses (0.4, 0.8, and 1.2 µm). A 100% optical back reflection is applied to a 0.4-µm 

cell. The dashed line shows that a 0.4-µm cell with Rb = 100% will have a similar QE 

curve to the 0.8-µm cell without optical back reflection due to the doubled length of the 
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optical absorption path. For thin cells, the optical back reflection can significantly reduce 

the incomplete-absorption loss. 

  

Fig. 5.7 Calculated QE curves of cells with Rb = 0% for three thicknesses. Rb = 

100% only shown for 0.4 µm. 

 

 Fig. 5.8 compares the calculated solar-cell parameters with the experimental ones 

from reference [25] for cells with a range of thicknesses. The calculated and experimental 

efficiencies show a similar decrease, but there are differences with the individual 

parameters. When the cell is thinner, the back-surface recombination becomes more  

 

Fig. 5.8 calculated (open circles) and experimental (filled circles) solar-cell 

parameters of cells with varied thicknesses. 
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serious. Therefore, the open-circuit voltage and the current density decrease at smaller 

thicknesses, as seen with both the simulated and experimental cases. Moreover, 

incomplete absorption loss degrades current density at thicknesses below 2 μm. With fill 

factor (FF), however, the experimental and simulated curves show a significant 

difference. Thickness has little effect on the calculated fill factor, but the lifetimes in 

reference [25] were quite likely reduced with the smaller thickness. Similarly, the 

experimental voltage decreases more than that predicted by the calculation. 

 

5.2.2 Thin Cells with Electron and Optical Reflection 

Fig. 5.9 shows calculated parameters of cells with a range of thicknesses and 

varied electron-reflector barrier heights of 0, 0.1, and 0.2 eV. The green dots are the same 

as the calculated dots in fig. 5.8. The calculated parameters of a cell with φe = 0.2 eV and 

Rb = 100%, including Jsc and efficiency, are also shown. The band diagram of a thick cell 

is shown as a reference for the depletion width of this baseline setting. The baseline cell 

is also marked for reference. 

In fig. 5.9, Voc is significantly enhanced by electron reflector at all thicknesses, 

and FF falls at larger thicknesses when an electron-reflector cell is no longer fully 

depleted. The electron reflector has little effect on Jsc. Hence, a maximum in efficiency 

versus thickness is predicted. With a 0.2-eV electron reflector, the highest-efficiency 

electron-reflector CdTe cell without optical back reflection is calculated to have a 1.2-um 

absorber layer (Voc = 990 mV, Jsc = 23 mA/cm2, FF = 80%, eff = 18%). On the other 

hand, thinner cells benefit from the optical back reflection on Jsc. With 100% optical back 

reflection, the optimal calculated thickness is 0.8 um (Voc = 990 mV, Jsc = 23 mA/cm
2
, 
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FF = 83%, eff = 19%). A realistic optical reflector is in between 0 and 100%. Therefore, 

the suggested optimal thickness for thin CdTe solar cell with an electron reflector is one 

micron. Theoretically, competitive CdTe cell performance at thickness as thin as 0.4 um 

should be possible with electron reflector and optical back reflection (see fig. 5.9). 

 

Fig. 5.9 Band diagram of a thick CdTe cell and calculated parameters of cells with a 

range of thicknesses and electron reflector barrier heights. Parameters for cell with    φφφφe = 0.2 and Rb = 100% also shown. Baseline cell marked with circle. 
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5.3 Chapter Summary 

Theoretically, cell efficiency above 19% should be achievable with a 0.2-eV 

electron reflector, 20% optical back reflection, a 1-µm absorber layer, a 1014-cm-3 hole 

density, and a 1-ns lifetime. Efficiency above 20% should be possible if one can achieve 

large optical back reflection. Moreover, the highest-efficiency thin CdTe cell with a 50-

nm electron reflector layer should have a CdTe thickness of about one micron. 

Competitive CdTe cell performance at a thickness as thin as 0.4 um should be possible. 
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Chapter 6 

Experimental Results 

 

 A set of CdTe thin-film solar cells were fabricated to test the electron-reflector 

strategy. A ZnTe layer was deposited at the back surface of the CdTe cell as an electron-

reflector layer. The CdTe cells with the ZnTe back layer appeared to show a higher open-

circuit voltage, but other aspects of the J-V curves were inferior, and the sample set was 

too small to be conclusive. 

 CdTe cells which were used for a preliminary test of the electron-reflector 

strategy were fabricated with CSS (close-space-sublimation) continuous in-line process 

in the Materials Engineering Laboratory (MEL) at Colorado State. The continuous in-line 

process suitable for manufacturing CdTe solar cells has been the core of Walajabad 

Sampath’s lab [26]. This in-line process is performed in one chamber with a moderate 

operating pressure (40-mTorr N2). Cells with reasonable performance were obtained and 

good stability was verified [27-30].  

Fig 6.1 shows the schematic of the in-line process. There are nine stops inside the 

chamber. Each stop has two heat reservoirs (top and bottom). The temperatures of top 

and bottom reservoirs are controlled as fabrication parameters. The bottom temperature is 
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used to control the deposition rate and the top temperature the substrate conditions. When 

the system is in operation, cleaned superstrates are manually loaded on the automated 

conveyor. Every two minutes, the conveyor belt will transport each superstrate forward to 

the next operation stop, and a cell with all processes done will emerge from the output 

AVA (air to vacuum, then to air) seal. AVA seals keep the vacuum chamber in high 

vacuum, such that superstrates can be continuously loaded into the chamber and exit 

without venting the chamber. All the deposition and treatment are done in the vacuum 

chamber. 

 

 

 

Fig. 6.1 Schematic of the in-line process in MEL at CSU. Stops inside the chamber: 

1. heating module 

2. CdS deposition 

3. CdTe deposition 

4. CdCl2 treatment 

5. annealing 

6. stripping 

7. space 

8. Cu treatment 

9. annealing 

 

 

 After the superstrate is moved through the AVA seal to the vacuum chamber, the 

superstrate is heated to operating temperature in stop 1. CdS and CdTe are deposited with 

the CSS technique, which has been well investigated for CdTe deposition [22, 31], in 
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stops 2 and 3 respectively. Post-deposition treatments are performed from stop 4 to 9. A 

common and apparently necessary step for high-efficiency CdTe solar cells is the 

chlorine treatment. In stops 4 and 5, the CdCl2 treatment is performed. The possible 

effects of CdCl2 treatment are activating carriers, grain recrystallization, and 

interdiffusion [32, 33]. Stop 6 has a much lower temperature than stop 5 - by about 200K. 

Therefore, excess CdCl2 will be stripped off by resubliming. Stop 7 is an extra space 

without heater or source. In stop 8, Cu is deposited to heavily dope the back surface, so 

that a tunneling contact can be achieved. Stop 9 is used to anneal the last step. 

 After the CdTe cells exit off the chamber, a graphite/nickel paste is sprayed to the 

deposition as the metal back contact. Then each superstrate will be cut to fifteen pieces. 

Finally, a sand blaster is used to delineate individual cells. The schematic of this cell 

definition is shown in fig. 6.2. Cells fabricated in this process with reasonably high 

efficiency are obtained. The cell labeled CSU 249-37-4b, which means that this cell is 

from the position labeled 4b of the superstrate labeled 37 that was fabricated in run 249 at 

CSU, was characterized. Fig. 6.3 shows the J-V curve of CSU 249-37-4b (Jsc = 21.9 

mA/cm
2
, Voc = 783 mV, FF = 71.7%, Rs = 1.5 ohm – cm

2
, G = 0.45 mS/cm

2
, eff = 

12.3%), which has fairly typical photovoltaic properties. 



 76 

 

Fig 6.2 The schematic of the cell definition. 
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Fig 6.3 The J-V curve of CdTe thin-film solar cell CSU 249-37-4b. 

 

 To test the electron-reflector strategy experimentally, cell CSU 269-32-3 with a 

CdS/CdTe/ZnTe(source temperature at 630 °C)/metal-contact(C, Ni) configuration was 

fabricated. We split the fabrication process of this cell into two runs. In the first run, 

superstrate 269-32 went through stops 1 to 3, and then the CdTe source in stop 3 was 

replaced by the ZnTe source. In the second run, superstrate 269-32 went through stops 3 

to 9. The proceeding process was the same. Fig 6.4 shows J-V curves of the typical cell 

CSU 249-37-4b (Voc = 783 mV), and a ZnTe-back-layer cell CSU 269-32-3 (Voc = 800 

mV). Based on fig. 6.4, the CdTe cell with a ZnTe back layer has a slightly higher open-

circuit voltage. However, the other parameters of CSU 269-32-3 were inferior, primarily 

because the process for this configuration was not optimized. The second run also 

showed that CdTe cells with a ZnTe back layer had a higher open-circuit voltage, but 

other aspects of the J-V curves were inferior, and the sample set was too small to be 

conclusive. 
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Fig 6.4 J-V curves of a typical cell CSU 249-37-4b (Voc = 783 mV) and a ZnTe-back-

layer cell CSU 269-32-3 (Voc = 800 mV). 

△V 
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Chapter 7 

Summary 

 

7.1 Motivation 

 The CdTe thin-film solar cell has a large absorption coefficient, and its band gap 

is a good match to the solar spectrum, so it has high theoretical efficiency. Moreover, 

large-area panels can be fabricated economically. In fact, the largest photovoltaic 

company in the world, First Solar, uses CdTe for the absorber layer of its cells. All these 

features make the CdTe thin-film solar cell a potential large-scale alternative energy 

source. However, its record efficiency (16.5%) is much less than its theoretical maximal 

efficiency (29%), primarily because its open-circuit voltage (0.845 V) is well below what 

is expected for its 1.5-eV band gap. The electron reflector, which is a strategy to improve 

the open-circuit voltage without changing the cell quality, has the possibility of making a 

breakthrough in the efficiency of CdTe thin-film solar cells. This thesis gives a 

comprehensive investigation on the electron-reflector strategy with one-dimensional 

numerical simulation as the investigation approach. 
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7.2 Electron Reflector for CdTe Thin-Film Solar Cells 

 An electron reflector is a conduction-band barrier to electrons reaching the back 

solar-cell surface, which can reduce the back-surface recombination, especially at 

forward bias. There are two types of mechanisms to create an electron reflector. The first 

type of mechanism is an expanded band gap. For this mechanism, the band gap of the 

electron-reflector layer is larger than the band gap of the bulk part of the absorber layer. 

Either an expanded-band-gap layer or a band-gap reduction over most of the bulk can 

create an expanded band gap near the back. The former increases the open-circuit voltage, 

and the latter increases the short-circuit current. The second type of electron reflector is 

band bending. Either a reversed back barrier or a heavily-doped back surface can create 

an electron reflector by band bending. 

 Investigation shows that the expanded-band-gap layer should be more efficient 

and practical than a reversed back barrier or a heavily-doped back surface. Moreover, 

there is no additional improvement from any combination of mechanisms. Therefore, an 

expanded-band-gap layer is recommended for CdTe thin-film solar cells. Theoretically, 

an increase of 200 mV in voltage and 3% in absolute efficiency is achievable for a 2-µm 

CdTe cell with a 1013-cm-3 hole density, a 1-ns lifetime, and a 0.2-eV electron reflector. 

To have the optimal effect of an electron reflector, a reasonable lifetime (1 ns or above) 

and full depletion are required. A good-quality interface between the p-type CdTe layer 

and the electron-reflector layer is required, or else the deposited electron-reflector layer 

simply shifts the loss caused by the back-surface recombination to the interfacial 

recombination. ZnTe or CdZnTe should be a good material for the electron-reflector 

barrier since the valence-band offset at CdTe/ZnTe interface is negligible and the band 
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expansion is almost exclusively in the conduction band. Preliminary experimental 

evidence has in fact shown that CdTe cells with a ZnTe back layer have a slightly higher 

open-circuit voltage. 

 

7.3 Applications 

 In this thesis, the electron-reflector strategy is specifically applied to CdTe record- 

and thin- cell baseline models. The electron reflector should be particularly beneficial for 

cells with thicknesses below two microns when the CdTe absorber layer is fully depleted 

at a typical carrier density, because the back-surface recombination is a primary 

limitation to the performance of fully depleted cells. Cells with a thickness below two 

microns, and especially below one micron, can additionally also benefit from the optical 

back reflection. 

If an electron reflector and optical back reflection were applied to the record-

CdTe-cell baseline model, which is quite thick, there would be little improvement in the 

record cell’s performance. To have the optimal effect from the two strategies, thinning 

cells to one micron for full depletion is required. Based on the calculation performed, 

more than 19% efficiency is achievable with a 0.2-eV electron reflector, a 1-µm absorber 

layer, a 1014-cm-3 hole density, a 1-ns lifetime, and a 20% optical back reflection. 

Moreover, 20% efficiency is possible with 100% optical back reflection. Theoretically, 

the best calculated thin CdTe cell with a 50-nm electron reflector layer should have an 

absorber layer about one micron (efficiency: above 18%) and a competitive CdTe cell 

performance at thickness as thin as 0.4 um should be possible. 
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7.4 Chapter Summary 

 The theoretical frame of the electron-reflector strategy has been built. The future 

work should focus on the quantitative experimental investigation. This work should in 

particular focus on: 

1. Optimizing the fabrication process of a CdTe solar cell with an electron reflector. 

2. Determining the electron-reflector barrier height. 

3. Testing the simulation results. 

No record CdTe cells have been reported for almost ten years, since the 16.5%-efficiency 

record cell was reported. Based on this dissertation, a major breakthrough in CdTe-solar-

cell efficiency is possible with the electron-reflector strategy. 
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